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Abstract 
The Taupo-Reporoa Basin (TRB) represents the easternmost basin in the central Taupo 

Volcanic Zone (TVZ), North Island, New Zealand, and hosts >2000 MW of the 4200±500 MW 

of heat output within this arc setting.  Its geographic alignment with active volcanic centers 

(Okataina, Taupo), geophysical interpretations, and extraordinary heat output indicate that it is 

magmatically active.  Yet the tectonic, volcanic, and magmatic processes that influence TRB 

evolution, and its tectonic context relative to the North Island, are poorly understood. 

The first part of this thesis (chapters 2 and 3) outlines the stratigraphic architecture of the 

TRB through mapping of exposed Quaternary age lavas, volcaniclastic, sedimentary, and 

primary pyroclastic rocks.  Corresponding sedimentology, physical volcanology, geochemical 

analyses, and 40Ar/39Ar age determinations have allowed surface outcrops to be correlated with 

geothermal drillhole records to at least ~3 km depth.  This has resulted in the development of an 

age constrained 4-D basin evolutionary model.  Volcanism within the TRB started >1.9 Ma with 

the building of large andesitic complexes that overlap spatially and temporally with rhyolitic 

eruptives.  Deposition of these units occurred in a single basin that spanned the entire modern 

TVZ (120 km long by 60 km wide).  Closely coincident with emplacement of the Paeroa 

Subgroup ignimbrites at 339±5 ka, the single central TVZ basin was separated into the two 

modern basins: the TRB to the east, and the Taupo Fault Belt (TFB) to the west.  These two 

basins are geographically separated by the Paeroa Fault.  This fault closely coincides with the 

eruptive center (Paeroa linear vent zone) of the Paeroa Subgroup ignimbrites that are exposed in 

the upstanding blocks on both sides of the fault, which are known as the Paeroa Block (within 

the TRB) and Te Weta Block (within the TFB). 

The second part of this thesis (chapters 4 and 5) discusses silicic magma generation rates 

and heat sources of the TRB and greater North Island, and controls on heat and mass transfer.  

Aeromagnetic data has been processed using an upward continuation filter to a maximum depth 

of 4800 m.  Geologically constrained magnetic anomalies are used to infer magnetic lineations as 

basement structures.  Intersecting basement structures at geothermal fields and alignment with 

caldera boundaries indicate that these structures strongly influence the locations and geometries 

of geothermal fields and volcanic vents.  Corresponding heat sources and magma generation 

rates are interpreted as resulting from Hikurangi Plateau subduction processes. 
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Chapter 1: Introduction 
The central Taupo Volcanic Zone (TVZ) is globally impressive with respect to its heat 

output, silicic eruption rate, and rift dynamics, and as such, is a unique arc system in which to 

study the interplay between tectonic, volcanic, and magmatic processes.  Heat and mass transfer 

within the central TVZ equates to a heat output of 4200±500 MW, a heat flux of >700 mW/m2 

(Bibby et al., 1995), and a silicic eruption rate equivalent to 3.8 km3/kyr over the past ~1.6 Myr, 

although 12.8 km3/kyr over the past ~61 kyr (Wilson et al., 2009).  Understanding the structural 

controls that influence heat and mass transfer in regions of high heat flow and volcanic activity is 

of fundamental importance, as these pathways provide conduits for ascending hydrothermal 

fluids and magma (e.g., Rowland and Sibson, 2004; Rowland et al., 2010; Rowland and 

Simmons, 2012).  While arc related systems provide a wealth of data pertaining to the 

relationships between tectonism, volcanism, and magmatism (e.g., Gravley et al., 2007; Rowland 

et al., 2010; Seebeck et al., 2010; Downs et al., 2014a), large scale silicic volcanism can result in 

a cover sequence that may be several kilometers thick, which masks basement rocks and 

associated structures controlling basin geometry (e.g., May and Russell, 1994; Wood et al., 

2001).  This is considered significant for regions such as the central TVZ, where basement rocks 

host economically important geothermal reservoirs and magmatic heat sources that contribute to 

seismic and volcanic hazards, geothermal exploration and power generation, precious metals 

exploration, and cultural assets (Fig. 1.1) (Bibby et al., 1995; Rowland et al., 2010; Rowland and 

Simmons, 2012).  This thesis seeks to unravel the interplay between tectonism, volcanism, and 

magmatism within the central TVZ, and how such processes influence basin development. 

In this thesis, a 4-D evolutionary model is developed for the Taupo-Reporoa Basin (TRB), 

the easternmost central TVZ basin, which is currently volcanically quiescent, but is considered 

magmatically active (Rowland et al., 2010), and contains >2000 MW, or about half of the total 

central TVZ heat output (Bibby et al., 1995).  Large scale silicic volcanism, in association with 

rifting, has resulted in a Quaternary cover sequence up to ~3 km thick that overlies Mesozoic age 

metasedimentary basement rocks (Leonard et al., 2010).  Hydrothermal fluid convection occurs 

to the base of the seismogenic crust at depths of 6 to 8 km within the central TVZ (Bibby et al., 

1995; Bryan et al., 1999), and hence, basement rocks must host economically important 

geothermal reservoirs, upflow zones, and magmatic heat sources (Heise et al., 2007, 2010; 
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Bertrand et al., 2012; Rowland and Simmons, 2012).  Yet, little is known about the evolution of 

the TRB or the adjacent basin to the west, the Taupo Fault Belt (TFB), and the underlying 

structural controls on volcanic and magmatic processes (Rowland et al., 2010; Seebeck et al., 

2010; Downs et al., 2014b).  A detailed description comparing and contrasting each basin is 

provided in the geologic setting section below, and is an important theme in chapter 2. 

In this thesis, new mapping, geochemistry, and 40Ar/39Ar age determinations are presented 

that are correlated with strata in TRB geothermal drillhole records to develop a basin-wide 

chronostratigraphic architecture.  This architecture is used to illuminate the interplay between 

tectonic, volcanic, and magmatic processes, and develop an evolutionary model for the TRB 

within the broader context of the central TVZ.  The stratigraphic data and evolutionary model are 

integrated with geophysical data, and in particular the recently acquired Glass Earth Limited 

aeromagnetic dataset, to interpret the stratigraphy and structure of the TRB to >4 km depth.  As a 

result of this work, a basin-wide 4-D model beyond the current limits of drilling has been 

developed, which is compared to the relict arc system of the Coromandel Volcanic Zone (Fig. 

1.2) to the north of the central TVZ, and other relict and active arc systems around the world that 

have undergone large scale silicic volcanism.  The thesis outline at the end of this chapter 

provides more details on the topics that will be discussed in subsequent chapters. 

 

 
Figure 1.1 – Geothermal activity at Orakei Korako with the Paeroa Block dominating the background. 
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GEOLOGIC SETTING 

The TVZ represents the southwestern limit of the Tonga-Kermadec arc, and reflects 

volcano-tectonic processes resulting from subduction of the Pacific plate beneath the Australian 

 
Figure 1.2 – Tectonic setting of New Zealand as displayed on a bathymetric map of the southwestern Pacific 
(courtesy of the National Institute of Water and Atmospheric Sciences).  White arrows show the convergence 
rate of the Pacific Plate relative to the Australian plate (DeMets et al., 2010), with the dashed line representing 
the extent of the subducted Hikurangi Plateau if its western and southern edges where unrolled to the surface 
(Reyners et al., 2011).  Arc related volcanic rocks within the Northland arc (grey), Coromandel Volcanic Zone 
(yellow), and Taupo Volcanic Zone (red) are denoted.  The Vening Meinesz Fracture Zone is abbreviated 
VMFZ.  Submarine topographic features are labeled and their evolution explained in Schellart et al. (2006) and 
Reyners (2013). 
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plate manifested within the continental crust of the North Island of New Zealand (Fig 1.2) (Cole 

and Lewis, 1981).  Subduction related volcanic centers within the TVZ extend in a northeastern 

direction from the andesitic edifice of Mt. Ruapehu to the andesitic volcano at White Island, 

offshore of the Bay of Plenty coastline (Fig. 1.3A) (Wilson et al., 1995).  Northeast of White 

Island is the Kermadec arc, together with accompanying oceanic back-arc extension in the Havre 

trough, which separates the Colville ridge from the active Kermadec arc (Fig. 1.2).  However, the 

axes of extension between the TVZ and Havre trough are offset ~50 km by a northwest-southeast 

structure (Vening Meinesz Fracture Zone) at roughly the transition between continental and 

oceanic crust (Lewis and Pantin, 1984).  It is suspected that rifting within the Havre trough has a 

negligible, if any, influence on volcanism within the TVZ (Gamble et al., 1993).  Extension 

within the southern Havre trough and TVZ is interpreted as being a consequence of clockwise 

rotation of the subduction margin at a rate of 3.5°/Myr over the past ~4 to 2 Myr (Wallace et al., 

2004). 

Using age determinations, stratigraphy, and known or inferred vent locations and caldera 

boundaries, Wilson et al. (1995) proposed that the TVZ be temporally divided into the Old TVZ 

(~2 Ma to ~349 ka), Young TVZ (~349 ka to present), and Modern TVZ (~61 ka to present).  

However, in this thesis all strata are discussed in terms of their chronostratigraphic position, in 

which Reporoa Group (~2 Ma to ~349 ka: Gravley et al., 2006; new age date presented in 

chapter 3), Whakamaru Group (~349 to 339 ka: Wilson et al., 1986; new age dates presented in 

chapters 2 and 3), and Huka Group (~339 to 25.4±0.2 ka: Grindley, 1965; latter age from 

Vandergoes et al., 2013) are used.  With >10,000 km3 of rhyolitic material erupted from the 

central TVZ, a majority of the stratigraphic sequence is the result of caldera related activity from 

the volcanic centers of Kapenga, Ohakuri, Okataina, Reporoa, Rotorua, Taupo, and Whakamaru 

(Fig. 1.3A) (see central TVZ stratigraphy below for more details).  Of these, the Taupo and 

Okataina volcanic centers are considered active and also delineate the southern and northern 

boundaries, respectively, of the central rhyolite dominated part of the TVZ (Nairn, 2002; Wilson 

et al., 2009).  Between these two active volcanic centers lie the presently subsiding TFB and 

TRB, and most geothermal activity (Fig. 1.3A-B). 

Styles of volcanism and spatial relationships with tectonism and magmatism are segmented 

along the strike length of the TVZ.  The southern section dominantly undergoes andesitic 

volcanism within the Tongariro volcanic center (Price et al., 2005), and faulting and magmatic 
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activity coincide here (Rowland et al., 2010).  A similar argument has been proposed for the 

northern andesite dominated region of the TVZ, although a higher rate of extension is occurring 

(Wallace et al., 2004).  In contrast, the central TVZ, of which the TRB along the eastern part is 

the primary focus of this thesis, is characterized by voluminous and widespread rhyolitic 

volcanism (Wilson et al., 2009), normal faulting (Rowland and Sibson, 2001; Villamor and 

Berryman, 2001), and magmatism as inferred from geothermal activity (Bibby et al., 1995) and 

crustal scale conductivity models (Heise et al., 2007, 2010). 

 

Taupo-Reporoa Basin 

As defined here for the purposes of this thesis, the TRB extends from Lake Taupo to the 

Waiotapu geothermal field, is bound to the west by the active Paeroa, Orakei Korako, 

Whakaheke, and Kaiapo faults of the TFB, and to the east by the currently inactive Kaingaroa 

Fault zone (Fig. 1.4).  These boundaries encompass an elliptical structure that is approximately 

45 km long by 20 km wide, and oriented in a northeast-southwest direction parallel to the overall 

structural grain of the TVZ.  The TRB represents a topographic low, with the upstanding Paeroa 

Block along its northwestern margin (Fig. 1.4), and it is situated along strike from vent 

concentrations at the active Taupo and Okataina volcanic centers (Fig. 1.3A).  A tectonic origin 

was originally proposed for this basin, with gravity studies used to interpret a half graben 

consisting of the eastward tilting Paeroa Block and westward dipping Kaingaroa Fault zone 

(Modriniak and Studt, 1959; Rogan, 1982).  More recent work by Wilson et al. (1986) and Nairn 

et al. (1994) indicates that volcanic collapse structures have contributed to development of the 

basin.  The northern part contains Reporoa caldera (Fig. 1.4), which is associated with eruption 

of the Kaingaroa Formation at 281±21 ka (Nairn et al., 1994; Beresford and Cole, 2000; age 

estimate from Downs et al., 2014c).  The southern part of the basin encompasses the southeastern 

part of the Whakamaru caldera (Fig. 1.4), which is associated with emplacement of the 

Figure 1.3 (on page 5) – Summary maps of the TVZ: A) with its three main volcanic segments and major caldera 
centers (Gravley et al., 2007; Downs et al., 2014a).  Lines marked Old TVZ and Young TVZ (after Wilson et al., 
1995) represent envelopes around known or inferred vents from ~1.6 Ma to 349±4 ka and 349±4 ka to present, 
respectively, B) map displaying active faults within the TVZ and high temperature geothermal fields.  
Abbreviated on the map are the Taupo-Reporoa Basin (TRB) and Taupo Fault Belt (TFB) in the central TVZ, 
Whakatane graben (WG) in the northern TVZ, and Tongariro graben (TG) in the southern TVZ.  The inset 
shows the TVZ location relative to plate boundaries.  Faults are courtesy of GNS Science (2011) with active 
faults delineated as those displaying movement ≤20 ka.  
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regionally extensive ignimbrites of the Whakamaru Group at 349±4 ka (Wilson et al., 1986; 

Brown et al., 1998a; weighted mean age from Downs et al., 2014a). 

The Kaingaroa Fault zone defines the western margin of the Kaingaroa Plateau and eastern 

margin of the TRB (Fig. 1.4), as its surface trace is closely coincident with the eastern margin of 

the TVZ defined from vent locations (Wilson et al., 1995).  Seismic data have been used to 

interpret the presence of basement rocks beneath the Kaingaroa Plateau at ~650 m depth 

(Stagpoole, 1994), which are capped by volcaniclastic deposits (Nairn, 1984; Leonard et al., 

2010).  Resistivity, gravity, and drillhole data have all been used to infer >2 km displacement to 

the west across a ~6 km wide fault zone (Henrys and Hochstein, 1990; Bibby et al., 1998; Wood 

et al., 2001).  This fault zone is broadly situated at a topographic scarp (Stagpoole, 1994; Wilson 

et al., 1995; Bibby et al., 1998), and stratigraphic evidence discussed in chapter 2 indicates that it 

has not moved since 281±21 ka.  Chapters 2 and 4 discuss the evolution and implications of the 

Kaingaroa Fault zone in more detail. 

 

Taupo Fault Belt 

Extension within the central TVZ is accommodated by numerous northeast-trending, sub-

parallel normal faults (Fig. 1.3B), which are highly concentrated at the surface within the 60 km 

long by 15 km wide TFB (Fig. 1.4) (as defined by Rowland and Sibson, 2001; Villamor and 

Berryman, 2001).  This varies from the original use of TFB by Grindley (1960), which included 

all faults from Mt. Ruapehu to the Bay of Plenty coastline.  In this thesis, the term TFB will be 

used after Villamor and Berryman (2001) to refer to faults between the Taupo and Okataina 

volcanic centers to the south and north, respectively, and from the Paeroa Fault to the northwest 

margin of the central TVZ.  To the north of the Okataina volcanic center, faults lie within the 

Whakatane graben, and south of Taupo within the Tongariro graben (Fig. 1.3B) (Rowland and 

Sibson, 2001).  The next section (tectonism) discusses the overall extensional rate of the TFB 

compared to the TRB. 

The Paeroa Fault marks the southeastern boundary of the TFB, and hence the northwestern 

boundary of the TRB (Fig. 1.4).  It is one of the largest faults within the central TVZ at ~25 km 

long, dividing the Paeroa Block (within the TRB) from the Te Weta Block (within the TFB), 

Figure 1.4 (on page 7) – Digital elevation model of the Taupo-Reporoa Basin and Taupo Fault Belt.  The eastern 
and western boundaries of the TRB are delineated by the Kaingaroa Fault zone and Paeroa, Orakei Korako, 
Whakaheke, and Kaiapo faults, respectively.  Geothermal field labels are the same as in Figure 1.3A-B. 
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with the latter block downthrown (vertical distance between hanging wall and footwall) by >500 

m at the fault scarp’s greatest development (Fig. 1.5) (Grindley et al., 1994; Berryman et al., 

2008).  Overall, the strike of the Paeroa Fault varies between 040 and 050°, which parallels the 

overall structural grain of the TVZ.  A whaleback morphology is displayed as the fault scarp 

increases in height for ~13 km along its strike length (starting near the Waikato River), until it 

reaches its greatest development coincident with the highest elevation in the Paeroa Block (Fig. 

1.5), before decreasing in elevation further to the northeast.  This whaleback feature is discussed 

in detail in chapter 3. 

Berryman et al. (2008) undertook fault trenching studies in young (≤61 ka) volcaniclastic 

deposits along eleven splays of the Paeroa Fault at its northern end.  However, it is difficult to 

relate these younger displaced units to the older (339±5 ka Paeroa Subgroup: weighted mean age 

from Downs et al., 2014a) ignimbrites, which are the only exposed unit within the >500 m thick 

section of the scarp.  The slip rate along the Paeroa Fault has been calculated using paleoseismic 

studies, which implies formation through secular rifting (Berryman et al., 2008).  The new 

stratigraphy and corresponding age dates presented in chapters 2 and 3 call into question the 

nature of slip along the Paeroa Fault, and the cause of the asymmetry observed in its 

morphology.  Volcano-tectonic rupture along the greatest development of the Paeroa Fault may 

have contributed more to its present-day morphology than previously recognized (see chapter 3). 

 

TECTONISM 

Using fault trenching and topographical datasets, Villamor and Berryman (2001) estimated 

an extension rate for the TFB of 1.9 mm/yr at the surface, which increases to 6.4 mm/yr at 6 to 

10 km depth (at and below the lower boundary of the seismogenic zone), based on an inferred 

shallowing of fault dips.  However, geodetic studies of the North Island indicate that the TVZ is 

extending at different rates along its strike length (Wallace et al., 2004), with extension 

perpendicular to the margins of the TVZ at the Bay of Plenty coastline at ~15 mm/yr and the rate 

decreasing southward to <5 mm/yr south of Lake Taupo (Fig. 1.3B).  The Villamor and 

Berryman (2001) estimate is only half that of the geodetically defined ~12 mm/yr extensional 

rate determined for the entire central TVZ at the latitude of the TRB and TFB (Fig. 1.3B) 

(Wallace et al., 2004).  Villamor and Berryman’s (2001) calculation was based solely on 

observable surficial faults, which are rare within the TRB.  Major faults within the TRB have 



Chapter 1                                                                                                                                       10 
 

been interpreted through geothermal drillhole and geophysical data (Browne, 1971; Stagpoole, 

1994; Bibby et al., 1998; Wood et al., 2001), but most faults have been masked by recent 

volcaniclastic deposits.  Despite a lack of exposed faulting in the TRB, both basins are subsiding 

at similar rates (Manville, 2001; Villamor and Berryman, 2001), a topic that is discussed further 

below and throughout this thesis. 

Rowland and Sibson (2001) interpreted soft linked accommodation (transfer) zones to 

align with relict and active TVZ volcanic centers.  These zones transfer displacement between 

distinct rift segments, which are observable in the displacement of the rift axis along the strike 

length of the TVZ (Fig. 1.3B).  These rift segments consist of normal faults undergoing 

predominantly normal dip-slip faulting (Rowland and Sibson, 2001; Villamor and Berryman, 

2001).  However, Acocella et al. (2003) has suggested that TVZ normal faults contain a 

component of strike-slip movement (2.6 mm/yr).  Structural features trending oblique to the 

direction of extension are inferred to influence the tectonic behavior of the rift, as well as 

 
Figure 1.5 – Aerial view looking south-southwest along the line of the Paeroa Fault with both the Paeroa Block 
and Te Weta Block present in the foreground.  The greatest exposed development of the scarp is ~500 m in the 
middle of the Paeroa Block with the downthrown Te Weta Block to the northwest.  The Maroa volcanic center 
(MVC) is situated within the northeastern part of Whakamaru caldera.  Mt. Ruapehu is located ~120 km 
southwest of the Paeroa Block.  Photo courtesy of Dougal Townsend (GNS Science). 
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influence volcanic, magmatic, and geothermal field locations (Cochrane and Wan, 1983; 

Rowland and Sibson, 2004; Downs et al., 2014b).  These inferred structures may reflect 

reactivation of similar structures in areas surrounding the TVZ, such as the Hauraki Rift (north-

northwest to northwest-trend) and North Island Fault System (north-south to north-northeast-

trending: Mouslopoulou et al., 2007a, 2007b, 2008).  Structures trending oblique to the overall 

northeast-trend of the TVZ will be addressed in chapter 4. 

 

VOLCANISM 

Rhyolite generation within the central TVZ is extraordinary on a worldwide basis, and its 

eruptive rate of 3.8 km3/kyr (equating to ~50 km3/kyr of predominantly mafic magma 

generation) over the past ~1.6 Myr is comparable to the Yellowstone system in terms of its 

lifetime, size, and eruptive volume during caldera-forming events (Fig. 1.6) (Christiansen, 2001; 

Wilson et al., 2009).  The majority of the material has been emplaced during at least 25 caldera-

forming eruptions from eight caldera centers (Houghton et al., 1995; Wilson et al., 1995, 2009; 

Gravley et al., 2007), which have produced >6,000 km3 of rhyolitic material.  However, based on 

material blown out to sea or eroded, an estimate of ~20,000 km3 has been proposed (Wilson et 

al., 1995).  Dacitic, andesitic, and basaltic compositions contribute a much smaller volume to the 

central TVZ stratigraphic sequence (Wilson et al., 1995).  This sequence is preserved as a stack 

of lavas, rhyolitic ignimbrites, volcaniclastic, and sedimentary deposits that are up to 3.3 km 

thick, and unconformably overlie basement rocks (Fig. 1.7) (Leonard et al., 2010, and references 

therein).  Volcaniclastic and basement rocks are discussed in the next two sections.  Unraveling 

the field relationships amongst these deposits yields the story of the central TVZ and how the 

TRB and TFB are related.  Thus, correlation of deposits through field work, geochemistry, and 

dating of rhyolitic ignimbrite time horizons allows insights into the evolution of these basins and 

how volcano-tectonic processes have been involved (e.g., Villamor and Berryman, 2001; 

Gravley et al., 2007; Rowland et al., 2010; Wilson et al., 2010).  Chapters 2 and 3 focus on 

mapping, field evidence, and geochemistry for correlation purposes and outline how volcano-

tectonic interactions have influenced the central TVZ. 
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Central TVZ Stratigraphy 

The central TVZ stratigraphic sequence is divided into two main packages of rocks, those 

that accommodate extension and control the geometry of the basins (basement rocks), and those 

that fill the basins.  Basin fill is dominated by the primary and secondary products of the 

extraordinary silicic volcanism present within this area.  The TFB and TRB are filled with up to 

3.3 km thickness of widespread and voluminous rhyolitic ignimbrites, which are intercalated 

with rhyolite, andesite, dacite, and basalt lavas, primary and reworked volcaniclastic deposits, 

paleosols, and fluvial and lacustrine sedimentary rocks (Fig. 1.7) (Grindley, 1959, 1961; Healy et 

al., 1964; Browne, 1971; Wood, 1983; Nairn, 2002; Leonard et al., 2010, and references therein).  

These deposits are delineated into three groups based on their stratigraphic position (Fig. 1.7): 1) 

 
Figure 1.6 – Cumulative erupted volumes during caldera-forming events versus time at Yellowstone, USA 
(Christiansen, 2001) compared to the central Taupo Volcanic Zone, New Zealand (Wilson et al., 2009).  The 
right hand image illustrates the size and distribution of Yellowstone calderas against central Taupo Volcanic 
Zone calderas.  The Kaingaroa Fault zone is down faulted to the northwest. 
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the Reporoa Group, which encompasses all lavas, pyroclastic, lacustrine, and fluvial deposits that 

stratigraphically lie between basement rocks and the Whakamaru Group ignimbrites (Gravley et 

al., 2006), 2) the Whakamaru Group ignimbrites that erupted at 349±4 ka, accompanied by 

Whakamaru caldera collapse, and younger (339±5 ka) geochemically related ignimbrites of the 

Paeroa Subgroup (Wilson et al., 1986; Brown et al., 1998a; ages from Downs et al., 2014a), and 

3) the Huka Group, which encompasses all lavas, pyroclastic, lacustrine, and fluvial deposits 

between the Whakamaru Group ignimbrites and the voluminous, unwelded Oruanui Formation 

 
Figure 1.7 – New simplified stratigraphic column from mapping and drillhole stratigraphy throughout the 
Taupo-Reporoa Basin (compiled from Wilson et al., 1995, 2009, 2010; Gravley et al., 2006; Downs et al., 
2014c, see chapter 2).  The Whakamaru Group ignimbrites (349±4 ka) comprise the most prominent 
stratigraphic horizon throughout the basin.  Plutonic rocks are known from an in-situ quartz diorite penetrated at 
Ngatamariki geothermal field (Arehart et al., 2002; Mighty River Power, unpublished drillhole data), lithic clasts 
(Brown et al., 1998b), and inferred from magnetic modeling (Soengkono, 1995).  WG stands for Whakamaru 
Group. 
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pyroclastic deposits that were erupted at 25.4±0.2 ka (Grindley, 1965; age from Vandergoes et 

al., 2013).  All deposits ≤25.4±0.2 ka (including the Oruanui Formation) are considered surficial 

deposits for the purposes of this thesis and mapped as a single unit. 

The topography throughout most of the TRB is subdued and surficial deposits obscure 

older deposits with a cover tens of meters thick.  Thus, the stratigraphy in these areas is only 

known through the efforts of geothermal energy exploration and utilization (e.g., Steiner, 1963, 

1977; Browne, 1971; Wood et al., 2001).  Drillholes within geothermal fields, despite ubiquitous 

hydrothermal alteration, provide a useful stratigraphic sequence from the most recent eruptions 

and lacustrine sediments to those deposited around the time that TVZ rifting and volcanism 

initiated (e.g., Rosenberg et al., 2009; Wilson et al., 2010).  Studies using zircon age spectra 

(Wilson et al., 2010) have been used to confirm and revise parts of the stratigraphy as a result of 

hydrothermal alteration within geothermal fields obscuring identifying characteristics (i.e., 

primary petrographic assemblages and textures) that would otherwise be present. 

Deposits are exposed within the TRB mainly along the basin’s northwestern margin in the 

uplifted and tilted region of the Paeroa Block, and along the TRB and TVZ eastern margin of the 

Kaingaroa Fault scarp.  Otherwise, outcrops within the basin interior are few, and dominated by 

rhyolite lava domes, while dacite cones are present at Tauhara and Maungaongaonga-

Maungakakaramea at the southern and northern limits of the TRB, respectively.  Mapping of 

these deposits was undertaken in the 1950’s and 1960’s (Grindley, 1959, 1960; Healy et al., 

1964) with a recent compilation of all documented stratigraphic studies into the map of Leonard 

et al. (2010).  However, rock types, stratigraphic relations, and ages within the Paeroa Block 

were poorly constrained prior to this thesis, and thus it was unclear how deposits within the 

Paeroa Block related to subsurface formations within the TRB or TFB.  The stratigraphic 

architecture developed here is used to determine structural relationships and create a 4-D 

reconstruction of the TRB and its volcano-tectonic context compared to the TFB.  These 

concepts are discussed in detail in chapters 2 and 3. 

 

Basement Rocks 

Underlying the basin fill are Mesozoic age metamorphosed sandstones and argillites that 

are referred to in New Zealand as greywacke, and which make up the basement rocks of the 

central TVZ (Mortimer, 1994).  Despite being down faulted to >3.3 km depth, and only being 
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proven through occasional drill cores and cuttings within the central TVZ, these rocks are of 

interest because they control basin geometry by accommodating extension, as well as hosting a 

majority of the heat sources and hydrothermal fluids of the TVZ (Bibby et al., 1995; Rowland 

and Simmons, 2012).  These metasediments have been identified from drillhole cores and 

cuttings within the geothermal fields at Ngatamariki, Ohaaki, Rotokawa, and Wairakei-Tauhara 

(Browne et al., 1992; Wood et al., 2001; Rosenberg et al., 2010).  They are of Jurassic age in the 

TRB area and belong to the Kaweka Terrane (Torlesse Supergroup) that also makes up most of 

the exposed Axial ranges to the east of the TVZ (Mortimer, 1994; Adams et al., 2009; Leonard et 

al., 2010).  Waipapa Terrane is found on the west side of the central TVZ and Kawerau 

geothermal field (Wood et al., 2001; Adams et al., 2009), but the terrane boundary has yet to be 

identified within the TVZ. 

There is much debate as to the extent of greywacke basement beneath the central TVZ.  

Some researchers have proposed that greywacke basement has been almost completely replaced 

by intermediate to silicic plutonic bodies (Evison et al., 1976; Stern, 1985), despite the fact that 

the only in-situ plutonic bodies have been proven within the Ngatamariki geothermal field at 

≥2.6 km depth (Browne et al., 1992; Arehart et al., 2002; Mighty River Power, unpublished 

drillhole data).  Alternatively, some authors have stated that greywacke is largely continuous 

beneath the TVZ, but hosts solidified and partially molten plutonic bodies (Wilson et al., 1995; 

Rowland et al., 2010).  The depth to greywacke basement varies throughout the central TVZ, and 

has been interpreted through geophysical means or is known from geothermal drilling.  It ranges 

from ~1 km depth in the Ohaaki geothermal field to ~3.3 km depth at Ngatamariki (Browne, 

1971; Wood, 1985; Wood et al., 2001).  Geophysical studies have been used to help constrain 

basement depths in areas where drillholes do not reach greywacke or where drilling is altogether 

absent.  Gravity data (Modriniak and Studt, 1959; Stagpoole, 1994) has been particularly useful, 

and density contrasts have been used to interpret greywacke basement, with a density of 2670 

kg/m3, at a depth of ~650 m beneath the Kaingaroa Plateau (just east of the TVZ boundary), but 

displaced to ~2 km depth at Waiotapu and ~2.5 km depth beneath Reporoa caldera.  Resistivity 

(Risk et al., 1994) and magnetotelluric studies (Heise et al., 2007) have been used to interpret an 

effectively continuous greywacke basement that is ~20 km thick beneath the Kaingaroa Plateau, 

but only ~10 km thick beneath the central TVZ as a result of extension and thinning. 

 



Chapter 1                                                                                                                                       16 
 

MAGMATISM 

Plutonic bodies hosted by greywacke basement within the TVZ are indicated by the 

presence of plutonic lithic clasts in pyroclastic rocks (Brown et al., 1998b), Ngatamariki drillhole 

records (Browne et al., 1992; Arehart et al., 2002; Mighty River Power, unpublished drillhole 

data), and geophysical evidence (Soengkono, 1995; Sherburn et al., 2003; Bannister et al., 2004; 

Heise et al., 2007, 2010).  It has been proposed that mafic dike intrusion is important in 

regulating tectonism, volcanism, and geothermal circulation (Rowland et al., 2010).  

Occasionally, these dikes reach the surface resulting in eruptions, such as the most recent in the 

central TVZ from the ~17 km long Tarawera linear vent zone during the AD 1886 Tarawera 

basalt eruption (Nairn and Cole, 1981).  However, volcanism may occur as a result of dikes that 

do not reach the surface as well.  The AD 1315 Kaharoa eruption from the Okataina volcanic 

center and 25.4±0.2 ka Oruanui eruption from the Taupo volcanic center are interpreted to have 

been advanced forward as a result of mafic dike intrusion into pre-existing rhyolitic magma 

bodies (Charlier et al., 2005; Nairn et al., 2005). 

Within a tectonic framework, intrusions may account for the differences in the calculated 

fault displacement extension rates established across the TFB (~6 mm/yr: Villamor and 

Berryman, 2001) versus the total extension rate across both the TFB and TRB calculated from 

geodetic surveys (~10 to 12 mm/yr: Wallace et al., 2004).  For example, intrusion during the AD 

1886 Tarawera basalt eruption resulted in a 1 to 2 m wide dike (Nairn and Cole, 1981) that 

accommodated up to 200 years of extensional strain in a matter of hours (Rowland et al., 2010).  

Dike induced fault rupture has not been directly observed in the TVZ (Seebeck and Nicol, 2009), 

although this mechanism is known from other rift settings (Rubin and Pollard, 1988; Rowland et 

al., 2007).  However, its contribution indirectly controls the amount of extension that may be 

taken up through tectonic faulting. 

 

CENTRAL TVZ HEAT FLUX 

The heat flux of the TVZ is enormous at >700 mW/m2 (Stern, 1987), which is second in 

continental settings only to the ~2000 mW/m2 at Yellowstone (Smith and Braile, 1994).  Heat 

transfer to the surface is primarily related to magmatism at depth, of which only ~25% is 

reflected in volcanic eruptions, which implies that roughly four times more magma is trapped at 

depth than erupted (Hochstein, 1995).  Hochstein (1995) detailed several other possibilities that 
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may contribute to heat transfer, which include: 1) episodic volcanic extrusions, 2) quasi-

continuous volcanic heat discharge, 3) conductive heat transfer, and 4) convective heat transfer 

by geothermal circulation.  Convective heat transfer is interpreted as being a direct reflection of 

cooling magma in the crust (~50 km3/kyr: Wilson et al., 2009) allowing geothermal circulation 

within the brittle part of the crust (Bibby et al., 1995; Rowland and Simmons, 2012).  Most TVZ 

geothermal fields have a heat output of >100 MW (Table 1.1), while for the central TVZ (~120 

km length) a total heat output of 4200±500 MW has been estimated (Bibby et al., 1995).  Models 

of hydrothermal circulation near cooling plutons have been used to interpret TVZ type 

geothermal fields persisting for a few thousand years (Kissling, 1998, 1999), a notion supported 

by recent stratigraphic investigations of the Kawerau geothermal field (Milicich et al., 2013).  

However, the large scale TVZ-wide hydrothermal system is quasi-stable on the order of several 

100 kyr based on geothermal field ages and numerical modeling (Bignall and Browne, 1994; 

Dempsey et al., 2012a, and references therein). 

 

Geothermal Fields and Hydrothermal Circulation 

Geothermal fields have been delineated by regions of low resistivity at shallow depths 

(<30 Ωm: Bibby et al., 1995), and occur in two broadly parallel belts that trend in a northeast 

direction between the active Taupo and Okataina volcanic centers (Fig. 1.8).  These two belts are 

separated by the more resistive region of the TFB (Bibby et al., 1995).  The spacing of 

geothermal fields (10 to 15 km), coupled with rheological arguments, indicates that hydrothermal 

convection occurs to the entire depth of the brittle crust (Bibby et al., 1995), which based on 

seismological evidence extends to depths of 6 to 8 km (Bryan et al., 1999).  Surface discharge of 

hydrothermal fluids occurs at 23 geothermal fields throughout the central TVZ (Bibby et al., 

1995).  Many of these locations have brilliantly colored sinter deposits, hot springs, geysers, 

fumaroles, and mud pots and are preserved as cultural and tourism assets (Fig. 1.1) (e.g., Nairn, 

1981; Hedenquist, 1990; Bignall and Browne, 1994), while others provide economic 

opportunities in geothermal power production.  The latter fields are utilized in producing ~700 

MW of geothermal electricity from Kawerau, Mokai, Ngatamariki, Ohaaki, Rotokawa, and 

Wairakei-Tauhara (Table 1.1).  Within the central TVZ, the TRB accounts for about half (>2000 

MW) of the geothermal heat output (Bibby et al., 1995), of which only 480 MW is developed.  

The Orakei Korako, Te Kopia, and Waikite geothermal fields lie on the Paeroa Fault, while the 
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Waiotapu and Waimangu geothermal fields are located along the Ngapouri Fault, which splays 

from the Paeroa Fault (Wood, 1994).  Contained within the TRB, where faults are more difficult 

to map, are the Ngatamariki, Ohaaki, Reporoa, Rotokawa, and Wairakei-Tauhara geothermal 

fields.  The remaining geothermal fields are near the northwestern margin of the central TVZ at 

the Mokai, Atiamuri, Mangakino, Horohoro, and Rotorua geothermal fields (Fig. 1.8). 

The observation that geothermal fields are distributed in two northeast-trending parallel 

zones has led to speculation on the nature of heat sources and geothermal circulation within the 

shallow crust.  The TFB is interpreted as focusing cold, down flowing meteoric water as a major 

recharge center for the central TVZ (Rowland and Sibson, 2004), consistent with high resistivity 

measurements indicating cool temperatures to 7 km depth in this region (Bibby et al., 1995).  

However, there are several young sinters within the TFB despite the lack of a conductivity 

signature (Drake et al., 2012).  Geophysical studies within the TRB have been used to infer a 

zone of >4% partial melt in the lower crust (Bannister et al., 2004; Heise et al., 2007), cooled 
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Figure 1.8 – Electrical resistivity map of the central TVZ (Bibby et al., 1995) in relation to inferred caldera 
boundaries (Wilson et al., 2009).  Rift axes are defined by a change in dip direction on faults, and display 
extension directions (Rowland and Sibson, 2001).  Geothermal fields (see Table 1.1 for labels) are defined by 
low resistivity (<30 Ωm).  Locations of ≤61 ka rhyolite, andesite/dacite, and basalt vents are displayed after 
Wilson et al. (1995).  Red lines indicate basaltic dike intrusions.  Labels are Taupo-Reporoa Basin (TRB), Taupo 
Fault Belt (TFB), and Paeroa Block (PB).  Inset shows heat output from geothermal fields at 5 km intervals west 
of the eastern boundary of the TRB and TVZ (Bibby et al., 1995). 
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mid-crustal plutonic bodies (Sherburn et al., 2003), and >2000 MW of hydrothermal fluid 

discharge (Bibby et al., 1995), indicating that the TRB is the locus of modern magmatic activity 

within the central TVZ (Rowland et al., 2010).  This agrees with the basin’s geographic position 

along strike between the frequently active Okataina and Taupo volcanic centers.  This is 

discussed more in chapter 4. 

Regardless of the origins of hydrothermal or magmatic fluids, the structural and 

stratigraphic controls on focusing the ascent of hydrothermal fluids remain unclear (Rowland and 

Sibson, 2004; Rowland and Simmons, 2012).  Structural pathways and heat sources within 

basement rocks and even within deep (up to 3 km) basin fill are not well understood.  Some 

geothermal fields have a northwest-trend (i.e., Wairakei-Tauhara) and are spatially correlated 

with caldera margins and similarly oriented structures within basement rocks, which have been 

inferred through Landsat imagery and locations of accommodation zones linking rift segments 

(Cochrane and Wan, 1983; Rowland and Sibson, 2004; Rowland and Simmons, 2012).  Some of 

these structures, particularly those oblique to the northeast-trending structural grain of the TVZ, 

have been inferred as older, reactivated structures (Seebeck et al., 2010; Rowland and Simmons, 

2012; Downs et al., 2014b).  In the case of the Te Kopia geothermal field, these structures may 

have evolved and been reactivated over ~120 kyr, as this is the proposed oldest age of the field 

(Bignall and Browne, 1994).  It is probable that hydrothermal fluids at Waikite originate from 

the east (Waiotapu geothermal field), but that the Paeroa Fault limits fluid flow to the west (Risk 

et al., 1994; Rowland and Sibson, 2004).  The effects of rupture and mineralization within fault 

zones and sediments (i.e., permeability, porosity) can significantly influence fluid flow by 

creating new pathways or re-sealing old ones, but these will not be discussed further as they were 

recently outlined within the thesis of Dempsey (2012).  The locations and roles of inferred 

basement structures are presented in chapter 4. 

 

THESIS OUTLINE 

The range of geologic processes, particularly the interactions between tectonism, 

volcanism, and magmatism within the central TVZ, has created a unique field laboratory 

allowing an investigation to be made of the influences on basin development for this thesis.  The 

following chapters focus on several aspects of the TRB: 1) development of the Paeroa Block and 

TRB, 2) how volcano-tectonic processes affect basin development, 3) structural controls on heat 
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and mass transfer, and 4) the large scale evolution of arc systems.  Tectonic and volcanic 

processes work on a range of timescales (Rowland et al., 2010) that undoubtedly result in 

episodes of punctuated and gradual basin evolution.  However, differentiating between rapid 

basin formation associated with volcanic and magmatic events (e.g., Gravley et al., 2007; 

Rowland et al., 2010; Seebeck et al., 2010) and gradual formation through secular rifting 

(Villamor and Berryman, 2001; Berryman et al., 2008) is challenging. 

• Chapter 2 addresses the overall history and evolution of the TRB and implications for 

timescales of basin development within arc settings.  This is accomplished primarily through 

documentation of the field relationships of previously uncharacterized deposits.  New 

mapping was undertaken to resolve the rock types and formations, together with their 

stratigraphic relations in the upstanding Paeroa Block.  Field evidence and geochemistry are 

used to establish correlations with previously documented outcropping and subsurface 

formations.  New 40Ar/39Ar age determinations provide constraints on these formations that 

aid in developing an evolutionary model of the Paeroa Block, which in turn allows for a new 

evolutionary model of the TRB to be created. 

• Chapter 3 provides a detailed discussion of the Paeroa Subgroup ignimbrites within the 

northern Paeroa Block and the Paeroa Fault to illustrate the role that volcano-tectonic 

processes play within the wider context of volcanic settings.  Field evidence (i.e., co-

ignimbrite lag breccias, lithic clast sizes, ignimbrite thicknesses and distributions) is used to 

resolve the source of the Paeroa Subgroup ignimbrites.  New 40Ar/39Ar age determinations 

have been used to propose that these eruptives were emplaced later than those of the regional 

extensive ignimbrites of the Whakamaru Group, despite the fact that geochemistry and 

petrology indicate that both eruptions tapped a very similar magmatic system (Keall, 1988; 

Brown et al., 1998a).  Based on the evidence available, it is proposed that the Paeroa 

Subgroup ignimbrites were erupted from a linear vent zone closely coinciding with the 

present-day Paeroa Fault, and that caldera collapse was masked as rift related faulting. 

• Chapter 4 utilizes new high resolution aeromagnetic data acquired over the TVZ for Glass 

Earth Limited.  This dataset, integrated with previous stratigraphic and geophysical studies, is 

used to develop a 3-D structural model of the basin to >4 km depth.  Magnetic lineations 

inferred as basement structures are oriented parallel and oblique to the northeast-southwest 

structural grain that dominates the TVZ.  These inferred structures have orientations that 
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correspond to structural trends beyond the borders of the TVZ, such as the north-northwest to 

northwest-trending Hauraki Rift and north-south trending North Island Fault System.  These 

structures influence the rift architecture of the TRB, and in turn influence heat and mass 

transfer throughout the central TVZ. 

• Chapter 5 is a discussion that relates the tectonic, volcanic, and magmatic aspects of the TVZ 

with its preceding arc, the Coromandel Volcanic Zone to the north, and compares these to 

other relict and active arc related silicic volcanic fields around the world.  The impressive 

Coromandel Volcanic Zone and TVZ eruptive rates are inferred to be a direct result of greater 

than normal dehydration release of fluids from the subducting ~35 km thick Hikurangi 

Plateau, and a lithospheric scale feature formed within the plateau (e.g., Reyners, 2013). 

• Finally, chapter 6 provides the main conclusions that are drawn from the stratigraphic and 

structural interpretations. 
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Chapter 2: Paeroa Block and 

Taupo-Reporoa Basin Evolution 
This chapter is drawn from the research article ‘Evolution of the intra-arc Taupo-Reporoa 

Basin within the Taupo Volcanic Zone of New Zealand’ that is published in the journal 

Geosphere (Downs et al., 2014c).  Results, interpretations, and text are largely unaltered from 

the article as permitted by the University of Auckland under the 2011 Statute and Guidelines for 

the Degree of Doctor of Philosophy (PhD).  Co-authors of this article, J.V. Rowland, C.J.N. 

Wilson, M.D. Rosenberg, G.S. Leonard, and A.T. Calvert, advised and commented on the article, 

but the bulk of the research and preparation was undertaken by the thesis author (see 

accompanying declaration). 

 

INTRODUCTION 

Active convergent margins are characterized by tectonic, volcanic, and magmatic 

processes that influence basin development and provide an abundance of volcaniclastic and 

sedimentary material that fill accommodation space.  Understanding the interplay between such 

processes requires knowledge of the geochemistry of arc systems, and the stratigraphic and 

structural architecture of the resultant basins.  On a global scale, the geochemistry of arc systems 

is well known (Pearce and Peate, 1995).  However, few well resolved stratigraphic and structural 

architecture models of arc related basins have been developed (Cas and Wright, 1987; Busby and 

Bassett, 2007; Manville et al., 2009; Sohn et al., 2013).  In most such settings, high frequencies 

of eruptions can provide readily datable and identifiable time horizons that allow for high 

resolution (e.g., 10 to 100 kyr) interpretation of a basin’s evolution (e.g., Houghton et al., 1995; 

Smith et al., 2008).  However, these same rates of volcanic production, in combination with 

varying vent locations, positions of available accommodation space, and extreme post-eruptive 

sedimentation rates, generally result in rapid lateral facies changes and burial of strata, greatly 

complicating the stratigraphic architecture (Busby and Bassett, 2007).  Furthermore, as these 

basins often host large scale hydrothermal systems, post-depositional modification through 

hydrothermal alteration can add complexity by overprinting both subsurface and exposed 

deposits (Steiner, 1963, 1977; Browne, 1978; Grindley et al., 1994). 
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Quaternary age basins of the central Taupo Volcanic Zone (TVZ) (Fig. 2.1) are no 

different in their complexity to arc related basins elsewhere.  However, the tempo of their 

development is exceptional and affords an excellent opportunity to capture their evolution in 

high fidelity.  This area experiences secular rifting, some parts at >10 mm/yr (Wallace et al., 

2004), coupled with an exceptionally high rate of caldera-forming silicic volcanism (3.8 km3/kyr 

over the past ~1.6 Myr), and frequent smaller scale explosive and effusive eruptions (1 per 900 

years over the past ~61 ka: Wilson et al., 2009).  This activity has resulted in the development of 

young, deep (>3 km) basins with a plethora of dateable time horizons (Houghton et al., 1995; 

Wilson et al., 2009).  Although much of the older strata and structure is buried, more than 400 

geothermal exploration and production drillholes provide stratigraphic and petrographic data to 

depths of ≤3.3 km (e.g., Browne et al., 1992; Rosenberg et al., 2009).  Synthesis of subsurface 

stratigraphy with field and geophysical data provides a rich framework with which to interpret 

the 4-D evolution of selected volcaniclastic filled basins within the TVZ. 

Here, new field mapping and geochronology from an active intra-arc basin within the 

central TVZ, the Taupo-Reporoa Basin (TRB), are presented.  Outcrops within the upstanding 

Paeroa Block along the basin’s northwest margin (Figs. 2.2 and 2.3) are a primary focus.  These 

new datasets are integrated with a reconsidered stratigraphic framework based on geothermal 

drill cores and cuttings (e.g., Steiner, 1963, 1977; Rae, 2007; Rosenberg et al., 2009, 2010), 

which are constrained using existing (Wilson et al., 2009, 2010) and new age determinations to 

develop a 4-D evolutionary model for the entire TRB.  Deposit geometries are demonstrated to 

be controlled by both tectonic and volcanic processes, and the timescales of these processes vary 

considerably over the history of the basin.  A new 4-D reconstruction of the TRB provides 

context for understanding the evolution of relict and active arc systems, and contributes to the 

global knowledge of punctuated, and interconnected, tectonic, volcanic, and magmatic events. 

 

TECTONIC AND GEOLOGIC SETTING 

The northeast-trending TVZ is the most recent (past ~2 Myr) manifestation in a >17 Myr 

record of similarly oriented arc volcanism associated with subduction of the Pacific plate beneath 

the North Island of New Zealand (Fig. 2.1) (Mortimer et al., 2010).  From the late Miocene to ~6 

Ma, the locus of volcanism was located further northwest along the line of the Colville ridge 

(Fig. 1.2).  However, wholesale subduction of the Hikurangi Plateau (Fig. 1.2) at the Hikurangi 
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Figure 2.1 – Summary map of the central North Island showing the extents of rhyolitic ignimbrites from the 
central TVZ, and volcanic rocks from the preceding Coromandel Volcanic Zone.  The TVZ’s three main 
volcanic segments, major caldera centers, and high temperature geothermal fields are displayed.  Lines marked 
Old TVZ and Young TVZ (after Wilson et al., 1995) represent envelopes around known or inferred rhyolitic 
vents from ~1.6 Ma to 349±4 ka and 349±4 ka to present, respectively.  Active faults (last rupture ≤20 ka)  are 
courtesy of the GNS Science Active Fault Database (GNS Science, 2011).  The Kaingaroa Fault zone is 
abbreviated KFZ.  The inset shows the TVZ’s location relative to the Hikurangi subduction margin (HSM). 
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subduction margin at ~10 Ma induced extension within the overriding plate (Reyners, 2013).  

Initially, this extension was focused along the Hauraki Rift, which is a north-northwest-trending 

feature that has been active since at least ~7 Ma, parallels basement terrane boundaries, and 

presumably intersects the TVZ near the Whakamaru caldera (Fig. 2.1) (Wilson et al., 1986; 

Hochstein and Ballance, 1993).  Since ~6 Ma, extension has been localized along the axis of the 

arc as it rapidly migrated to the southeast, concomitant with rollback of the subduction hinge 

(Reyners, 2013).  This migration is indicated by the southeastward younging of volcanism 

(Black et al., 1992; Adams et al., 1994; Houghton et al., 1995), geothermal activity (Rowland et 

al., 2010; Mauk et al., 2011), and fault controlled volcaniclastic basins formed in Mesozoic 

metasedimentary basement rocks (Villamor and Berryman, 2006). 

The TVZ itself is segmented both structurally and volcanically.  Arc related composite 

cone building andesitic volcanism aligned along the axis of the rift occurs to the northeast and 

southwest of a central 120 km long by 60 km wide segment dominated by rhyolitic volcanism, 

the central TVZ (Fig. 2.1) (Wilson et al., 1995).  Structurally, the axis of the rift is offset along 

strike by transfer (accommodation) zones that align with caldera margins, geothermal fields, and 

inferred deep seated basement faults, some of which align with faults of the north-northwest-

trending Hauraki Rift (Rowland and Sibson, 2001, 2004). 

The volcaniclastic filled basins typically are interpreted as developing gradually through 

secular rifting (Villamor and Berryman, 2001; Nicol et al., 2006), which increases in magnitude 

from ~3 to >15 mm/yr from southwest to northeast, respectively, along the axis of the TVZ 

(Wallace et al., 2004).  However, within the central TVZ, an additional, episodic basin forming 

process adds complexity to the structural and stratigraphic history of the region.  Over the past 

~1.6 Myr, the central TVZ has experienced at least 25 large (30 to >1500 km3) rhyolitic 

eruptions, resulting in the formation of at least eight caldera centers (Wilson et al., 2009).  These 

calderas range in diameter from ~10 to 40 km, and are superimposed upon, and in some cases 

perhaps intimately associated with the formation of fault controlled rift basins (Gravley et al., 

Figure 2.2 (on page 26) – Geologic map of the TRB showing the distribution of lavas, volcaniclastic, and 
sedimentary strata.  New mapping within the Paeroa Block is outlined, with deposits outside the Paeroa Block 
and Reporoa caldera modified from Leonard et al. (2010).  The eastern and western boundaries of the TRB are 
delineated by the Kaingaroa Fault zone and Paeroa, Orakei Korako, Whakaheke, and Kaiapo faults, respectively.  
New 40Ar/39Ar age determinations and sample locations are shown for reference.  See Figure 2.3 for the 
stratigraphic key and descriptions of all units. 



Chapter 2                                                                                                                                       28 
 

 
Figure 2.3 – Stratigraphic architecture, descriptions, and key for all deposits discussed within the text and shown 
on all maps, cross-sections, and illustrations unless otherwise stated.  The * symbol indicates new age dates 
discussed in the text, and the † symbol denotes our description of deposits from the Paeroa Block.  The thick 
boxes (Akatarewa ignimbrite, Chimp Formation) represent units that are mentioned in the text, but are not 
displayed on any figures.  See references noted by deposits for more detailed descriptions and information. 
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2007; Rowland et al., 2010; Allan et al., 2012).  The modern foci of rhyolitic volcanism are the 

Okataina and Taupo volcanic centers (Fig. 2.1) (Nairn, 2002; Wilson et al., 2009). 

Presently, the central TVZ is geographically divided into two parallel northeast-elongate 

basins.  The northwestern basin is the Taupo Fault Belt (TFB), which exhibits a classic rift 

morphology (Rowland and Sibson, 2001), is seismically very active (Bryan et al., 1999), and 

subsiding at a rate of 3 to 4 mm/yr since at least ~61 ka based on paleoseismic studies (Villamor 

and Berryman, 2001).  The southeastern basin is the TRB (Fig. 2.2), which in contrast to the TFB 

has very limited geomorphic evidence for faulting and is seismically less active (Bryan et al., 

1999), but nonetheless is subsiding at an equivalent rate of 3 to 4 mm/yr since at least ~1.8 ka 

based on the mapping of paleo-lake shoreline elevations (Manville, 2001).  The kinematics of the 

TFB is reasonably well understood in terms of orthogonal rifting, perhaps with a minor 

component of strike-slip (Rowland and Sibson, 2001; Acocella et al., 2003).  On the other hand, 

little is known of the kinematics of the TRB, or its contribution to the tectonic and magmatic 

evolution of the TVZ.  However, the TRB is of considerable interest for the following reasons: 

1) New Zealand’s high temperature (>250°C) geothermal resources currently under exploration 

or development are mostly located within, or on the perimeter of, the TRB (Figs. 2.1 and 

2.2).  The total estimated resource in this basin exceeds 2000 MW (Bibby et al., 1995).  The 

rich database of drillhole stratigraphy obtained during more than 50 years of geothermal 

exploration, and high resolution local and regional scale geophysical imaging 

(aeromagnetics, gravity, resistivity, magnetotellurics), has facilitated development of 

reservoir scale (e.g., Rae, 2007; Rosenberg et al., 2009) and crustal scale geological models 

(e.g., Heise et al., 2007, 2010).  However, the 3-D stratigraphic and structural architecture of 

the TRB, and its temporal evolution remain poorly resolved. 

2) The timing and rapidity of tectonism, volcanism, and magmatism that strongly influence 

basin development within the TVZ are unknown (gradual versus punctuated: Villamor and 

Berryman, 2001; Rowland et al., 2010).  Comprehensive mapping, re-evaluation of drillhole 

stratigraphy, and geochronology allow for evolution of the TRB to be understood in terms of 

interconnected tectonic, volcanic, and magmatic processes. 

3) The TRB occupies an equivocal position in the tectonic configuration of the Hikurangi 

subduction margin, between the TFB to the west and the right lateral North Island Fault 

System to the east.  Whereas the TFB accommodates near orthogonal extension, the latter 
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feature accommodates the margin parallel component of oblique plate motion between the 

Pacific and Australian plates at the Hikurangi subduction margin (Beanland and Haines, 

1998; Villamor and Berryman, 2001).  It is not clear from current studies whether the TRB 

is undergoing near orthogonal extension, or whether it is a transtensional feature.  Certainly, 

the TRB’s position on the eastern margin of the TVZ, coupled with its extraordinary heat 

output, suggest the possibility that it is an incipient rift jump in the context of a 

southeastward migrating arc. 

 

Taupo-Reporoa Basin and Bounding Features 

As defined here and shown on Figure 2.2, the TRB extends along strike from the Taupo 

volcanic center in the southwest to the Waiotapu geothermal field in the northeast.  In the 

northwest, the TRB is delimited by the active (last rupture ≤20 ka: GNS Science, 2011), and 

geomorphically well expressed ~25 km long Paeroa Fault, and its associated upstanding footwall 

block (Paeroa Block: Fig. 2.2).  Along strike beyond the southwestern limit of the Paeroa Fault 

the boundary is less obvious within more subdued topography, but is nonetheless delimited by 

the active Orakei Korako, Whakaheke, and Kaiapo faults (Fig. 2.2).  On its eastern margin the 

TRB is delimited by the currently inactive Kaingaroa Fault zone, which is discussed in more 

detail below (Fig. 2.2). 

Geothermal drilling demonstrates that the top surface of the metasedimentary basement, in 

which the basin has formed, lies at ~1 to >3 km depth (Wood et al., 2001; Rae, 2007; Rosenberg 

et al., 2010).  Basin fill comprises predominantly Quaternary rhyolitic ignimbrites interbedded 

with lavas of all major compositions, reworked volcaniclastic strata, lacustrine and fluvial 

sediments, and paleosols (Figs. 2.2, 2.3, and 2.4A-C) (Leonard et al., 2010).  Silicic plutonic 

bodies have been proposed as being widely present (Evison et al., 1976; Stern, 1985), however, 

the only in-situ plutonic bodies identified thus far have been encountered in the Ngatamariki 

geothermal field at ≥2.6 km depth (Fig. 2.4B) (Browne et al., 1992; Arehart et al., 2002; Mighty 

River Power, unpublished drillhole data). 

Quaternary strata within the TRB can be divided into four packages, the first three of 

which are relevant to this chapter (Figs. 2.3 and 2.5A-D): 1) the Reporoa Group, which includes 

deposits that unconformably overlie metasedimentary basement through to but not including the 

349±4 ka Whakamaru Group (Gravley et al., 2006), 2) the Whakamaru Group, which 
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corresponds with a regionally extensive and distinctive time horizon comprising ignimbrites 

dated at 349±4 ka, and a geochemically and petrologically similar but slightly younger (339±5 

ka) suite of ignimbrites, the Paeroa Subgroup (Wilson et al., 1986; Brown et al., 1998a; ages 

presented in chapter 3), 3) the Huka Group, which includes all strata that lie between the 

Whakamaru Group and the 25.4±0.2 ka Oruanui Formation pyroclastic deposits (Grindley, 1965; 

age from Vandergoes et al., 2013), and 4) a surficial cover sequence of negligible relief, which 

mostly comprises two young ignimbrite formations (~530 km3 Oruanui, ~35 km3 Taupo) and 

their reworked equivalents (Manville, 2001; Wilson, 2001; Manville and Wilson, 2004; Wilson 

et al., 2009). 

The modern (past ~61 kyr) TRB is volcanically quiescent, but it has had an explosive past.  

In its northern part, the TRB encompasses Reporoa caldera, which formed in association with 

eruption of the Kaingaroa Formation (Nairn et al., 1994) at 281±21 ka (new age estimate 

discussed below).  In the south, the TRB spans the southeastern part of the Whakamaru caldera, 

which formed during eruption of the regionally extensive ignimbrites of the Whakamaru Group 

at 349±4 ka (Wilson et al., 1986).  Stratigraphically important proximal members of the 

Whakamaru Group (Paeroa Subgroup) were erupted at 339±5 ka from a source closely 

coincident with the present-day Paeroa Fault (Keall, 1988; Grindley et al., 1994; see chapter 3). 

The TRB is generally interpreted as a simple fault angle depression (i.e., half graben) 

between westward facing normal faults (Modriniak and Studt, 1959).  However, the presence of 

calderas at its northern and southern extents (Wilson et al., 1986; Nairn et al., 1994), the 

morphology and geological complexity of its western boundary, and numerous intra-basinal 

faults, as inferred from offsets (>100 m) of stratigraphic contacts in geothermal drillholes (Fig. 

Figure 2.4 (on pages 31 and 32) – Cross-sections showing rift parallel to perpendicular orientations, and 
displaying variations in block rotation and fault dips as would be expected for each orientation from this rift 
setting (e.g., Villamor and Berryman, 2001; Lamarche et al., 2006).  Dikes using faults as pathways are inferred.  
A: Rift parallel cross-section displaying horsts and grabens inferred to be controlled by northeast-trending and 
oblique (northwest-trending) structures, B: Rift oblique cross-section from Orakei Korako across the inactive 
Kaingaroa Fault zone, C: Rift perpendicular cross-section from the southern Paeroa Block to the Kaingaroa 
Plateau displaying the Paeroa Block horst and actively subsiding TRB and currently inactive Kaingaroa Fault 
zone, D: Map of the TRB showing the approximate locations of the cross-sections and geothermal drillholes.  
The cross-sections have been constructed and modified from stratigraphic and geophysical (white dashed lines) 
studies undertaken by Modriniak and Studt (1959), Grindley (1970), Wood (1983), Henrys and Hochstein 
(1990), Nairn et al. (1994), Stagpoole (1994), Wood et al. (2001), Rae (2007), Rosenberg et al. (2009, 2010), 
Wilson et al. (2010), Boseley et al. (2012), Mighty River Power (unpublished drillhole data), and new mapping 
in the Paeroa Block presented here. 
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2.4A-C) (Henrys and Hochstein, 1990; Wood et al., 2001), suggest a more complex volcano-

tectonic evolution. 

 

The TRB Western Margin: Paeroa Block 

The Paeroa Block is the largest exposed fault block within the central TVZ, extending >25 

km along strike and rising up to 500 m at its highest point above the adjacent TFB and TRB, 

between which it forms the major divide (Fig. 2.2).  It is back-tilted ~7° eastward, presumably as 

a result of footwall rotation around a horizontal axis in response to slip on the westward facing 

Paeroa Fault (Berryman et al., 2008).  Crustal scale in dimension, the Paeroa Fault strikes 040 to 

050°, undergoes pure normal dip-slip, and has slipped at a rate of 1.1 to 1.7 mm/yr, based on 

paleoseismic investigations of its northern splays and estimates derived from 550±50 m 

displacement of the 339±5 ka Paeroa Subgroup (Berryman et al., 2008).  Although the elevation 

of the Paeroa Block is generally attributed to tectonically induced footwall uplift (Villamor and 

Berryman, 2001; Berryman et al., 2008), structural resurgence has also been proposed (Healy, 

1964).  Whatever the cause, the upstanding Paeroa Block preserves some of the best exposures 

of Quaternary strata within the TRB.  The geology of the Paeroa Block has received little new 

investigation since it was reconnaissance mapped in the 1950s and 1960s (Grindley, 1959; 1961; 

Healy et al., 1964; Leonard et al., 2010).  Correlation of outcrops within the block with 

subsurface data from the wider region is based on early work (Grindley et al., 1994), and open to 

reinterpretation based on improved geochronology (e.g., Wilson et al., 2010). 

 

The TRB Eastern Margin: Kaingaroa Fault Zone 

The Kaingaroa Fault (Fig. 2.2), which defines the eastern margin of the TRB, is manifested 

as a topographic scarp along most of its extent and coincides with the eastern margin of the TVZ 

as defined from vent locations (Wilson et al., 1995).  Additionally, it marks the western margin 

of the Kaingaroa Plateau, a broad (~30 km wide) area of low relief that abuts the axial ranges of 

Figure 2.5 (on page 34) – Plan view stratigraphic time reconstruction of the TRB and TFB displaying tectonic 
and volcanic features.  Colors and patterns for Reporoa, Whakamaru, and Huka groups have been differentiated 
into dark colors representing lavas, and light colors representing volcaniclastic and sedimentary deposits.  A: 
Reporoa Group with a geothermal field inferred from Arehart et al. (2002), B: Whakamaru Group and Paeroa 
Subgroup emplacement, and development of the TRB and TFB, C: Huka Group with uplift and tilting of the 
southern Paeroa Block, D: modern hydrothermal activity.  The + symbol represents buried lavas identified 
within geothermal drillholes that are inferred as being close to source.  Caldera abbreviations are the same as in 
Figure 2.1. 
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the North Island and their attendant North Island Fault System (Figs. 2.1 and 2.2).  The surface 

of the Kaingaroa Plateau is capped by rhyolitic ignimbrites that have been identified in drill 

cores (Nairn, 1984), and correlated with ignimbrites within the TRB (Fig. 2.4B-C).  These 

ignimbrites unconformably overlie metasedimentary basement at an inferred depth of ~650 m, 

based on seismic reflection surveys (Stagpoole, 1994).  Interpretation of resistivity and gravity 

data across the topographic scarp of the Kaingaroa Fault, in combination with geothermal 

drillhole stratigraphy from within the TRB, indicate that the basement is displaced by >2 km by 

several faults over a horizontal distance of ~6 km (Henrys and Hochstein, 1990; Bibby et al., 

1998; Wood et al., 2001).  Thus, the surface mapped Kaingaroa Fault is the easternmost structure 

within a narrow belt of faults referred to here as the Kaingaroa Fault zone.  Limited observations 

(Wilson et al., 1986; Nairn et al., 1994; Tanaka et al., 1996) and geophysical interpretations 

(Stagpoole, 1994; Bibby et al., 1998) of stratigraphic relationships across the Kaingaroa Fault are 

consistent with the notion that the easternmost fault, and presumably the entire fault zone, has 

been inactive since at least 281±21 ka, that is since eruption of the Kaingaroa Formation (Fig. 

2.2).  The evolution of this fault zone is discussed in more detail below. 

 

METHODS 

Development of a basin-wide evolutionary model for the TRB necessitated definition of a 

new and high resolution stratigraphic architecture.  To achieve this, the following four step 

process was used. 

First, a comprehensive review and evaluation of lithologic descriptions from geothermal 

drill cores and cuttings was undertaken to construct the stratigraphic framework and structural 

architecture of the TRB (Figs. 2.3 and 2.4A-D).  The drillhole logs provide virtually the only 

stratigraphic record for the basin interior because young (≤25.4±0.2 ka) ignimbrites and 

sediments mask older units except for rare surface exposures of >100 ka rhyolite, dacite, and 

andesite lavas (Fig. 2.2).  Regardless of location within the basin, or degree of hydrothermal 

alteration, the four packages of Quaternary strata defined earlier can be readily discerned in the 

drillhole records.  In particular, the Whakamaru Group is the most distinctive marker horizon 

throughout the region and as a result, along with the Reporoa and Huka groups, it is well located 

at depth throughout the TRB (Fig. 2.4A-C).  Although hydrothermal alteration limits 

geochemical and geochronological fingerprinting of units sampled from geothermal drillholes, 
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further refinement of the stratigraphic framework is possible using petrography and zircon age 

spectra to aid in identification and correlation of altered units (Wilson et al., 2010). 

Second, the Paeroa Block on the northwestern margin of the TRB was re-mapped to 

identify stratigraphic units and determine deposit geometries in the best exposed part of the TRB.  

During mapping, comprehensive descriptions of units were compiled (Fig. 2.3) and used to 

interpret volcanic sources, transport processes, and depositional environments.  Juvenile pumice 

and lava samples were collected for 40Ar/39Ar age dating and geochemical analysis, and lithic 

clast componentry was undertaken for comparison with previously described ignimbrites. 

Third, Paeroa Block strata were correlated where possible, with units identified at depth 

within geothermal drillholes and exposed along the Kaingaroa Fault scarp.  Correlations were 

based predominantly on lithological descriptions and juvenile clast petrology.  Pumice is the 

juvenile magmatic component from ignimbrites, and pumice petrography and geochemistry are 

widely used in correlating ignimbrites (Hildreth and Mahood, 1985).  However, for the 

timeframe from post-Paeroa Subgroup (339±5 ka) to 239 ka within the central TVZ, which spans 

ignimbrite ages within the major part of the Huka Group stratigraphy studied here, there is an 

overlap in major and trace element compositions, and petrographic characteristics for almost all 

deposits (Karhunen, 1993; Beresford, 1997; Milner, 2001; Gravley, 2004).  Thus, petrography to 

identify mineral assemblages and X-ray fluorescence (XRF) analyses have been undertaken to 

identify major and trace element trends, but such data are only used to complement and further 

support lithological descriptions for correlating strata. 

Fourth, age control was established for the new stratigraphic architecture by supplementing 

existing data (Houghton et al., 1995; Wilson et al., 2009, 2010) with new 40Ar/39Ar age dates on 

selected lavas and pumice clasts obtained from the Paeroa Block and rare surface exposures 

within the TRB. 

 

X-Ray Fluorescence Techniques 

Rhyolite lavas and juvenile pumice clasts (of at least 4 cm) obtained from exposed 

rhyolitic ignimbrites and lavas were used for individual XRF analyses.  Samples were washed in 

deionized water to remove attached matrix or foreign material, and dried in an oven at 100°C for 

several days before crushing.  Clasts were crushed and altered material was removed.  Samples 

were powdered using a tungsten carbide Tema mill.  Powder (5 g) from each sample was dried at 
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110°C for 24 hours to remove meteoric water.  Samples were then ignited at 850°C for 12 hours 

to determine loss on ignition by removing volatiles; 2 g of ignited sample were mixed with 6 g of 

12:22 flux (Li2B4O7) and fused into glass discs.  Major and trace element geochemistry (Table 

2.1, Table A2 in Appendix 2) on glass discs were determined by a Siemens SRS 3000 sequential 

X-ray spectrometer with a Rh tube at the University of Auckland.  All major oxides are 

recalculated to total 100% anhydrous to account for differences in hydration between samples. 

 
40Ar/39Ar Dating Techniques 

Samples for age determinations were collected from seven rhyolite lavas, and three 

rhyolitic ignimbrites exposed within the TRB (Table 2.2).  Samples were crushed using a disc 

mill and plagioclase concentrates prepared by hand picking and using a LB-1 Barrier Frantz 

magnetic separator.  Separates were etched with 0.1 M hydrofluoric acid to remove any adhering 

glassy material, then washed in acetone and deionized water.  Final separates for irradiation were 

hand picked to remove any crystals containing inclusions or with remaining adhering minerals or 

glass.  Encapsulated packets of ~200 mg of plagioclase were irradiated for 1 hour in the central 

thimble of the U.S. Geological Survey TRIGA reactor in Denver, Colorado (Dalrymple et al., 

1981).  Samples were shielded from thermal neutrons and neutron flux was measured using 

Taylor Creek sanidine (TCR-2) fluence monitors with an assigned age of 27.87 Ma (Dalrymple 

and Duffield, 1988).  The reactor vessel was rotated continuously during irradiation to avoid 

lateral neutron flux gradients.  Fluence monitors were analyzed using a continuous laser system 

and a MAP 216 mass spectrometer as described by Dalrymple (1989). 

Argon was extracted from the plagioclase separates using a Mo-crucible in a Staudacher 

type custom resistance furnace attached to the mass spectrometer.  Heating temperatures were 

monitored with an optical fiber thermometer and controlled with an Accufiber Model 10 

controller.  Gas was purified continuously during extraction using two SAES ST-172 getters 

operated at 4A and 2.5A. 

Detailed step heating experiments were undertaken to yield plateau age spectra and 

isochron ages with regression intercepts (York, 1969) within error of the atmosphere.  Degassing 

was done to 650°C and steps utilized started at 700°C.  Significant 39Ar came off at 1400°C so 

this was analyzed as a last step for calculating plateau ages.  Analytical protocols for determining 

furnace blanks and mass discrimination followed those detailed in Calvert and Lanphere (2006).  



Chapter 2                                                                                                                                       39 
 

 



Chapter 2                                                                                                                                       40 
 

 



Chapter 2                                                                                                                                       41 
 

All ages are reported with 1σ errors including errors in neutron flux, but not including errors in 

decay constants or monitor minerals.  Details of the experimental results are summarized in 

Table 2.2 and Figures 2.6 and 2.7 (see Figs. A1-A11 in Appendix 3 for complete age profiles). 

 

RESULTS 

Stratigraphic Summary 

Deposits mapped within the Paeroa Block are shown on Figure 2.2.  All are correlative 

with previously mapped or described formations.  The overall stratigraphic architecture, ages, 

volcanic sources, and deposit descriptions are summarized in Figure 2.3.  Strata of the Reporoa, 

Whakamaru, and Huka groups are all exposed within the Paeroa Block, and identifiable in the 

subsurface of the TRB.  The spatial distribution of each group, their dominant formations, and 

the geometric relationships between them are outlined below. 

Reporoa Group strata are poorly exposed throughout the TRB (Figs. 2.2 and 2.5A).  

Outcrops are limited to two rhyolite lavas and the 710±60 ka Waiotapu Formation in the 

northern Paeroa Block, and a 712±27 ka andesite cone at Rolles Peak (Houghton et al., 1995; 

Tanaka et al., 1996).  The rest of the Reporoa Group is delineated from hydrothermally altered 

geothermal drill cores and cuttings (Gravley et al., 2006).  Zircon age spectra recovered from 

rhyolitic ignimbrites (Fig. 2.3: 1.45±0.05 Ma unnamed ignimbrite, 1.21±0.04 Ma Ongatiti 

Formation, 1.18±0.02 Ahuroa ignimbrite, 950±50 ka Akatarewa ignimbrite) within several 

geothermal fields have helped unravel stratigraphic relationships and lateral extents that were 

previously unknown (Wilson et al., 2010). 

The Whakamaru Group is a useful marker horizon with which to spatially and temporally 

divide the geological history of the TVZ for two reasons.  First, although subdivided into at least 

seven locally distinct deposits, these ignimbrites share easily identifiable petrographic and 

lithological characteristics (Keall, 1988; Brown et al., 1998a).  Second, the older (349±4 ka: age 

in chapter 3), voluminous (>1500 km3) ignimbrites within the Whakamaru Group are widespread 

throughout the central North Island.  Within the study area, these older ignimbrites blanket the 

Kaingaroa Plateau and are commonly penetrated by drilling in TRB geothermal fields (Figs. 2.2 

and 2.4A-C).  The thicknesses and lithic clast distributions in the ignimbrites, coupled with 

structural and geophysical evidence were used to propose a source Whakamaru caldera that 

overlaps much of the southern TRB (Wilson et al., 1986; Brown et al., 1998a).  In detail though, 
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Figure 2.6 – Weighted mean plateau ages (WMPA) for all samples, except Mihi sample MR1, dated using 
40Ar/39Ar techniques from the TRB.  Gray boxes were used to calculate the WMPA, and black boxes were 
discounted.  All samples have been scaled to an apparent age of 600 ka except for the Ngapouri rhyolite lava 
(sample 245).  The WMPA for the Kaingaroa Formation (sample CR1) is displayed, but based on stratigraphic 
evidence an age of 281±21 ka is considered more appropriate (see text for details). 
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aspects of the distribution, thicknesses of, and depths to, the Whakamaru ignimbrites in 

geothermal drillholes are complex (Fig. 2.4A-C).  The Whakamaru Group units are apparently 

missing in some locations within the subsurface (e.g., over a buried andesite cone at Rotokawa), 

and this absence may either reflect non-deposition, rapid erosion, or that the deposits are so thin 

that they escape recognition in drillhole cuttings.  Given the scale of the Whakamaru eruption, 

the latter two options are more likely, and can be readily explained by the existence of high 

ground during emplacement.  Such an interpretation may provoke reconsideration of the 

southeastern limit of the Whakamaru caldera. 

The younger (339±5 ka) Whakamaru Group ignimbrites are delineated separately as the 

Paeroa Subgroup, which are only exposed within the Paeroa and Te Weta blocks (Fig. 2.2).  

Despite petrographic and lithologic similarities to the older Whakamaru Group ignimbrites, the 

thickness of Paeroa Subgroup (>500 m along the Paeroa Fault scarp), and the sizes (up to ~4 m 

across) and distribution of their lithic clasts indicate that they were erupted from a source closer 

to the present-day position of the Paeroa Fault, not from vents within the >20 km distant 

Whakamaru caldera (Keall, 1988; Grindley et al., 1994; see chapter 3). 

 
Figure 2.7 – Isochron age for one of the Mihi Breccia samples (MR1).  This age is preferred over the weighted 
mean plateau age, which comes back older than its stratigraphic position indicates. 
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The Huka Group encompasses the best exposed deposits within the TRB and TFB, 

particularly in the Paeroa and Te Weta blocks (Fig. 2.2).  Individual formations within the Huka 

Group comprise mostly ignimbrites and lacustrine sediments.  The Huka Group is exposed 

extensively throughout the southern Paeroa Block, south of an east-west striking fault contact 

with the Paeroa Subgroup, and to the north where it can be seen to overlie the Paeroa Subgroup.  

Elsewhere within the TRB, the Huka Group is mostly buried by younger (≤25.4±0.2 ka) surficial 

deposits.  High standing rhyolitic lava domes and dacitic cones provide rare surface exposures of 

Huka Group within the low relief interior of the TRB.  Although geothermal drilling within the 

basin often intercepts Huka Group, discriminating between individual formations is difficult 

because cores and cuttings rarely provide sufficient material or context for correlation (Fig. 

2.4A).  Therefore exposures of Huka Group within the Paeroa Block are focused on, which 

reveal stratigraphic and geometric relationships in sufficient detail to provide insight into basin 

forming processes and rates. 

Huka Group formations exposed within the southern Paeroa Block consist of poorly-sorted 

lapilli-rich pumice breccias interbedded with finely laminated sands and silts.  The latter is 

indicative of a lacustrine environment (Grindley, 1965; Steiner, 1977), while the former have 

certain characteristics (e.g., welding, petrography, sedimentary structures, geochemistry, etc.) 

that allow for correlation with previously named ignimbrites (Fig. 2.3, and references therein). 

In detail from west to east, Ohakuri Formation (Fig. 2.8A-C) is the stratigraphically lowest 

unit of the Huka Group mapped along the Paeroa Fault scarp within the southern Paeroa Block.  

It has a thickness up to 200 m and thins to the east.  Further west within the TFB, towards its 

inferred caldera source, drillholes penetrate Ohakuri Formation material that is >400 m thick 

(Gravley et al., 2007).  Directly overlying Ohakuri Formation on the Paeroa Fault scarp are 

reworked volcaniclastic and finely laminated lacustrine sediments that dip 7° to the southeast, 

but which are horizontal to sub-horizontal in other proximal locations within the southern Paeroa 

Block.  Gravley (2004) mapped a similar stratigraphic sequence of thin lacustrine beds (≤10 kyr 

of sedimentation) overlying Ohakuri Formation within the TFB to the west.  The lacustrine 

sediments within the Paeroa Block are in turn overlain by ignimbrite of the Kaingaroa Formation 

(Fig. 2.8D).  Within the southern Paeroa Block, decreasing lithic clast sizes (>2 m size) and 

thinning of the Kaingaroa Formation to the west are consistent with it originating from a 

Reporoa caldera source (Fig. 2.2).  Both the Ohakuri and Kaingaroa formations include 
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Figure 2.8 – Photographs of southern Paeroa Block strata.  A: Crossbedded Ohakuri Formation consisting of 
pumice-rich, ash-rich, and accretionary lapilli-bearing beds (38.47 S, 176.20 E), B: Massive Ohakuri Formation 
overlain by crossbedded Ohakuri Formation (38.46 S, 176.21 E), C: Silicified and hydrothermal altered basal 
clast-supported breccia of the Ohakuri Formation (38.46 S, 176.18 E), D: Block and ash flow of late stage 
Kaingaroa Formation with recycled black and red-pink colored Kaingaroa Formation (38.44 S, 176.25 E), E: 
Greywacke pebble conglomerate and pumice-rich lag breccia containing degassing structures (38.48 S, 176.26 
E).  Hammer used for scale is ~33 cm long and shovel is ~1 m.  All map references are in the WGS84 reference 
grid. 
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accretionary lapilli-bearing beds, suggesting that abundant water was present during both 

eruptions (Beresford, 1997; Gravley, 2004). 

Overlying the aforementioned formations is the Mihi Breccia (Figs. 2.2 and 2.3), an 

enigmatic composite of interbedded lacustrine, volcaniclastic, and pyroclastic density current 

deposits (Fig. 2.9A-B).  Breadcrusted pumiceous clasts, soft sediment deformation, and abundant 

lithic clasts of lacustrine sediments (Fig. 2.9B) all support the notion that multiple pyroclastic 

density currents flowed into, or erupted beneath, a lake system.  The Mihi Breccia thus records 

numerous, over a long timeframe (ages discussed below), shifts from low energy lacustrine 

sedimentation to rapid accumulation of primary and reworked volcaniclastic material (Fig. 2.3).  

Mihi Breccia is considered equivalent to, but not necessarily correlative with, numerous 

subsurface rhyolite lavas of varying ages, and their pyroclastic equivalents that are interbedded 

with lacustrine sediments throughout the TRB (e.g., Rosenberg et al., 2009). 

Additional deposits within the Paeroa Block include a pumice-rich breccia of limited 

extent (Fig. 2.8E), a clast-supported hydrothermal eruption breccia (Fig. 2.9C), and a stratified 

basaltic lapilli tuff (Mangamingi basalt: Fig. 2.9D).  All three of these were derived from sources 

within the southern Paeroa Block. 

 

Geochemistry 

A large database of XRF analyses exists for rhyolitic ignimbrites encompassed by the 

Huka Group timeframe (Karhunen, 1993; Beresford, 1997; Milner, 2001; Gravley, 2004).  

However, since overlap in the values of all major and trace elements is common in deposits 

erupted during this timeframe, analyses of juvenile clasts were used only as a complement to 

lithologic descriptions for correlating deposits within the southern Paeroa Block.  Single pumice 

clast major and trace element geochemistry on the Ohakuri and Kaingaroa formations overlap 

well with their respective fields, confirming correlations (Fig. 2.10; Table 2.1).  Slight variations 

outside of the defined fields are inferred to be related to weak hydrothermal alteration of clasts, 

or to primary variations that have been previously undetected.  Three pumice types were 

geochemically identified by Gravley (2004) within the Ohakuri Formation, of which one is 

minor and has not been identified here. 

Geochemical compositions of pumice and rhyolite lava clasts from the Mihi Breccia are 

delineated into two groups that correspond to signatures from nearby rhyolite lavas exposed 
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within the TRB (Kairuru, Pukekahu, Deer Hill: Fig. 2.2).  The first is a high silica group closely 

corresponding in composition to Kairuru, and the second a lower silica group that encompasses 

Pukekahu and Deer Hill rhyolite lavas (Fig. 2.11; Table 2.1).  Texturally and petrographically, 

Mihi Breccia juvenile clasts are similar to the exposed rhyolite lavas, indicating that these lavas 

may have been the source for some (although not all) of the Mihi Breccia products, particularly 

given their age range (discussed below).  A buried rhyolite lava dome complex inferred to 

correlate with Kairuru is interpreted to lie beneath the southern Paeroa Block based on magnetic 

anomaly data (Soengkono and Hochstein, 1996).  This buried dome complex, or other nearby 

rhyolitic complexes, represents other probable vent sources for the Mihi Breccia. 

 

 
Figure 2.9 – Photographs of southern Paeroa Block strata.  A: Contact between lacustrine sediments and Mihi 
Breccia (38.47 S, 176.26 E), B: Entrained lacustrine clasts within Mihi Breccia (38.48 S, 176.26 E), C: 
Hydrothermal eruption breccia consisting of fine-grained laminated lacustrine sediment boulders (38.44 S, 
176.23 E), D: Mangamingi basalt (38.49 S, 176.22 E).  Shovel used for scale is ~1 m long, ~16 cm for the 
hammer head, and ~33 cm for the hammer.  All map references are in the WGS84 reference grid. 
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40Ar/39Ar Geochronology 

Age determinations using 40Ar/39Ar techniques are displayed in Table 2.2 and Figures 2.6 

and 2.7.  Two surficial Reporoa Group rhyolite lavas within the northern Paeroa Block have been 

dated, which yield age determinations of 965±8 ka (at Ngapouri) and 490±3 ka (at Trig 8566: 

Fig. 2.2).  The age of 710±60 ka for the Waiotapu Formation within the northern Paeroa Block is 

used from Houghton et al. (1995).  Five members of the Whakamaru Group and Paeroa 

 
Figure 2.10 – Selected trace element Harker variation diagrams of single pumice clasts (filled symbols) used to 
confirm correlations of southern Paeroa Block deposits with the Ohakuri and Kaingaroa formations.  Ohakuri 
and Kaingaroa Formation fields (grey shaded areas) are from data collected by Gravley (2004) and Beresford 
(1997), respectively.  SiO2 values are recalculated to totals of 100%, after accounting for loss on ignition (LOI). 



Chapter 2                                                                                                                                       49 
 

 

 
Figure 2.11 – Selected major and trace element Harker variation diagrams of Mihi Breccia juvenile pumiceous 
clasts and broadly coeval rhyolite lavas.  Mihi Breccia juvenile clasts have a broad overlap with rhyolite lavas 
exposed within the interior of the TRB.  Major oxide data are recalculated to total 100% anhydrous. 
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Subgroup have been dated, and the results are discussed in chapter 3.  The oldest Huka Group 

eruptive identified within the southern Paeroa Block is the localized pumice-rich breccia (Fig. 

2.8E), which yields an age of 312±4 ka from a juvenile clast (Fig. 2.6).  However, this unit has 

only been identified in one locality and there are no stratigraphic or geochemical correlatives, 

and as such it is presumed that this is a localized eruption. 

Of central interest to this study are the ages of three closely spaced caldera-forming 

eruptions (Ohakuri, Kaingaroa, Mamaku, the last of which has not been identified within the 

TRB), and their timing relative to other ignimbrites within the Huka Group timeframe (e.g., 

Gravley et al., 2007).  The new 40Ar/39Ar age determination presented here for the Kaingaroa 

Formation, sampled at the southwest end of the Paeroa Fault scarp, is 298±3 ka (Fig. 2.6).  This 

contrasts with the previous determination of 230±10 ka (Houghton et al., 1995).  However, 

numerous fall deposits, at least five caldera related ignimbrites (Matahina, Chimp, Pokai, 

Mamaku, Ohakuri), lacustrine sediments, and multiple paleosols (Karhunen, 1993; Manning, 

1996; Gravley et al., 2007) occur between the Paeroa Subgroup at 339±5 ka and the deposit 

sampled as Kaingaroa Formation (Fig. 2.12).  A time span of ~40 kyr for such a complex and 

prolonged stratigraphic record, coupled with existing age data (Houghton et al., 1995; Gravley et 

al., 2007), imply that an age of 298±3 ka for the Kaingaroa Formation is unrealistic, and it is 

therefore used only as an upper age constraint on the Kaingaroa eruption.  The three exposed 

post-Kaingaroa rhyolite lavas on the edge of or just south of Reporoa caldera provide minimum 

age limits.  Deer Hill at 264±4 ka provides the lower age constraint.  An age of 281±21 ka, 

which is halfway between 264±4 and 298±3 ka, plus or minus half the total difference including 

their uncertainties, is thus adopted here for the age of the Kaingaroa Formation.  This age is 

identical within uncertainty to the ~285 ka value reported, based on tephrostratigraphy and O-

isotopic stratigraphy, for the age of the Kaingaroa Formation airfall deposit by Manning (1996). 

Gravley et al. (2007) proposed an Ohakuri Formation age of 240±11 ka, based on its 

stratigraphic position and 40Ar/39Ar age determinations relative to the Mamaku Formation.  

However, Ohakuri Formation ages themselves are scattered beyond analytical uncertainties.  

Ohakuri and Mamaku formations are of geologically identical ages as demonstrated by Gravley 

et al. (2007), and underlie the Kaingaroa Formation, and as such are older.  It is unknown how 

much older, but Gravley (2004) estimated that lacustrine sediments overlying Ohakuri Formation 

in the TFB represented a ≤10 kyr timeframe , based on thicknesses and sedimentation rates.  
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Figure 2.12 – Simplified stratigraphic column with a summary of caldera-forming ignimbrites within the 
northwestern (TFB) and southeastern (TRB) parts of the central TVZ, including the deposits that divide the 
ignimbrites, and relevant age-determinations and estimates.  Compiled from field studies by Karhunen (1993), 
Manning (1996), Gravley et al. (2007), and this study. 
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Time equivalent lacustrine sediments are present within the Paeroa Block, and thus the eruption 

ages of the Ohakuri and Mamaku formations are estimated between ~280 and 290 ka.  This age 

range falls within uncertainty of the oldest Ohakuri age (275±16 ka) reported by Gravley et al. 

(2007).  The Pokai Formation (Fig. 2.3) within the TFB has been dated at 275±10 ka (Gravley et 

al., 2007), but its top surface contains a well developed paleosol with Mamaku and Ohakuri 

overlying it.  In turn, the Pokai Formation rests on two airfall tephra sequences with the 

interbedded Chimp Formation, which overlie the 349±4 ka widespread ignimbrites of the 

Whakamaru Group (Figs. 2.3 and 2.12).  The Pokai Formation age is thus likely to be slightly 

older than the Mamaku and Ohakuri formations, that is, ~300 ka. 

Mihi Breccia ages were determined on two stratigraphic units, although their spatial 

complexity within the Paeroa Block makes knowing their exact stratigraphic positions difficult to 

determine.  The two ages from the Mihi Breccia give a minimum time range of 281±9 ka to 

239±3 ka (Figs. 2.6 and 2.7).  This range overlaps with the ages of the three post-Kaingaroa 

rhyolite lavas of Deer Hill at 264±4 ka, Pukekahu at 263±5 ka, and Kairuru at 247±2 (Fig. 2.6), 

lending credence that these, and related geochemically (Fig. 2.11) and petrographically similar 

subsurface rhyolite lavas are probable sources of the Mihi Breccia.  Further south, two rhyolite 

lavas exposed at the surface have been dated with ages of 142±4 ka (at Orakei) and 103±6 ka (at 

Aratiatia: Fig. 2.6), although any correlative pyroclastic deposits are buried. 

 

DISCUSSION 

The 40Ar/39Ar technique, results, and comparisons with mapped stratigraphy have been 

presented above, but this section seeks to determine in more detail the reliability of the ages used 

here (see Appendix 3 for more details on the technique and associated errors).  Samples for 
40Ar/39Ar analyses were selected based on stratigraphic importance, and compared to previous 

age data (Fig. 2.13).  Weighted mean plateau ages are favored here, but not exclusively used, as 

the most reliable estimate for absolute ages, because these values are calculated assuming non-

radiogenic argon is atmospheric (McDougall and Harrison, 1999).  Commonly accepted criteria 

used for defining acceptable weighted mean plateau ages are: 1) a well defined plateau of three 

or more steps containing >50% of the released 39Ar and each step overlapping at 2σ, 2) a well 

defined isochron for the plateau gas fractions, 3) concordant plateau and isochron ages, and 4) a 
40Ar/36Ar isochron intercept within 2σ of the atmospheric 40Ar/36Ar ratio of 295.5 (e.g., Fleck et 
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Figure 2.13 – Compilation of previous age determinations (at 2σ, assuming a normal distribution) for 
stratigraphically important ignimbrites discussed in the text.  The stratigraphic sequence is the same as that 
displayed in figure 2.3.  Some age data were determined by means in which no uncertainties were expressed, and 
are presented as such here.  Similarly, some age ranges have been reported here with no definitive single age 
estimate. 
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al., 1977; Lanphere and Dalrymple, 1978; McDougall and Harrison, 1999; Calvert and Lanphere, 

2006).  These criteria are violated for some samples, but ages are assigned anyways as all are 

constrained by stratigraphic evidence presented within chapters 2 and 3.  Although errors are 

presented at 1σ throughout the thesis, for the purposes of this section all are presented at 2σ (Fig. 

2.13). 

Only two pre-Whakamaru Group volcanic deposits were dated as part of this study, the 

Ngapouri and Trig 8566 rhyolite lavas.  Neither is shown on Figure 2.13, as there are no previous 

ages to compare them with.  For both of these rhyolite lavas, their weighted mean plateau ages 

and isochron ages overlap at 2σ.  The weighted mean standard deviate of 3.4 for the Ngapouri 

sample indicates scatter of the individual heating steps, implying a suspect age.  The only 

stratigraphic evidence constraining the ages of these lavas is the 710±120 ka Waiotapu 

Formation (Houghton et al., 1995), which overlies Ngapouri but not Trigg 8566.  Despite this 

stratigraphic simplicity, it does correspond with the age of 965±16 ka used for Ngapouri and 

490±6 ka for Trig 8566. 

The Whakamaru Group ignimbrites (including the Paeroa Subgroup) are well dated by a 

variety of methods, with 49 ages and associated errors displayed on Figure 2.13.  The ages 

displayed in Figure 2.13 range from 580±80 to 180±60 ka, although the most commonly 

accepted ages for these eruptives are between ~340 to 320 ka (40Ar/39Ar: Houghton et al., 1995).  

New ages for these ignimbrites presented in chapter 3 show that all isochron and weighted mean 

plateau ages for the entire group overlap at 2σ, and overlap with many of the previous age 

determinations (Fig. 2.13).  The general lack of detail in the age data makes resolving any time 

break, particularly one as short as ~10 kyr (see chapter 3), between the widespread Whakamaru 

Group and more localized Paeroa Subgroup ignimbrites tenuous.  Small times breaks (hours to 

days) are known from the deposition of co-ignimbrite ash and cooling of vitrophyric contacts 

(discussed in chapter 3), however, field studies have also yielded evidence that strongly supports 

the notion of a significantly longer time break between the Whakamaru Group and Paeroa 

Subgroup eruptive episodes.  During this study, densely welded, crystal-rich Whakamaru Group 

lithic clasts were identified within the stratigraphically lowest co-ignimbrite lag breccia of the 

Paeroa Subgroup ignimbrites.  This was used to infer that Whakamaru Group was emplaced over 

the Paeroa Subgroup vent prior to its collapse.  There are sedimentological differences between 

the lithic clasts and enveloping ignimbrite (i.e., massively textured lithic clasts versus strongly 
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eutaxitic ignimbrite), but similarities in petrography (e.g., Martin, 1961; Keall, 1988; Brown et 

al., 1998a) hinders correlation with any specific ignimbrite sheet.  A more convincing argument 

is based on a tephrostratigraphy and geochemical study undertaken in the Bay of Plenty region of 

the North Island (Manning, 1995, 1996).  Manning (1995, 1996) documented two separate 

tephras that were geochemically correlated to the Whakamaru Group ignimbrites, but separated 

by a paleosol developed on an erosion surface.  These tephras were assigned ages of ~350 and 

~338 ka based on oxygen isotopic and paleoclimatic evidence.  These ages overlap within 1σ of 

the weighted mean ages presented in chapter 3.  Since field evidence indicates that both the 

Whakamaru Group and Paeroa Subgroup eruptions were not protracted events (Wilson et al., 

1986; Keall, 1988; Brown et al., 1998a, this study), the weighted mean age of 339±10 ka is used 

for the Paeroa Subgroup ignimbrites and 349±8 ka for the widespread Whakamaru Group 

ignimbrites.  The field evidence and methods for calculating the weighted mean ages are 

discussed in chapter 3. 

The next five ignimbrites (Matahina, Chimp, Pokai, Mamaku, Ohakuri) overlying the 

Whakamaru Group (and Paeroa Subgroup) were not radiometrically dated here, but their 

stratigraphic positions relative to each other are well known from field studies (e.g., Karhunen, 

1993; Bailey and Carr, 1994; Wilson et al., 1995, 2009; Gravley et al., 2007; Leonard et al., 

2010).  The Matahina Formation was mapped at one location in the Paeroa Block overlying the 

Paeroa Subgroup, with no overlying strata (Fig. 2.2).  The most recently published 40Ar/39Ar age 

for the Matahina Formation is 322±14 ka (Leonard et al., 2010), which is accepted for the 

purposes of this thesis as no contradictory evidence has been documented.  The Chimp 

Formation has not been identified in the TRB.  Only two ages have been proposed for this 

formation, 330±40 ka from glass fission track techniques (Black et al., 1996) and ~300 ka based 

on stratigraphic grounds (Leonard et al., 2010).  However, with no additional data, it can only be 

stated here that the age of the Chimp Formation is between 322±14 (Matahina age) and ~300 ka, 

of which the upper limit is slightly younger but within error of the age proposed by Black et al. 

(1996). 

Several age determinations have been made on the Pokai, Mamaku, and Ohakuri 

formations, although no new radiometric ages were determined here (Fig. 2.13).  However, 

several observations can be made, as the age of the Kaingaroa Formation discussed next, directly 

affects the age estimates of these ignimbrites.  What is most apparent is that the Mamaku 
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Formation, despite being stratigraphically below the Ohakuri Formation (Gravley et al., 2007), 

generally trends toward younger ages.  Stratigraphic evidence presented in Gravley et al. (2007) 

demonstrates that the Mamaku and Ohakuri eruptions occurred within an exceptionally short 

timeframe (no erosional surfaces or paleosols), and are thus the same age.  As a result, both of 

these eruptions were assigned the youngest Ohakuri Formation 40Ar/39Ar age (240±22 ka) 

recorded by Gravley et al. (2007), as this was the youngest age close to previously determined 
40Ar/39Ar ages on the Mamaku Formation (McWilliams, 2001).  However, other dates presented 

by Grindley et al. (1994), Kohn (in Houghton et al., 1995), and Gravley et al. (2007) record age 

determinations for the Ohakuri Formation as far back as 300 ka.  The only deposit that constrains 

the upper limit of the Mamaku and Ohakuri is the Pokai Formation with a single 40Ar/39Ar age 

determination of 275±20 ka (Gravley et al., 2007).  This thesis is the first to document the field 

relationship of the Kaingaroa Formation overlying the Ohakuri (and thus the Mamaku) 

Formation, while previous such relations have been inferred based on the age determinations of 

Houghton et al. (1995).  As described in the previous section, the Kaingaroa and Ohakuri 

formations are separated by lacustrine sediments that represent a ≤10 kyr timeframe, based on 

thickness and sedimentation rates (Gravley, 2004).  Therefore, the Pokai, Ohakuri, and Mamaku 

formations must be older than the Kaingaroa Formation. 

Only six previous ages have been published for the Kaingaroa Formation, ranging from 

310±20 to 145±40 ka, both by glass fission track techniques (Kohn, 1973; Black et al., 1996).  

The new 40Ar/39Ar age determination recorded for this study came back at 298±6 ka, which 

contrasts with the most widely accepted age of 230±20 ka for the Kaingaroa Formation 

(Houghton et al., 1995).  However, the previous section discussed the numerous volcaniclastic 

and sedimentary deposits between the Paeroa Subgroup and Kaingaroa Formation (e.g., 

Karhunen, 1993; Grindley et al., 1994; Manning, 1996; Gravley et al., 2007), and a span of ~40 

kyr for such a complex and prolonged stratigraphic record, coupled with existing age data 

(Houghton et al., 1995; Gravley et al., 2007), was used to discount 298±6 ka as its eruption age.  

Instead it was used as an upper age constraint, and the oldest intra-caldera lava (264±8 ka) 

associated with caldera collapse of the Kaingaroa Formation was used as the lower age 

constraint, giving an age of 281±25 ka.  This value is within error of all but two previously 

recorded Kaingaroa Formation ages, with the exceptions being 145±40 ka (Kohn, 1973) and 

being just shy of the Houghton et al. (1995) 230±20 ka age.  The age presented here is also 
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identical within error to the ~285 ka value for the age of the Kaingaroa Formation airfall deposit 

reported by Manning (1995, 1996), based on tephrostratigraphy, geochemistry, oxygen isotope, 

and paleoclimatic evidence. 

Directly overlying the Kaingaroa Formation is the Mihi Breccia, which has no previous 

age estimates.  Age determinations were made on two samples from the inferred stratigraphically 

lowest and highest sections, which came back at 281±18 and 239±6 ka, respectively.  The first of 

these ages is the only isochron age used, because a weighted mean plateau age (saddle shaped, 

indicating excess 40Ar: Lanphere and Dalrymple, 1976) could not be calculated.  It is also the 

only sample in which the 40Ar/36Ar ratio (341±16) is beyond 2σ of the atmospheric ratio 

(40Ar/36Ar=295.5: Steiger and Jäger, 1977), although it has an excellent MSWD of 1.0.  The 
40Ar/36Ar ratio calls into question its reliability, however its stratigraphic position directly above 

the 281±25 ka Kaingaroa Formation indicates that it is an acceptable age, while also lending 

support for the validity of the underlying Kaingaroa Formation age discussed in the previous 

paragraph and in the previous section.  Some of the Mihi Breccia is interpreted to be sourced 

from post-Reporoa collapse intra-caldera rhyolite lavas emplaced at 264±8 (Deer Hill), 263±10 

(Pukekahu), and 247±4 ka (Kairuru).  These rhyolite lavas are bracketed by the two Mihi Breccia 

samples (Fig. 2.13), supporting the hypothesis that parts of the Mihi Breccia are directly related 

to them.  In addition, these rhyolite lavas are older than the Houghton et al. (1995) Kaingaroa 

Formation age of 230±20 ka, but drillhole data from caldera source (Wood, 1994) 

stratigraphically demonstrates that these lavas overlie the Kaingaroa Formation.  The 

stratigraphic positions and age determinations of both the post-caldera collapse rhyolite lavas and 

Mihi Breccia support an older age for the Kaingaroa Formation.  As such, the age for the 

Kaingaroa Formation presented in this thesis is considered valid at 281±25 ka, which in turn 

means that the Ohakuri and Mamaku formations are estimated to be between ~280 and 290 ka 

(based on stratigraphic grounds previously discussed), and the Pokai Formation at <10 kyr before 

them.  These age ranges fall within error (at 2σ) of the previous single Pokai age, many previous 

Ohakuri and Kaingaroa ages, although no previous Mamaku ages.  This may reflect alteration of 

samples of the latter formation (e.g., Milner et al., 2003). 

Further south are two previously undated rhyolite lavas exposed at the surface, which have 

new 40Ar/39Ar age determinations of 142±8 ka (Orakei) and 103±12 ka (Aratiatia).  The Orakei 

rhyolite lava is the only sample where <50% of the 39Ar was released for the weighted mean 
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plateau age.  However, this sample is within 2σ of its isochron age, and the plateau age has a 

good MSWD of 1.13.  The isochron and weighted mean plateau ages for the Aratiatia rhyolite 

lava sample also overlap at 2σ.  As no stratigraphic evidence as of yet exists to dispute either 

age, the weighted mean plateau age are used. 

 

Evolution of the Paeroa Block 

The pattern and distribution of strata within the TRB and surrounds vary along and across 

the strike of the predominant northeast-southwest tectonic fabric.  In particular, the geology of 

the Paeroa Block varies abruptly along strike, and attests to a contrasting evolutionary history 

from north to south.  The mapped distribution of formations within the southern Paeroa Block is 

as expected for a tilted and somewhat eroded fault block: broadly, the units are elongate to the 

northeast and young to the southeast (Fig. 2.2).  However, north of the east-west striking fault 

that transects the Paeroa Block, the Paeroa Subgroup is exposed and there is a lack of younger 

cover material.  The southeastward slope of the northern Paeroa Block’s surface is equivocal in 

its interpretation, and could represent a primary depositional feature of an ignimbrite fan (see 

chapter 3), structural resurgence related to the Paeroa Subgroup magmatic system (Healy, 1964), 

tectonic tilting (Berryman et al., 2008), or some combination of all three processes.  Eruptive 

activity proximal to this part of the block, particularly from Reporoa caldera accompanying the 

Kaingaroa Formation, would most likely have resulted in emplacement of an ignimbrite 

sequence overlying the Paeroa Subgroup.  The absence of such material, with the implication 

that any deposits were thin and consequently eroded off, is used to infer that the northern Paeroa 

Block has been a topographic high since Paeroa Subgroup emplacement at 339±5 ka, in marked 

contrast to the southern Paeroa Block (Fig. 2.14C). 

The thicknesses and degree of preservation of younger formations within the southern 

Paeroa Block (100 to 500 m thick), interior of the TRB (generally >1000 m thick), and TFB 

(unknown thickness), indicate that these areas provided the main post-Paeroa Subgroup 

accommodation space (Fig. 2.4C).  Although all three areas may have had a shared flux of 

volcaniclastic materials, the role of the southern Paeroa Block in accommodating these materials 

was shorter lived.  Exposed stratigraphic positions and deposit geometries indicate that the 

Ohakuri Formation was emplaced into this southern Paeroa basin early, and was immediately 

covered by lacustrine sediments (Fig. 2.14D).  The westward thickening wedge of Ohakuri 
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Formation and the ~7° southeast dip of overlying lacustrine sediments show that these units 

underwent fault induced uplift and tilting along the present-day southern Paeroa Fault.  In 

contrast, similar aged lacustrine sediments also located proximal to the Paeroa Fault are 

horizontal to sub-horizontal.  Such evidence is used to interpret that most of the uplift and tilting 

of the southern Paeroa Block occurred prior to emplacement of the overlying 281±21 ka 

Kaingaroa Formation (Fig. 2.14E).  This notion is supported by the observation that Kaingaroa 

Formation is notably absent at higher elevations along much of the southern Paeroa Block: a 

 
Figure 2.14 – Time series reconstruction of the central TVZ.  A: Emplacement of abundant andesitic lavas (>1.9 
Ma) and some rhyolitic ignimbrites in a single basin, B: Continued filling of the basin with Reporoa Group strata 
represented by numerous rhyolitic ignimbrites (i.e., Waiotapu Formation) and reworked (i.e., lacustrine, fluvial) 
equivalents, C: Whakamaru caldera collapse at 349±4 ka and Paeroa Subgroup emplacement at 339±5 ka with 
subsequent uplift of the northern Paeroa Block, D: Ohakuri caldera collapse with subsequent tilting of the 
southern Paeroa Block, E: Reporoa caldera collapse at 281±21 ka and continued lacustrine sedimentation from a 
rhyolite lava dam formed within the Ongaroto Gorge, F: Continued basin development with episodes of rifting, 
effusive and explosive eruptions, and lacustrine sedimentation. 
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high standing physical barrier is inferred to have been in place at this time to obstruct and limit 

the westward flow of the parental pyroclastic density currents.  Thus, based on the age dates 

discussed earlier, the Ohakuri and Kaingaroa caldera-forming eruptions, sedimentation of 

lacustrine beds between these eruptions, and uplift of the southern Paeroa Block is inferred to 

have occurred within a ≤10 kyr timeframe. 

The construction of the entire Paeroa Block from emplacement and uplift of the Paeroa 

Subgroup in the northern Paeroa Block (339±5 ka), through to subsidence, lacustrine 

sedimentation, and uplift in the southern Paeroa Block (281±21 ka), is thus inferred to have 

occurred over a 58±26 kyr timeframe.  Despite the age uncertainties, this line of reasoning draws 

into question the validity of only using modern fault slip rates, as defined from offset surfaces 

and displacement of ≤61 ka tephras  (Villamor and Berryman, 2001; Berryman et al., 2008), to 

understand landscape forming processes within highly productive magmatic rifts.  

Chronostratigraphic considerations made here demonstrate that a minimum slip rate of at least 

~11±6 mm/yr is required to account for the maximum observed throw on the fault (500±50 m: 

Grindley et al., 1994).  However, this is an extraordinarily high rate for secular rifting (Nicol et 

al., 2006).  A more likely scenario is fault displacement in association with eruptive episodes 

(Rowland et al., 2010).  The evacuation of hundreds to thousands of km3 of volcanic material in 

association with caldera-forming eruptions provides a plausible mechanism for transient and 

anomalous slip on pre-existing faults (e.g., Wilson, 2001; Gravley et al., 2007; Allan et al., 

2012). 

 

Significance of Lacustrine Sediments 

The deposits of ephemeral and longer lived lakes have been documented within the central 

TVZ, and are likely a common phenomenon given the region’s temperate climate and propensity 

for drainage networks to be blocked by eruptive products from time to time (Smith et al., 1993; 

Manville, 2001; Manville and Wilson, 2004).  Within the Huka Group of the Paeroa Block, new 

age determinations presented here indicate that lacustrine sedimentation spans >50 kyr, but it is 

unknown if the deposits are the products of one large, long lived lake or several smaller short 

lived lake systems.  The evidence for phreatomagmatic activity during the Ohakuri eruption (i.e., 

accretionary lapilli), and the widespread distribution of lacustrine sediments within the TFB and 

southern Paeroa Block after emplacement of the Ohakuri Formation, are taken to indicate that a 
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regional scale lake system existed prior to and subsequent to emplacement of the Ohakuri 

Formation (Gravley, 2004; Gravley et al., 2007).  The scale of this lake, and its longevity (at 

least 10 kyr), would have required the existence of a long lived dam across the major central 

TVZ drainage, the Waikato River (Fig. 2.14D-E). 

Although the course of the Waikato River has undoubtedly changed over time (Manville 

and Wilson, 2004), it has drained the central TVZ to the west via the Ongaroto Gorge (Fig. 2.2) 

for at least 349±4 kyr, based on the coincident location of a paleo-Waikato River gorge filled 

with Whakamaru Group ignimbrites (Martin, 1965).  Ohakuri Formation is of sufficient volume 

(~100 km3) to have overwhelmed drainage networks, and may have blocked the Ongaroto Gorge 

or upstream tributaries of the Waikato River.  However, dams constructed from the unwelded 

Ohakuri Formation are unlikely to have prevailed for more than a few decades (e.g., Manville, 

2001; Manville and Wilson, 2004).  The Ongaroto Gorge walls consist of rhyolite lavas of the 

Western Dome Belt (Fig. 2.2), and have K-Ar age determinations ranging from after 349±4 to 

187±14 ka (Houghton et al., 1991; Leonard et al., 2010).  A more likely control on base-level 

would involve such lavas, which presumably blocked the paleo-Waikato River at the present-day 

Ongaroto Gorge to provide a long lived (>10 kyr) barrier (e.g., Crow et al., 2008), or several 

barriers, in the appropriate location to allow formation of a regional lake. 

Rhyolite lavas proximal to the Ongaroto Gorge have elevations of (≥500 masl), which are 

consistent with the highest elevations of exposed lacustrine sediments within the southern Paeroa 

Block.  Since uplift and tilting are interpreted to have occurred prior to 281±21 ka, the southern 

Paeroa Block has remained relatively stable with respect to the inferred Ongaroto Gorge barrier.  

Further east in the TRB interior, geothermal drillholes commonly penetrate post-Whakamaru 

Group lacustrine sediments at depths of up to 900 m (although up to 1300 m depth at Wairakei-

Tauhara: Rosenberg et al., 2010) (Fig. 2.4A).  Despite hydrothermal alteration making specific 

correlations tenuous, it is clear that the similarly aged lacustrine sediments within the TRB have 

subsided compared with those in the southern Paeroa Block, and are continuing to subside at 3 to 

4 mm/yr as estimated for the past ~1.8 ka (Manville, 2001). 

 

Evolution of the Kaingaroa Fault Zone 

Faults comprising the Kaingaroa Fault zone are considered to be former strike-slip faults of 

the North Island Fault System reactivated as dominantly normal faults to accommodate TVZ 
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extension (Stagpoole, 1994; Bibby et al., 1998).  Some authors have proposed that these faults 

are periodically reactivated on a timeframe used to infer gradual migration of the linked eastern 

TRB and TVZ margin (e.g., Stern, 1987).  However, an argument that this fault zone reactivates 

on a punctuated and episodic basis over limited line length can be made for the following 

reasons. 

The relatively uniform thicknesses of Reporoa and Huka Group (commonly ~1000 m for 

each) within individual geothermal drillholes throughout the TRB (Fig. 2.4A-C) support the 

concept of a long lived subsiding basin.  If a gradual eastward migration of the linked TRB and 

TVZ margin were occurring, then progressively younger sediments and a thinner Quaternary 

cover sequence would be expected in an eastward direction across the TRB, but this pattern has 

not been observed in drillhole records (Fig. 2.4A-C). 

Sparse age constraints for movement along the Kaingaroa Fault zone are used to infer that 

the age of fault reactivation youngs to the northeast, and that the easternmost fault has been 

inactive since at least 281±21 ka Kaingaroa Formation emplacement (Stagpoole, 1994).  In the 

southern part of the TRB, the 712±27 ka Rolles Peak andesite lava (Fig. 2.2) has not been 

displaced by the fault zone.  Proceeding north along the fault zone, the 349±4 ka Whakamaru 

Group is exposed on the scarp near Ohaaki geothermal field, but is displaced to depths of ~800 

to 1300 m within the field itself (Fig. 2.4C).  Further north, the 281±21 ka Kaingaroa Formation 

mantles the easternmost fault, as defined geophysically (Stagpoole, 1994), and is displaced to 

~1250 m depth within the adjacent Reporoa caldera (Fig. 2.4A).  Kaingaroa Formation is the 

youngest displaced unit along the fault zone, and as such the eastern margin of the TRB and TVZ 

has not migrated for at least the past 281±21 ka (Fig. 2.2). 

Thus, movement along the Kaingaroa Fault zone appears to be closely coincident with 

caldera related eruptions (Whakamaru Group, Kaingaroa Formation), and as such, is here 

defined as a composite volcano-tectonic feature. 

 

Evolution of the Taupo-Reporoa Basin 

Prior to uplift of the Paeroa Block, the central TVZ consisted of a single basin that 

stretched from near the present-day Kaingaroa Fault zone to the western margin of the old TVZ 

boundary as defined by Wilson et al. (1995) (Figs. 2.5A and 2.14 A-B).  Eastwood et al. (2013) 

proposed that this single basin began to rift prior to ~1.89 Ma, based on geothermal field 
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stratigraphic evidence and age data from the Ngatamariki geothermal field.  Parts of this basin 

are interpreted to be superimposed upon a region of earlier subsidence as indicated by a 

deepening of metasedimentary basement to the southwest.  This earlier period of subsidence 

appears to be aligned with the ~7 Ma Hauraki Rift, particularly in the Whakamaru caldera area 

(Figs. 2.1 and 2.4A) (e.g., Modriniak and Studt, 1959; Wilson et al., 1986).  Rapid development 

of the Paeroa Block, dividing the single central TVZ basin into the TFB and TRB, was broadly 

contemporaneous with an eastward focusing of subsidence within the northern TVZ, as 

interpreted from stratigraphic relationships (Gravley et al., 2010), drillhole stratigraphy at the 

Kawerau geothermal field (Fig. 2.1) (Milicich et al., 2013), and patterns of fault growth in the 

offshore TVZ (Lamarche et al., 2006).  The shift in the locus of tectonism in the northern TVZ at 

~370 ka (Gravley et al., 2010) just pre-dates the 349±4 ka onset of major caldera-forming 

volcanism (>3000 km3 of erupted material in eight caldera-forming events within a 68±25 kyr 

time span: Fig. 2.12) within the central TVZ.  The close timing (~21 kyr) between the onset of 

major caldera-forming volcanism, rift localization, and basin reorganization in the central and 

northern TVZ, respectively, suggests interactions between tectonic and magmatic processes over 

considerable distances (Rowland et al., 2010).  Could such phenomena relate to migration of the 

arc? 

The locus of modern magmatism related to subduction runs along strike from the andesitic 

cone of Ruapehu in the southwest to White Island in the northeast (Fig. 2.1), and manifests 

within the central TVZ as rhyolitic volcanism at the Taupo and Okataina volcanic centers (Nairn, 

2002; Wilson et al., 2009), and the >2000 MW geothermal output within the TRB (Bibby et al., 

1995; Rowland et al., 2010).  Stern (1987) described the spatial and temporal distribution of arc 

front andesitic volcanoes, synthesizing available geochronology such as it was, to postulate 

migration of an andesitic arc front across the central North Island and infer a secular rate of arc 

rotation.  Inherent in Stern’s (1987) model is the notion that the migration of the andesitic arc 

front is gradual, and can be distinguished on the millennial scale.  However, although the TRB 

appears to be presently aligned with the arc front, many of the thickest andesite lavas intercepted 

by drilling closely overlie metasedimentary basement rocks, indicating that one or more andesitic 

composite cones contributed some of the first volcanic extrusions to the TRB (e.g., at Rotokawa: 

Browne et al., 1992).  An andesitic lava (Ngakoro andesite) in the Waiotapu geothermal field 

(drillhole WT4: Fig. 2.4D) is bracketed by a 1.45±0.05 Ma ignimbrite and the 1.21±0.04 Ma 
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Ongatiti Formation (Fig. 2.4A) (Wilson et al., 2010).  At Ngatamariki and Rotokawa, early 

andesites are overlain by rhyolitic pyroclastic deposits of the Reporoa Group, which return U-Pb 

inferred eruption ages recorded from zircons at ≤1.89 Ma (age data from Eastwood et al., 2013).  

Furthermore, there is broad overlap in the known ages of andesites from the western side of the 

TVZ to those on the east (Wilson et al., 1995, and references therein).  Thus, despite the intuitive 

appeal of a gradually migrating andesitic arc front, any such arc front does not appear to have 

migrated for >1.9 Myr. 

A more likely explanation for the rapid change in basin configuration within the central 

and northern TVZ is the interplay between secular rifting and the assembly and evacuation of 

large rhyolitic magma bodies (e.g., Rowland et al., 2010; Allan et al., 2012).  Although a paired 

andesitic arc front, rhyolitic back-arc system is often promoted to explain the distribution and 

range of volcanism and gas chemistry within the central TVZ (Stern, 1987; Giggenbach, 1995), 

the available geochronology of all volcanic compositions within the TRB and wider TVZ does 

not justify such a discrimination.  Vents of all compositions overlap spatially and temporally, and 

attest to a complex interplay between the silicic and mafic magmatic systems at mid-crustal 

depths, and secular rifting (Charlier et al., 2005; Rowland et al., 2010).  These interactions are 

non-linear and may result in episodic landscape forming volcano-tectonic events from time to 

time (cf. Rowland et al., 2010). 

 

Basin Filling Rates 

The interplay between tectonism, volcanism, and magmatism has resulted in rapid changes 

to accommodation space throughout the evolution of central TVZ basins.  As a result, basin 

filling rates are likely to have varied by orders of magnitude over their lifetimes.  A thick (at 

least 2 to 3 km) sequence of lavas, volcaniclastic, and sedimentary strata in TRB geothermal 

drillholes, with abundant age dates (Fig. 2.3), allows for upper limits on filling rates within the 

TRB to be estimated.  The oldest dated deposit at Waiotapu is the 1.45±0.05 Ma ignimbrite 

penetrated at ~1000 m depth (Wilson et al., 2010).  Gravity studies have been used to interpret 

the presence of basement rocks beneath Waiotapu at ~2000 m depth (Modriniak and Studt, 

1959).  If it is assumed that the 1.45±0.05 Ma ignimbrite and basement rocks are separated by 

~1000 m, then either basin fill started to accumulate significantly earlier than ~1.45 Ma, or 

filling of the basin occurred at a rapid rate prior to that time.  Although in the TRB, the 
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1.45±0.05 Ma ignimbrite has only been identified at Waiotapu, the thickness of Reporoa Group 

strata penetrated in other drillholes throughout the TRB (Fig. 2.4A) would normally imply that 

significant time would be required for accumulation.  This is supported by the ≤1.89 Ma ages 

recorded from deep tuffs (at depths varying from 1.6 to 2.5 km) at the Ngatamariki and 

Rotokawa geothermal fields (Eastwood et al., 2013).  These dates, when coupled with other age 

information from shallower lithologies, imply that these areas have never formed part of a 

caldera collapse area, and that average subsidence rates in these areas are only on the order of 0.8 

to 1.4 mm/yr (cf. Waiotapu: Wilson et al., 2010). 

Eruption of the Kaingaroa Formation deposits and accompanying formation of Reporoa 

caldera at 281±21 ka (Nairn et al., 1994; Beresford and Cole, 2000) can be used as an example of 

rapid filling within a localized basin formed within the northern TRB during caldera collapse.  

Intracaldera Kaingaroa Formation has a top surface penetrated by drillhole at ~1250 m depth 

(Nairn et al., 1994).  However, the three surficial post-Kaingaroa rhyolite lavas dated by us 

record ages of 264±4 ka (Deer Hill), 263±5 ka (Pukekahu), and 247±2 ka (Kairuru).  Using the 

ages of the Kaingaroa Formation and the oldest rhyolite lava, a minimum sedimentation rate of 

~31 mm/yr is estimated for the caldera filling rate.  Considering the age uncertainties present, 

filling may have occurred more quickly.  In contrast, a significant part of the stratigraphic 

architecture within the TRB reflects low energy lacustrine sedimentation with occasional 

localized small scale effusive and explosive events (Fig. 2.14F).  Shifts from dominantly 

pyroclastic and volcaniclastic deposition to low energy lacustrine deposition are not well 

established due to the scarcity of continuous core (as opposed to cuttings) in geothermal 

drillholes, and difficulty in distinguishing boundaries between low energy and high energy 

sedimentary regimes on a lithological basis (e.g., Rosenberg et al., 2009).  Nonetheless, a long 

term average rate of background lacustrine sedimentation for central TVZ lakes has been 

estimated at 0.28 mm/yr (Smith et al., 1993).  These varying sedimentation rates reflect the 

processes that have resulted in basin formation and filling, and are intimately linked with 

tectonic, volcanic, and magmatic processes. 

 

CHAPTER SUMMARY 

New mapping within the Paeroa Block, coupled with drillhole records, and age dates 

within the TRB have allowed for a basin-wide evolutionary model to be developed.  While 
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questions remain on the nature of tectonic, volcanic, and magmatic relationships across the TRB 

and TVZ, these processes are interconnected in controlling basin development and its 

stratigraphic architecture.  The evolution of the TRB involves: 

1) A single basinal structure spanning the central TVZ that began to develop during the onset 

of TVZ rifting and volcanism from ~2 Ma onwards.  The deposits in this early manifestation 

of TVZ basin development are represented by Reporoa Group strata, deposited up until 

eruption of the 349±4 ka Whakamaru Group ignimbrites.  This group includes thick 

accumulations of andesitic lavas indicating that composite cones existed throughout the 

TRB from >1.9 Ma, and into the Huka Group timeframe. 

2) Whakamaru caldera collapse accompanied emplacement of the voluminous and regionally 

extensive ignimbrites defining the older part of the Whakamaru Group at 349±4 ka, 

providing a useful time horizon. 

3) Emplacement of the Paeroa Subgroup (the younger part of the Whakamaru Group) at 339±5 

ka from a source near the present-day Paeroa Fault.  Closely coincident with this eruption 

the northern Paeroa Block underwent rapid uplift, and/or the Te Weta Block was 

downthrown.  This abrupt event resulted in separation of the TFB and TRB, and generation 

of much of the Paeroa Fault displacement. 

4) Ohakuri caldera collapse accompanied emplacement of the Ohakuri Formation, here 

estimated to have occurred between ~280 and 290 ka.  Uplift and tilting of the southern 

Paeroa Block occurred within ≤10 kyr of this eruption. 

5) Reporoa caldera collapse accompanied eruption of the 281±21 ka Kaingaroa Formation 

ignimbrite.  This eruption followed a period of brief post-Ohakuri lacustrine sedimentation, 

and uplift and tilting of the southern Paeroa Block.  The post-Ohakuri lake system lasted for 

>50 kyr, and was impounded by rhyolite lavas obstructing the paleo-Waikato River at the 

Ongaroto Gorge. 

6) The deposits mapped collectively as the Mihi Breccia were erupted beneath and/or emplaced 

into a lake system over an extended time period from at least 281±9 to 239±3 ka. 

7) Low energy sedimentation of lacustrine sediments and minor individual explosive and 

effusive eruptions continued to occur within the TRB until 25.4±0.2 ka. 



Chapter 3                                                                                                                                       67 
 

Chapter 3: Volcano-Tectonic Interactions 

and Paeroa Fault Development 
This chapter is drawn from the research article ‘Age and eruptive center of the Paeroa 

Subgroup ignimbrites (Whakamaru Group) within the Taupo Volcanic Zone of New Zealand’ 

that was submitted to the Geological Society of America Bulletin in January 2014 (Downs et al., 

2014a).  Results, interpretations, and text are largely unaltered from the article as permitted by 

the University of Auckland under the 2011 Statute and Guidelines for the Degree of Doctor of 

Philosophy (PhD).  Co-authors of this article, C.J.N. Wilson, J.W. Cole, J.V. Rowland, A.T. 

Calvert, and G.S. Leonard, advised and commented on the article, but the bulk of the research 

and preparation was undertaken by the thesis author (see accompanying declaration). 

 

INTRODUCTION 

Deciphering relationships between structural and magmatic controls on the locations and 

styles of caldera formation is challenging, even in young volcanic areas.  Quaternary calderas 

hosted in continental crust are considered favorable for understanding collapse processes that are 

influenced by depth, size, and shape relationships of magma chambers, roof geometries, eruption 

sizes, and regional structural trends (e.g., Lipman, 1997; Cole et al., 2005; Seebeck and Nicol, 

2009).  Rift settings can also influence caldera locations and collapse geometries through 

reactivation of, or interactions with, pre-existing and rift related faults (e.g., Rowland et al., 

2010).  Calderas in or near rifts typically have subequant geometries, such as in the Rio Grande 

Rift, USA (e.g., Valles, Questa), Basin and Range, USA (e.g., Long Valley, Yellowstone), and 

Taupo Volcanic Zone (TVZ), New Zealand (e.g., Taupo, Okataina) (see Cole et al., 2005).  

Formation of these calderas accompanies emplacement of large volumes (10’s to 1000’s of km3) 

of rhyolitic eruptives, with four end member collapse styles: 1) plate or piston, 2) piecemeal, 3) 

trapdoor, and 4) downsag (Lipman, 1997, and references therein).  Funnel collapse (Aramaki, 

1984) is disregarded as an end member after arguments put forward by Lipman (2000) and Cole 

et al. (2005).  However, some fissure eruptions of large ignimbrites from fault controlled linear 

vent zones and an apparent absence of associated caldera collapse have also been reported 

(Aguirre-Díaz and Labarthe-Hernández, 2003). 
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In the young (≤2 Ma) rifting arc of the central TVZ, magma generation and emplacement 

into the crust occurs rapidly (~50 km3/kyr), caldera-forming volcanism is voluminous and 

frequent (3.8 km3/kyr over the past ~1.6 Myr) on a global scale (Wilson et al., 2009), and a well 

defined structural trend (northeast-southwest) has been mapped (Rowland and Sibson, 2001).  

Relationships between eruption size and timing, caldera collapse geometry, and structural 

controls associated with regional faulting can occur over a wide range of scales within and 

between eruptions (e.g., Gravley et al., 2007; Rowland et al., 2010; Allan et al., 2012).  Several 

caldera collapse styles have been documented within the central TVZ.  These include trapdoor 

(Reporoa caldera: Beresford and Cole, 2000), downsag, with focused and peripheral collapse 

(Taupo volcano: Walker, 1984; Wilson, 2001), and a combination of trapdoor, downsag, and 

piecemeal collapse (Rotorua caldera: Milner et al., 2002).  Pure plate (or piston) style collapse is 

considered unlikely to occur within the central TVZ as a result of rapid extension rates (~12 

mm/yr: Wallace et al., 2004) and its induced normal faulting, and the presence of relatively 

cohesionless volcaniclastic basin fill up to 3 km thick.  Despite the geologically rapid eruptive 

pace of the TVZ serving to obscure and overprint caldera structures (Wilson et al., 1995), 

abundant field evidence in the form of co-ignimbrite lag breccias, lithic clast sizes, and 

distribution of ignimbrites is used to resolve eruptive source vents (e.g., Walker, 1985; Wilson, 

2001; Wilson et al., 1986; Nairn et al., 1994; Beresford and Cole, 2000; Milner et al., 2002; 

Nairn, 2002).  Here, a case study from the Whakamaru Group ignimbrites in the central TVZ is 

presented, where there is field evidence for both fault controlled venting and associated caldera 

collapse for a younger sequence of ignimbrite generation in the aftermath of an order-of-

magnitude larger eruption. 

 

WHAKAMARU GROUP 

The deposits collectively mapped as the Whakamaru Group (Leonard et al., 2010) 

incorporate: 1) the >1500 km3 Whakamaru Group ignimbrites (Manunui, Rangitaiki, Te Whaiti, 

Whakamaru: Briggs, 1976; Wilson et al., 1986; Brown et al., 1998a), 2) the ~700 km3 Rangitawa 

Tephra (Matthews et al., 2012), and 3) the >110 km3 Paeroa Subgroup ignimbrites (Grindley, 

1961; Martin, 1961; Keall, 1988).  The first two were erupted during the single most voluminous 

TVZ eruption, which was associated with collapse of the 40 km long by 25 km wide Whakamaru 

caldera (Fig. 3.1).  The Paeroa Subgroup ignimbrites are generally linked with the other 
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Whakamaru Group eruptives on the basis of stratigraphic position, petrography, and broad 

geochemical characteristics (Keall, 1988; Brown et al., 1998a).  Here, however, a distinction is 

drawn based on field evidence, and a contrasting source is proposed for these eruptions. 

Paeroa Subgroup ignimbrites were originally thought to represent some of the oldest 

exposed rocks within the TVZ (Grindley, 1961; Martin, 1961).  However, correlation with the 

regionally extensive ignimbrites of the Whakamaru Group (Wilson et al., 1986; Brown et al., 

 
Figure 3.1 – Terrain map of the central Taupo Volcanic Zone displaying the surface distribution of the 
Whakamaru Group ignimbrites (Leonard et al., 2010), inferred caldera boundaries (Wilson et al., 2009), and the 
Mokai geothermal field.  The Manunui and Whakamaru ignimbrites are mapped to the west of the Taupo 
Volcanic Zone, the Te Whaiti and Rangitaiki ignimbrites to the east, whereas the Paeroa Subgroup ignimbrites 
are exposed within the zone.  Labels are Taupo-Reporoa Basin (TRB) and Taupo Fault Belt (TFB). 
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1998a) and radiometric and fission track age dating (Keall, 1988; Pringle et al., 1992; Grindley et 

al., 1994; Houghton et al., 1995) constrained all of these ignimbrites to ~340 ka.  Age 

uncertainties for both the regional Whakamaru Group and Paeroa Subgroup ignimbrites 

overlapped, and chronological differences remained ambiguous.  Here, new 40Ar/39Ar age data is 

presented, coupled with field evidence, which is used to resolve the timing of these eruptions. 

Central TVZ strata consists of fluvial and lacustrine sediments, many compositions of 

lavas, and >10,000 km3 of dominantly rhyolitic pyroclastic material from numerous, sometimes 

caldera-forming, eruptions (Wilson et al., 2009).  The widespread Whakamaru Group 

ignimbrites are comparable in volume to Yellowstone eruptives, and have long been used as a 

marker horizon to divide the TVZ temporally into the Old and Young TVZ (Wilson et al., 1995), 

and stratigraphically into the Reporoa Group (pre-Whakamaru: Gravley et al., 2006) and Huka 

Group (post-Whakamaru: Grindley, 1965).  An intense episode of caldera-forming volcanism 

began with the Whakamaru Group ignimbrites and proceeded until emplacement of the 281±21 

ka Kaingaroa Formation (Gravley et al., 2010; age estimate from chapter 2).  Understanding the 

timing and volcano-tectonic interactions between the Whakamaru Group and Paeroa Subgroup 

eruptives is important in constraining the setting of this intense period of activity.  While the 

model described here does not apply to all large scale silicic eruptions within the central TVZ, it 

has become increasingly clear that similar volcano-tectonic interactions occurring within this 

region, and volcanically active rifts worldwide, play an important role in controlling eruptive 

styles and vent locations (e.g., Aguirre-Díaz and Labarthe-Hernández, 2003; Bursik et al., 2003; 

Rowland et al., 2010; Allan et al., 2012). 

 

Paeroa Subgroup Ignimbrites 

The Paeroa Subgroup consists of three ignimbrites: 1) Te Kopia, 2) Te Weta, and 3) Paeroa 

in ascending stratigraphic order (Keall, 1988).  These ignimbrites are primarily exposed along 

the Paeroa Fault scarp where they display >500 m exposed thickness (Figs. 3.2 and 3.3A-B), 

although they are relatively inaccessible and unexposed elsewhere due to dense vegetation.  

However, the lateral extent of these ignimbrites is constrained at the surface from mapping (Fig. 

3.2) (Keall, 1988; Leonard et al., 2010; see chapter 2).  Keall (1988) estimated a volume of >110 

km3 for the combined Te Kopia and Paeroa ignimbrites by assuming a circular distribution, and 

using thickness measurements from outcrops along the Paeroa Fault scarp and drillholes at 
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Figure 3.2 – Map of the Paeroa Subgroup ignimbrites and Huka Group within the Paeroa and Te Weta blocks 
(Leonard et al., 2010; see chapter 2).  Geothermal fields with drillhole locations that have penetrated Paeroa 
Subgroup ignimbrites are marked.  Elevations within the Paeroa and Te Weta blocks illustrate the whaleback 
morphology along the length of the blocks.  The colors in the stratigraphic key are used for all figures unless 
otherwise noted. 
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Figure 3.3 – A: Aerial view looking south-southwest along the line of the Paeroa Fault with both the Paeroa and 
Te Weta blocks visible.  The greatest relief on the scarp is ~500 m in the middle of the Paeroa Block.  The 
Maroa volcanic center (MVC) is situated within the northeastern part of the Whakamaru caldera.  Mt. Ruapehu 
is located ~120 km southwest of the Paeroa Block.  B: Aerial view looking eastward over the Te Weta and 
Paeroa blocks.  Paeroa Subgroup ignimbrites and Huka Group strata exposed within the Paeroa Fault scarp are 
labeled.  Photos courtesy of Dougal Townsend (GNS Science). 
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Orakei Korako and Te Kopia geothermal fields.  Several factors imply that ~110 km3 is an 

underestimate.  These include: 1) the conservative inference of Paeroa Subgroup representation 

in geothermal fields, 2) neglect of erosion (although considered minor), and 3) exclusion of the 

Te Weta ignimbrite.  Including the Te Weta ignimbrite with a thickness ranging from 110 to 240 

m along the Paeroa Fault scarp (Keall, 1988; Grindley et al., 1994), the total volume may 

actually be underestimated by ~50 km3 (possible total of ~160 km3).  For the purposes of this 

chapter, Keall’s (1988) original estimate of >110 km3 is used, as this does not affect later 

interpretations. 

All three of the Paeroa Subgroup ignimbrites are massive and crystal-rich (25 to 40%: 

Keall, 1988), and in these features and their phenocryst assemblages they closely resemble the 

Rangitaiki and Whakamaru ignimbrites (Brown et al., 1998a).  Sampling for pumice 

geochemistry is limited by dense welding, devitrification, and vapor-phase alteration in the 

Paeroa Subgroup units, but fresh, glassy clasts analyzed (Fig. 3.4; Table A1) are similar to two of 

the four Whakamaru magma types (A and B) defined by Brown et al. (1998a).  It is here inferred 

that both the regional Whakamaru Group and proximal Paeroa Subgroup ignimbrites tapped a 

common magmatic source.  Despite similar geochemical and petrographic characteristics, 

subdivision into the various Whakamaru Group (Manunui, Rangitaiki, Te Whaiti, Whakamaru) 

and Paeroa Subgroup (Te Kopia, Te Weta, Paeroa) ignimbrites was made from recognizable 

distinctions in distributions, physical characteristics, petrography, and immobile element 

geochemistry (Martin, 1961; Briggs, 1976; Keall, 1988; Bignall et al., 1996; Brown et al., 

1998a).  One distinctive feature is the content of sanidine within the Paeroa Subgroup 

ignimbrites (up to 15%: Keall, 1988), which is otherwise sparse (≤3%) to absent in the widely 

distributed Whakamaru Group ignimbrites (Brown et al., 1998a).  In some circumstances the 

differentiating characteristics listed above are not enough to disentangle these ignimbrites, 

particularly where intense hydrothermal alteration has occurred (Bignall et al., 1996). 

Although several age determinations have been achieved on the individual Paeroa 

Subgroup ignimbrites (Keall, 1988; Grindley et al., 1994; Houghton et al., 1995; this chapter), 

there is complete overlap in age uncertainties.  These ignimbrites, where exposed along the 

Paeroa Fault scarp, show evidence for intermittent emplacement in the form of local deposition 

of co-ignimbrite ash and some vitrophyric contacts (i.e., partial cooling of previously erupted 

sheets).  However, neither erosion nor paleosol development has been observed along their 
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mutual contacts (Keall, 1988).  Here, field evidence is used to infer that eruption of these 

ignimbrites occurred within a short time span (of the order of days to months), on the basis of the 

corresponding evidence used to interpret closely timed eruptions elsewhere (e.g., Sieh and 

Bursik, 1986; Gravley et al., 2007), but with breaks long enough to allow for ash to settle and 

partial cooling.  This also indicates that, with the possible exception of the densely welded 

uppermost unit, these ignimbrites could not have undergone extensive erosion. 

 

NEW 40Ar/39Ar AGE DATES 

Large clasts of recycled crystal-rich Whakamaru ignimbrite within the stratigraphically 

lowest Paeroa Subgroup unit (Te Kopia ignimbrite) provide evidence that these ignimbrites were 

erupted later than the more widespread ignimbrites of the Whakamaru Group, a notion 

corroborated by new geochronology.  Samples for age determinations were collected from 

representative exposures of the Whakamaru Group ignimbrites (Table 3.1).  Pumice was used 

from the Paeroa, Rangitaiki, and Whakamaru ignimbrites, but macroscopic pumice or fiamme 

 
Figure 3.4 – Compositions of Paeroa Subgroup pumice clasts (Table A2), and pumice clasts from other 
ignimbrites of the Whakamaru Group (Brown et al., 1998a).  Brown et al. (1998a) defined four rhyolite magma 
types and Paeroa Subgroup ignimbrites correlate predominantly with types A and B, and also shows a possible, 
as of yet, unknown magma type. 
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are rare and small (<5 cm size) in the Te Whaiti ignimbrite, and fiamme could not be extracted 

from the Te Kopia ignimbrite. 

Samples were crushed using a disc mill and plagioclase concentrates prepared by hand 

picking and using a LB-1 Barrier Frantz magnetic separator.  Separates were etched with 0.1 M 

hydrofluoric acid to remove any adhering glassy material, then washed in acetone and deionized 

water.  Final separates for irradiation were hand picked to remove any crystals containing 

inclusions or with remaining adhering minerals or glass.  Encapsulated packets of ~200 mg of 

plagioclase were irradiated for 1 hour in the central thimble of the U.S. Geological Survey 

TRIGA reactor in Denver, Colorado (Dalrymple et al., 1981).  Samples were shielded from 

thermal neutrons and neutron flux was measured using Taylor Creek sanidine (TCR-2) fluence 

monitors with an assigned age of 27.87 Ma (Dalrymple and Duffield, 1988).  The reactor vessel 

was rotated continuously during irradiation to avoid lateral neutron flux gradients.  Fluence 

monitors were analyzed using a continuous laser system and a MAP 216 mass spectrometer as 

described by Dalrymple (1989). 

Argon was extracted from the plagioclase separates using a Mo-crucible in a Staudacher 

type custom resistance furnace attached to the mass spectrometer.  Heating temperatures were 

monitored with an optical fiber thermometer and controlled with an Accufiber Model 10 

controller.  Gas was purified continuously during extraction using two SAES ST-172 getters 

operated at 4A and 2.5A. 

Detailed step heating experiments were undertaken to yield plateau age spectra and 

isochron ages with regression intercepts (York, 1969) within error of the atmosphere.  Degassing 

was done to 650°C and steps utilized start at 700°C.  Plateau ages and significant 39Ar came off 

at 1400°C so this was analyzed as a last step.  Analytical protocols for determining furnace 

blanks and mass discrimination followed those detailed in Calvert and Lanphere (2006).  All 

ages are reported with 1σ errors including errors in neutron flux, but not including errors in 

decay constants or monitor minerals.  Details of the experimental results are summarized in 

Figure 3.5A-E and Table 3.1 (see Figs. A12-A16 for complete age-profiles). 

The Whakamaru Group ignimbrites return 40Ar/39Ar age determinations (uncertainties are 

1σ) on plagioclase of 350±3 ka (Rangitaiki), 349±3 ka (Te Whaiti), and 347±4 ka (Whakamaru).  

In contrast, the Paeroa Subgroup ignimbrites return age determinations of 341±3 ka (Paeroa) and 

335±4 ka (Te Kopia).  With the information available from age dating, a simple analysis was 
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Figure 3.5 – Weighted mean plateau ages for Te Kopia ignimbrite (sample R779), Paeroa ignimbrite (sample 
266), Rangitaiki ignimbrite (sample P1905), Te Whaiti ignimbrite (sample GL1105), and Whakamaru ignimbrite 
(sample P1920).  The numbers adjacent to each box are the temperatures at which the argon measured was 
released, and the gray boxes were used in calculating the weighted mean plateau ages. 
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undertaken to determine the probability of the two groups of deposits having the same age.  

Treated together, the data have a mean square weighted deviation of 3.21, indicating multiple 

populations.  Geologic relationships show that the Rangitaiki, Te Whaiti, Whakamaru (and 

undated Manunui) ignimbrites are coeval (Brown et al., 1998a) and those three fractions yield a 

mean square weighted deviation of 0.18, in excellent agreement.  Paeroa Subgroup analyses 

yield an acceptable mean square weighted deviation of 1.4.  Weighted mean ages for the two 

groups of deposits (Table 3.1) were calculated using the weighted mean function in Isoplot 

(Ludwig, 2003).  The probability that the difference in the ages exceeds a specified value is then 

calculated as follows.  First, the joint probability distribution of the two sets of combined ages is 

assumed to be bivariate Gaussian, with means and variances obtained from the sample ages, 

using weights equal to the reciprocal of the uncertainties.  Then the probability of exceedance is 

obtained by numerical integration of the joint density function over the half space where the 

younger age is less than the older age minus the specified difference. 

Analysis of the age data yields a 95% probability that the Paeroa Subgroup ignimbrites are 

5 kyr, or more, younger than the other Whakamaru Group ignimbrites (Fig. 3.6).  The probability 

that the age difference is zero (i.e., that on available age data, the Paeroa Subgroup ignimbrites 

have the same age as the other Whakamaru units) is 0.05%.  Therefore, the age of 339±5 ka is 

used for the Paeroa Subgroup ignimbrites and 349±4 ka for all other Whakamaru Group 

ignimbrites. 

A tephrostratigraphy study along New Zealand’s Bay of Plenty coastline (Fig. 3.1) used 

geochemical signatures to propose a correlation of a thick (~1 m) tephra bed (Kohioawa Tephra) 

with the Rangitawa Tephra (airfall correlative of the Whakamaru Group ignimbrites), with the 

former assigned an age of ~350 ka based on O-isotope and paleoclimatic evidence (Manning, 

1996).  Two geochemically similar tephras (Murupara B and C) overlie the Kohioawa Tephra, 

but cannot be correlatives as they have been deposited on an erosional surface cut into the 

Kohioawa Tephra.  The Murupara B and C tephras have been assigned ages of 337 and 338 ka, 

respectively (Manning, 1995).  Murupara B is questionable as a true tephra as it consists of 

pumices in soil, however, Murupara C is a substantial airfall deposit.  Based on geochemical 

similarities and the O-isotope derived age assigned by Manning (1995), Murupara C is proposed 

to correlate with the Paeroa Subgroup ignimbrites, and the erosional surface represents the 

significant time gap (>5 kyr) between the Paeroa Subgroup and Whakamaru Group eruptives. 
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PAEROA FAULT 

The Paeroa Fault scarp displays the premier exposures of Paeroa Subgroup ignimbrites.  It 

is a northeast-trending (040 to 050°) normal fault with strata in the Te Weta Block within the 

Taupo Fault Belt (TFB) downthrown relative to strata to the southeast in the Paeroa Block within 

the Taupo-Reporoa Basin (TRB) (Figs. 3.2 and 3.3A-B) (Berryman et al., 2008).  The fault scarp 

increases in height for ~13 km along its strike length (starting at its southwest end near the 

Waikato River), until it reaches its greatest development of >500 m coincident with the highest 

elevation in the Paeroa Block (Fig. 3.3A-B).  Northeast of here, the scarp front remains well 

developed but slowly decreases in elevation, particularly where eleven splays have been 

documented creating a complex pattern of horsts and grabens between the ~15 km long section 

from where the Ngapouri Fault branches from the Paeroa Fault to the Okataina volcanic center 

 
Figure 3.6 – Probability distribution of age difference between Paeroa Subgroup and the remaining Whakamaru 
Group ignimbrites.  For example, the probability that the age difference is 5 kyr or less is 0.05 (5%).  The 
probability that the age difference is zero is 0.0005 (0.05%). 
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(Berryman et al., 2008).  The magnitude of increase and decrease in scarp height along the strike 

length of the Paeroa Fault results in a distinctive whaleback morphology (Fig. 3.3A-B). 

Fault trenching studies have been used to calculate slip rates in young (≤61 ka) 

volcaniclastic deposits for the eleven splays along the northern part of the Paeroa Fault, which 

yield a rate of 1.3±0.2 mm/yr (possible minimum of 0.8 to 1.0 mm/yr) when vertical 

displacements are summed together (Berryman et al., 2008).  An equivalent slip rate within 

uncertainties (1.5±0.2 mm/yr using a previous age of ~360 ka) is calculated for the single Paeroa 

Fault strand to the south, where an offset of 500±50 m on Paeroa Subgroup ignimbrites has been 

measured (Grindley et al., 1994; Berryman et al., 2008).  Zircon age spectra from rhyolitic 

ignimbrites in Orakei Korako, Te Kopia, and Waiotapu geothermal (Fig. 3.2) drillholes have 

been used to estimate Whakamaru and pre-Whakamaru subsidence rates of <1 mm/yr between 

these fields, which are present on opposing sides of the Paeroa Fault (Wilson et al., 2010).  This 

rate contrasts with the 3 to 4 mm/yr subsidence rates calculated within both the TFB (over the 

past ~61 kyr: Villamor and Berryman, 2001) and TRB (over the past ~1.8 kyr: Manville, 2001) 

to the west and east, respectively.  Therefore, Wilson et al. (2010) interpreted the Paeroa Fault (at 

least from near Waiotapu to Orakei Korako) as marking the western edge of a basement high, 

which coincides with the topographically upstanding Paeroa Block where Paeroa Subgroup 

ignimbrites are exposed along the scarp.  New mapping and stratigraphic studies (see chapter 2) 

have also yielded evidence that the Paeroa Block from Waiotapu to Orakei Korako attained its 

morphology more quickly than could be accounted for through gradual, secular rifting 

(Berryman et al., 2008). 

To resolve the nature and timing of movement along the Paeroa Fault, its age must first be 

addressed.  Based on exposed strata, initial movement on the Paeroa Fault and evolution of the 

Paeroa Block can only be constrained to around the time that Paeroa Subgroup ignimbrites were 

emplaced at 339±5 ka (Fig. 2.14C) (Berryman et al., 2008).  However, a lack of younger 

ignimbrites overlying the Paeroa Subgroup ignimbrites indicates that the Paeroa Block (at least 

where Paeroa Subgroup is exposed) was a topographic high by the time nearby sourced 

ignimbrites were erupted.  In particular, caldera-forming eruptions from Kapenga at ~300 ka 

(Chimp Formation, Pokai Formation), Ohakuri between ~280 to 290 ka (Ohakuri Formation), 

and Reporoa at 281±21 ka (Kaingaroa Formation) (age estimates from chapter 2) occurred very 

near to (or, in the case of Reporoa caldera, truncated part of) the Paeroa Block.  However, none 
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of these ignimbrites has been identified overlying Paeroa Subgroup ignimbrites, with the 

implication that any pyroclastic deposits were thin and eroded quickly, except for sparse 

outcrops in the northern Paeroa Block where the Ngapouri Fault has resulted in significant down 

faulting. 

The stratigraphy in the southern part of the Paeroa Block yields further clues into the 

evolution of the Paeroa Fault and Paeroa Block.  South of the Te Kopia geothermal field to near 

the Waikato River, exposed strata along the Paeroa Fault scarp and throughout the Paeroa Block 

consists of post-Paeroa Subgroup deposits that have been age dated using 40Ar/39Ar techniques 

(see chapter 2).  This southern part of the Paeroa Fault scarp consists of a westward thickening 

ignimbrite that is correlated with Ohakuri Formation (Fig. 2.14D), overlain by lacustrine 

sediments that are tilted by ~7° to the southeast.  Overlying this sequence is an eastward 

thickening ignimbrite, which is correlated with 281±21 ka Kaingaroa Formation from Reporoa 

caldera (Fig. 2.14E), and is overlain and underlain by horizontal to sub-horizontal lacustrine 

sediments.  The geometries of these ignimbrites, that is, rapidly increasing in thickness (over a 

few kilometers) in opposite directions, and the horizontal nature of some of the pre-Kaingaroa 

lacustrine sediments, indicates that uplift and tilting of the southern Paeroa Block occurred 

relatively quickly after Ohakuri Formation but before Kaingaroa Formation emplacement (see 

chapter 2).  Therefore, it is here propose that the Paeroa Block containing exposed Paeroa 

Subgroup ignimbrites was uplifted within at most a 58±26 kyr timeframe (bracketed using the 

Paeroa Subgroup age of 339±5 ka and Kaingaroa Formation age of 281±21 ka), which would 

give a slip rate of ~11±6 mm/yr for 500±50 m displacement.  This slip rate contrasts sharply with 

the 1.5±0.2 mm/yr rate calculated by Berryman et al. (2008).  However, the slip rate may have 

been more rapid than stated given the absence of younger, nearby sourced ignimbrites overlying 

the Paeroa Subgroup ignimbrites over most of the Paeroa Block. 

While the Paeroa Fault is currently active and some of its topographic expression may be 

related to footwall rotation about a horizontal axis (Berryman et al., 2008), the Paeroa Block has 

been interpreted as remaining relatively stable since initial uplift compared to the TRB and TFB, 

broadly in agreement with the subsidence rates of Wilson et al. (2010).  It is here proposed that 

the rapidity of Paeroa Block development and its whaleback morphology is more indicative of 

structural resurgence reflecting volcano-tectonic processes along the greatest development of the 

Paeroa Fault scarp, as originally proposed by Healy (1964).  Slip rates calculated within the 
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eleven fault splays of the northern Paeroa Fault have also been recently interpreted as reflecting 

volcano-tectonic processes associated with eruptions from the nearby Okataina volcanic center 

(Villamor et al., 2011). 

 

SOURCE OF THE PAEROA SUBGROUP IGNIMBRITES 

The presence and shape of the Whakamaru caldera (Fig. 3.1) were postulated based on 

field, drillhole, and geophysical evidence, and the distributions of the widespread Whakamaru 

(sensu stricto), Manunui, Rangitaiki, and Te Whaiti ignimbrites (Wilson et al., 1986).  However, 

several lines of evidence indicate that the Paeroa Subgroup ignimbrites were erupted from 

sources closer to their outcrop area than any plausible vent sites within the Whakamaru caldera.  

These are considered below. 

 

Ignimbrite Thicknesses and Distributions 

Thicknesses of the Paeroa Subgroup ignimbrites are easily determined along the Paeroa 

Fault scarp, but are much more difficult to resolve within the densely vegetated parts of the 

Paeroa and Te Weta blocks.  On a local scale, each of the three ignimbrites forming the subgroup 

is thickest along the Paeroa Fault scarp (Fig. 3.7A-B).  Collectively, the greatest thickness (>500 

m) of the subgroup is also observed along the scarp.  However, geothermal drillholes within the 

TRB commonly penetrate ignimbrites that are correlated, in general terms, with the overall 

Whakamaru Group.  Specific correlations with Paeroa Subgroup ignimbrites have been proposed 

at the Ngatamariki, Orakei Korako, and Te Kopia geothermal fields (Bignall, 1994; Bignall et 

al., 1996).  These ignimbrites have thicknesses that range from 45 to 185 m at Ngatamariki, 199 

to 634 m at Orakei Korako, and 395 to 472 m at Te Kopia (Fig. 3.8A-C) (Bignall, 1994).  Orakei 

Korako and Te Kopia geothermal fields contain Paeroa Subgroup ignimbrite thicknesses similar 

to those exposed along the Paeroa Fault scarp, whereas their thickness at Ngatamariki is much 

less (Bignall, 1994).  This variation in itself suggests that the Whakamaru caldera is not the 

source of the Paeroa Subgroup ignimbrites, as Ngatamariki is situated at the eastern margin of 

the Whakamaru caldera (Fig. 3.2), and a much thicker Paeroa Subgroup sequence would be 

expected (cf. Whakamaru Group is up to ~1 km thick within the Whakamaru caldera: Wilson et 

al., 1986).  At the Waiotapu geothermal field, the entire thickness of undivided ignimbrite 

attributed to the Whakamaru Group is only 30 to 90 m (Steiner, 1963; Grindley et al., 1994).  
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Regardless of how this thickness is subdivided, the Paeroa Subgroup ignimbrites cannot be 

thicker than approximately 10 to 20% of their proven thicknesses along the Paeroa Fault scarp 

only 8 to 10 km to the west. 

On the basis of petrography and physical characteristics, Beresford (1997) and Beresford 

and Cole (2000) identified Paeroa Subgroup lithic clasts in the 281±21 ka Kaingaroa Formation 

ignimbrite that accompanied collapse of the Reporoa caldera (Figs. 3.1 and 3.2).  The presence 

of these lithic clasts indicates that Paeroa Subgroup ignimbrites were emplaced over at least the 

western part of the Reporoa caldera, which truncated the eastern margin of the Paeroa Block 

during collapse (Fig. 3.2).  Of the Whakamaru Group (sensu lato) lithic clasts identified within 

the Kaingaroa Formation (typically ≤25% of total lithic clasts), those of the Paeroa Subgroup are 

subordinate to clasts of the Rangitaiki ignimbrite (Beresford and Cole, 2000).  The Rangitaiki 

ignimbrite is exposed along the Kaingaroa Fault scarp and within drillholes at Northern 

Boundary Road on the Kaingaroa Plateau (Fig. 3.1) to the east of Reporoa caldera (Nairn, 1984; 

Brown et al., 1998a).  In contrast, Paeroa Subgroup ignimbrites have not been recognized as far 

east as the plateau (Nairn, 1984; Manning, 1995). 

To the west of the TFB within the Matahana Basin (Fig. 3.1), rocks pre- and post-dating 

the Whakamaru Group ignimbrites are well exposed (Murphy and Seward, 1981; Leonard et al., 

2010), but the Whakamaru Group ignimbrites have thicknesses of <10 to 20 m.  Regardless of 

their exact affinities, the insubstantial presence of these ignimbrites implies that pyroclastic 

flows were sourced from farther away, and not related to the closely adjacent Kapenga caldera, 

which is the inferred source for several younger ignimbrites from later caldera-forming eruptions 

(Karhunen, 1993).  On available data, in-situ Paeroa Subgroup ignimbrites have a much more 

restricted distribution than their more regional Whakamaru Group predecessors, and have not 

been recognized at locations >10 km in any direction from the cliffs along the Paeroa Fault scarp 

(Fig. 3.8A-C). 

Figure 3.7 (on page 83) – A: Map of the Paeroa Subgroup ignimbrites outcrop areas illustrating the locations of 
the largest lithic clasts (color coded) within the co-ignimbrite lag breccias.  Lithic clasts that are >1 km from the 
fault scarp are not within the lag breccias, as they do not extent this far.  The stars show the location of the 
largest co-ignimbrite lithic clasts, and in most cases the thickest ignimbrite section, and are thus inferred as being 
closest to each ignimbrites eruptive vent.  The arrows show directions that lithic clast sizes decrease: 1) Paeroa 
ignimbrite, 2) Te Weta ignimbrite, and 3) Te Kopia ignimbrite.  Total thickness of Paeroa Subgroup ignimbrites 
(or, in the case of the Waiotapu geothermal field, Whakamaru type ignimbrite) in geothermal drillholes are given 
in brackets at drillhole locations.  The location of the Ngapouri rhyolite dome is labeled NR.  B: Schematic 
cross-section (not to scale) parallel to the Paeroa Fault scarp showing directions of decreasing lithic clast sizes 
and ignimbrite thicknesses (compiled from data collected by Steiner, 1963; Keall, 1988; Bignall, 1994; Grindley 
et al., 1994; this chapter). 
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Figure 3.8 – Cross-sections of the modern distribution of Paeroa Subgroup ignimbrites (see Fig. 3.7A).  Some 
Paeroa Subgroup contacts are inferred (dashed lines) based on fault offsets, overlying formations and their 
thicknesses, and nearest drillhole stratigraphy.  A: northwest-southeast, through the Te Weta and southern 
Paeroa blocks at the Te Kopia geothermal field, B: from the Orakei Korako to Ngatamariki geothermal fields, 
and C:  west-east, through the highest parts of the Te Weta and Paeroa blocks at Paeroa Trig.  The Paeroa linear 
vent zone displayed in panel C is projected northeast along the Paeroa Fault based on drillhole logs from the Te 
Kopia geothermal field. 
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Lithic Clast Sizes and Lithologies 

Lithic clasts in the Paeroa Subgroup ignimbrites in the Paeroa Block are concentrated in 

lithic-rich beds (Fig. 3.9) (Keall, 1988; Grindley et al., 1994; this chapter).  These lithic-rich beds 

are inferred to be co-ignimbrite lag breccias based on the dominance of vent derived lithics over 

juvenile clasts, and systematic changes in the vent derived lithic clast sizes (e.g., Wright and 

Walker, 1977; Walker, 1985).  Each of the Paeroa Subgroup ignimbrites contains co-ignimbrite 

lag breccias.  In each case the breccias are exposed predominantly along the Paeroa Fault scarp 

and northernmost Paeroa Block near the fault scarp.  Massive co-ignimbrite lag breccias are 

located towards the stratigraphic middle of their host ignimbrite with thicknesses of a few meters 

(2 to ≥5 m), which thin away from their greatest thicknesses to lithic -rich bases in flow units.  

While lithics are found throughout the Paeroa Subgroup ignimbrites, there is a complete absence 

of the breccias >1 km away from the Paeroa Fault scarp.  The breccias tend to have well defined 

basal contacts, and lithic clasts are subangular to subrounded, matrix to clast-supported, and are 

roughly normally graded (see Keall, 1988 for more detailed descriptions of each ignimbrite's 

breccias and lithic clast petrography). 

The largest lithic clasts within the co-ignimbrite lag breccias are found within the northern 

Paeroa Block, and have a length of >4 m (Fig. 3.7A; Table 3.2).  Grindley et al. (1994) 

interpreted these clasts to represent collapsed blocks of exotic intracaldera strata, and thus 

proposed a caldera bounding fault (only for uppermost Paeroa Subgroup ignimbrite) within the 

northern Paeroa Block between the Paeroa and Ngapouri faults.  However, new mapping 

identified no evidence that supported the presence of this fault.  The largest lithic clast in the Te 

Kopia ignimbrite is 3.9 m long (Keall, 1988) and found ~1.5 km north of Paeroa Trig (Fig. 3.7A; 

Table 3.2), and is broadly coincident with the greatest exposed thickness (120 m) of this 

ignimbrite.  Lithic clast sizes and ignimbrite thicknesses decrease both to the northeast and 

southwest along the Paeroa Fault scarp (Fig. 3.7B).  The largest clast within the Te Weta 

ignimbrite is a 1.5 m long poorly consolidated volcaniclastic sandstone (Keall, 1988), again sited 

coincident with the greatest ignimbrite thickness (240 m: Table 3.2).  Both maxima are observed 

at ~1.5 km south of Paeroa Trig and decrease to the northeast along the Paeroa Fault scarp (Fig. 

3.7A-B).  The largest clasts within the Paeroa ignimbrite are >4 m long (Table 3.2), found ~4.5 

km north of Paeroa Trig, and decrease in size to the southwest along the Paeroa Fault scarp (Fig. 

3.7A-B).  The greatest exposed thickness of Paeroa ignimbrite is 140 m (Table 3.2), which 
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remains constant along most of the Paeroa Fault scarp.  Keall (1988) reported that the intensity 

of welding in each ignimbrite sheet decreases as thickness decreases. 

The presence of Waiotapu Formation lithic clasts, based on petrographic similarities, 

within co-ignimbrite lag breccias of the Paeroa ignimbrite also indicates that the latter could not 

have been erupted from the Whakamaru caldera.  Drillholes in the Mokai geothermal field (Fig. 

3.1) situated within the Whakamaru caldera penetrate up to 2.8 km of strata, and no Waiotapu 

 
Figure 3.9 – Photo of a co-ignimbrite lag breccia within the Paeroa ignimbrite from the northern Paeroa Block at 
38.35 S, 176.29 E (World Geodetic System 84 grid reference).  Selected clasts have been outlined to make 
clearer. 
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Formation has ever been identified in or adjacent to this caldera (Wilson et al., 1986).  However, 

a thick sequence of Waiotapu Formation ignimbrite has been documented within the Waiotapu 

geothermal field (Steiner, 1963), outcrops within the northern Paeroa Block near Paeroa 

Subgroup exposures (Grindley et al., 1994), and occurs on the western margin of the Matahana 

Basin (Leonard et al., 2010).  Similarly, Grindley et al. (1994) described rhyolite lava lithic clasts 

within the Paeroa ignimbrite, which were proposed to have been derived from the Ngapouri 

rhyolite dome within the northern Paeroa Block (Fig. 3.7A).  Waiotapu Formation and Ngapouri 

rhyolite lithic clasts of such large dimensions (>4 m) is taken to indicate that the vent for the 

Paeroa ignimbrite was located along the northern part of the present-day Paeroa Fault. 

Lithic clasts within the Paeroa Subgroup ignimbrites have sizes that are too large to have 

been transported >20 km from the inferred Whakamaru caldera rim, especially when contrasted 

with the geographically limited extent of their host ignimbrites.  In addition, the presence of co-

ignimbrite lag breccias (Fig. 3.9), which are thought to be confined to within a few kilometers of 

their vents (e.g., Wright and Walker, 1977; Walker, 1985), in each of the Paeroa Subgroup 

ignimbrites indicates that several vents were present.  Using maximum thicknesses, lithic clast 

sizes, and lag breccia locations for each of the Paeroa Subgroup ignimbrites (Te Kopia, Te Weta, 

Paeroa: Fig. 3.7A-B), it is inferred that all of the vents were situated in close proximity to the 

present-day Paeroa Fault.  The occurrence of co-ignimbrite lag breccias along several kilometers 

of the Paeroa Fault implies that the source vents were distributed along a feature that we term the 

Paeroa linear vent zone (Fig. 3.10A-C). 
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Figure 3.10 – Plan view of the Paeroa linear vent zone showing possible magma migration (white arrows) and 
pyroclastic flow directions (black arrows).  Decreasing lithic clast sizes within co-ignimbrite lag breccias are 
used to determine the general flow direction of pyroclastic units. A: magma migration from the Whakamaru 
caldera, B: magma migration from the southern Paeroa Block with coincident syn-eruptive subsidence, or C: 
magma migration from the Kapenga and Te Weta Block areas and associated down faulting of the Te Weta 
Block. 
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DISCUSSION 

Paeroa Subgroup Eruption Style 

The relatively rapid thinning of the Paeroa Subgroup ignimbrites illustrates a distinctive 

low angle, half cone shaped geometry (high aspect ratio: Walker et al., 1980) that is also partially 

reflected in the whaleback morphology of the overall subgroup along the strike length of the 

Paeroa Fault (Figs. 3.2 and 3.3A-B).  This geometry is most easily visualized along the Paeroa 

Fault scarp where Paeroa Subgroup ignimbrites can be traced laterally (Fig. 3.7B), and further 

defined by their greatly reduced thicknesses or absence to the east at Waiotapu, south at 

Ngatamariki, and west in the Matahana Basin.  This whaleback morphology made up of the 

Paeroa Subgroup ignimbrites is interpreted to be a primary feature, representing a pyroclastic fan 

with slopes of 5 to 7°, a height of 500 to 600 m, and extending for no more than 10 km in any 

direction away from source.  The limited lateral distribution, morphology, negligible loss of ash, 

minor internal textural and facies variations, dense welding, and the absence of ignimbrite veneer 

deposits all support emplacement of the Paeroa Subgroup ignimbrites in a relatively sluggish, 

non-energetic style.  A possible analog of comparable size is seen in the fan-like morphology of 

Member A of the Lava Creek Tuff at Yellowstone (Christiansen, 2001), which is up to 480 m 

thick in cliff exposures along the northern margin of the subsequent Yellowstone caldera and 

thins rapidly over distances of <10 km to the west, north, and east. 

Mappable surface exposures of Paeroa Subgroup ignimbrites, and those deduced in 

geothermal drillholes, yield evidence that the distribution of these ignimbrites and their co-

ignimbrite lag breccias are elongate in an overall northeast-southwest direction, parallel to the 

trend of the Paeroa linear vent zone.  In the perpendicular direction (northwest-southeast) to the 

Paeroa linear vent zone, the ignimbrites thin within a short distance (<10 km) with the co-

ignimbrite lag breccias absent from locations >1 km from the Paeroa Fault scarp.  Most 

ignimbrites erupt from a point source, however, the Paeroa Subgroup ignimbrites geometry, co-

ignimbrite lithic clast distributions, and the geometry of an inherently restricted linear vent zone 

suggest that eruption of the Paeroa Subgroup ignimbrites occurred in a fissural style.  Each 

Paeroa Subgroup sheet may have erupted from a limited section of the northeast-trending Paeroa 

linear vent zone, with field data indicating that all vents overlapped to some extent. 

Linear vent zones associated with inferred or demonstrated dike intrusion are common 

elsewhere in the central TVZ.  Explosive and effusive examples of linear vent zones include the 
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~17 km long fissure for the AD 1886 Tarawera basalt eruption (Nairn and Cole, 1981), the 

shorter, near coincident alignment of vents for the AD 1314 Kaharoa rhyolite eruption (Nairn et 

al., 2001), and the northeasterly elongation and syn-eruptive displacement of rhyolite domes in 

the Maroa volcanic center co-linear with currently active northeast-striking faults of the TFB 

(Leonard, 2003; Leonard et al., 2010).  However, documented linear vent zone eruptions of 

rhyolitic ignimbrites seem to be rare.  Small volume examples (~2.5 km3) have been described in 

the Dabbahu rift, Ethiopia (Wright et al., 2006; Ayele et al., 2007).  The only large volume 

(thousands of km3) examples have been proposed in the Basin and Range Province, Mexico 

(Aguirre-Díaz and Labarthe-Hernández, 2003), such as the Bolaños graben where Scheubel et al. 

(1988) interpreted the ignimbrites to be sourced from graben bounding faults.  However, any 

distinction between fissure controlled eruption sources and asymmetric venting associated with 

trapdoor style caldera collapse (Lipman, 1997) may be hard to resolve.  For example, there is 

close coincidence between proposed eruptive foci of the Kaingaroa Formation with the 

Kaingaroa Fault zone along the eastern margin of the TVZ (Beresford and Cole, 2000). 

 

Magma Source and Possible Collapse Structures 

The Paeroa Subgroup ignimbrites have no direct and obvious field linkage to a caldera 

collapse structure despite their substantial volumes.  However, geochemistry and petrography 

suggest that the widespread members of the Whakamaru Group and Paeroa Subgroup 

ignimbrites have a common magma source (Fig. 3.4), implying that either the initial Whakamaru 

magma extended laterally well beyond the limits of the Whakamaru caldera structural footprint, 

or magma migrated laterally during Paeroa Subgroup eruptive episodes towards the Paeroa linear 

vent zone (e.g., Rowland et al., 2010), or a combination of both (Fig. 3.10A-C).  The crustal 

velocity structure in the Whakamaru caldera area (Robinson et al., 1981), especially that related 

to the density contrast between young volcanic rocks and metasedimentary basement rocks, 

would promote the lateral transport of magma rather than driving magma vertically toward the 

surface to erupt if faulting reduced the minimum principal horizontal stress (Lister, 1990; Bursik 

et al., 2003; Allan et al., 2012).  Such a scenario could have resulted in the migration and 

temporary storage of magma beyond the limits of the Whakamaru caldera until eruption of the 

Paeroa Subgroup ignimbrites occurred, or migration of magma during eruption.  Aeromagnetic 

data have been used to infer that plutons below their Curie temperature of ~575°C have top 
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magnetic surfaces at ~3.5 km below sea level and bottom surfaces at ~7 km, below the Te Weta 

and Paeroa blocks, broadly parallel to the northeast-striking Paeroa Fault; these plutons connect 

plutons at similar depths beneath the Whakamaru and Kapenga caldera areas (Soengkono, 1995).  

Although the ages of the plutons and any associated products are unknown, their position below 

the Paeroa linear vent zone supports the possibility that an eruptive center closely coincided with 

the present-day position of the Paeroa Fault. 

Given the substantial volumes of the Paeroa Subgroup ignimbrites, several areas may have 

experienced subsidence in association with the eruptions (Fig. 3.10A-C).  First, there is a paleo-

basin truncated along an east-west striking fault within the southern Paeroa Block that is filled 

with younger strata (Fig. 3.2).  The ignimbrite thickness and lithic clast size data (Fig. 3.7A-B) 

indicate that this paleo-basin is not an eruptive source.  Second, residual Whakamaru magma 

may have remained beneath the Whakamaru caldera, and could have migrated to the Paeroa 

linear vent zone pre- to syn-eruptively (Fig. 3.10A).  Any inferred rhyolitic feeder dikes would 

have propagated no more than ~10 to 20 km (e.g., Mastin and Pollard, 1988; Hildreth, 1991; 

Bursik et al., 2003; Gravley et al., 2007; Allan et al., 2012).  This scenario would have resulted 

in subsidence of an area that had already undergone caldera collapse during the Whakamaru 

supereruption no more than ~10 kyr beforehand, and it would be nearly impossible to distinguish 

between these two episodes of collapse.  Third, Whakamaru magma may have been located 

beyond the northeastern limits of the Whakamaru caldera collapse area, that is, beneath the 

Kapenga caldera and Te Weta Block areas.  Collapse may have occurred along the Paeroa Fault, 

and the Te Weta Block would have been downthrown compared to the Paeroa Block, which 

would be difficult to distinguish from rift related faulting.  This last option is preferred as it is 

consistent with the relatively rapid evolution of the Paeroa and Te Weta blocks, a notion 

supported by the oldest constrained age of the Paeroa Fault being around the time of Paeroa 

Subgroup emplacement (Berryman et al., 2008), and recent field mapping and stratigraphic 

studies indicating rapid uplift of the Paeroa Block at the time of Paeroa Subgroup emplacement 

(see chapter 2). 

 

Gradual Regional Rifting Versus Syn-Eruptive Fault Movement 

Paleoseismology studies within the central TVZ routinely take measured normal fault 

offsets constrained by datable marker beds and extrapolate the offsets as being continuous and 
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evenly spaced through time (Villamor and Berryman, 2001; Berryman et al., 2008).  However, 

caldera collapse is recognized as an extreme form of tectonism (superfault: Spray, 1997), and 

caldera collapse along a linear feature during a fissure style eruption may be difficult to 

distinguish from rift related normal faulting.  Using the top surface of the Paeroa ignimbrite, 

displacement across the Paeroa Fault at the Te Kopia geothermal field is greater than can be 

inferred by tilting of the Te Weta Block (~7° southeast) that would result from rift related normal 

faulting (Villamor and Berryman, 2001).  Tilting of ~21° southeast would be required to match 

the top surface of these ignimbrites in drillhole TK-1 (~10° for TK-2, although this drillhole sits 

on the fault scarp) from the nearest topographic high containing these ignimbrites in the Te Weta 

Block (~582 m: Fig. 3.2).  This is assuming only rotation and no intervening faulting.  A 

southeast dipping normal fault between the Te Weta Block and Te Kopia geothermal field is 

required to offset the top surface of the Paeroa Subgroup ignimbrites to the level identified in 

drillhole TK-1 (Fig. 3.8A).  Such a structural morphology with steeply dipping faults closely 

resembles dike induced faulting (Fig. 3.11A-D) (Mastin and Pollard, 1988), and would account 

for the differences in elevation of top surfaces of the Paeroa Subgroup ignimbrites perpendicular 

to the strike of the Paeroa Fault.  Hence, any magma source beneath the Te Weta Block being 

evacuated during Paeroa Subgroup eruptions would have resulted in down faulting of the block, 

and resulted in deeper subsidence within the Paeroa linear vent zone itself, consistent with 

mapping and geothermal drillhole records. 

 

Volcano-Tectonic Analogs 

Tectonic processes are an important control on dike propagation in rhyolitic centers, but 

these propagating dikes can also induce rift related faulting, which in turn can lead to syn-

eruptive dike movement (e.g., Bursik et al., 2003; Allan et al., 2012).  The variety in 

compositions and volumes of fissure style eruptions (and thus corresponding dike intrusion) 

described earlier range from ~1 km3 for the AD 1886 Tarawera basalt (Nairn and Cole, 1981), 

~2.5 km3 for the Dabbahu rhyolitic ignimbrites (Wright et al., 2006; Ayele et al., 2007) to 

thousands of km3 for rhyolitic ignimbrites in the Basin and Range Province, Mexico (Aguirre-

Díaz and Labarthe-Hernández, 2003).  While magma type, magma chamber size, and eruptible 

volumes typically affect on eruption styles (Lipman, 1997; Cole et al., 2005), it appears obvious 

for some settings, such as the central TVZ and Basin and Range Province, that a strongly 
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imposed tectonic fabric may be the predominant control of eruptive processes and styles (e.g., 

Aguirre-Díaz and Labarthe-Hernández, 2003; Bursik et al., 2003; Rowland et al., 2010; Allan et 

al., 2012).  Three examples are cited here. 

First, a rhyolite dike was emplaced in association with the AD 1350 eruption sequence at 

the Mono Basin-Inyo system, California (Sieh and Bursik, 1986; Reches and Fink, 1988; Mastin 

and Pollard, 1988; Bursik et al., 2003).  Inyo dome eruptives are considered to have been 

supplied by a dike (proven by drilling) that propagated ~15 km from the Mono Basin area.  Both 

volcanic centers contain a geochemically similar crystal-poor rhyolite, but some of the Inyo 

eruptives mixed with a crystal-rich rhyolite geochemically similar to the Long Valley magma 

system (Reches and Fink, 1988; Kelleher and Cameron, 1990).  Lateral dike movement feeding 

the Inyo system is inferred to have induced slip on the nearby Hartley Springs Fault, and thus 

reduced the horizontal confining stress.  This in turn drew magma from both the Mono Basin and 

Long Valley systems that mixed and erupted in the Inyo area (Bursik et al., 2003).  Eruptions 

occurred from vents aligned with (and probably influenced by) the Sierra Nevada range front 

fault system (Bursik and Sieh, 1989; Bursik et al., 2003). 

 
Figure 3.11 – A-C: Model of dike induced normal faulting (after Mastin and Pollard, 1988), D: dike induced 
normal faulting leading to an eruptive episode in which the Paeroa Subgroup ignimbrites were emplaced from 
the Paeroa linear vent zone resulting in down faulting of the Te Weta Block through associated magma 
migration. 
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A second analogous event occurred during the 25.4±0.2 ka Oruanui eruption (Allan et al., 

2012).  On the basis of contrasting pumice types erupted during early stages of the eruption, 

Allan et al. (2012) proposed that a dike propagated 10 to 15 km from northeast to southwest 

feeding biotite bearing rhyolite from the independent northeast dome magma system (Sutton et 

al., 1995; Wilson and Charlier, 2009) to the biotite free Oruanui system while the latter was 

venting.  The stress variations associated with a regional faulting event were suggested to have 

controlled lateral dike propagation, modulated the timing of eruption, and caused possible 

movement along a surface fault.  Both the Mono-Inyo and Oruanui analogs indicate the viability 

of the lateral flow of rhyolite magma within the shallow (<3 to 4 km depth) crust. 

Third, on a regional scale, Aguirre-Díaz and Labarthe-Hernández (2003) presented 

evidence that multiple large scale ignimbrites erupted between ~38 to 23 Ma within the Sierra 

Madre Occidental (Basin and Range Province, Mexico) in a fissure style.  The most intense 

episodes of rhyolitic volcanism in this region coincided in space and time with a peak in Basin 

and Range extensional faulting (Aguirre-Díaz and McDowell, 1993), and a general causative link 

was inferred.  The main difference between the Basin and Range analog and the Paeroa 

Subgroup ignimbrites in the central TVZ lies in the evidence used for determining the eruption 

sources.  Aguirre-Díaz and Labarthe-Hernández (2003) used the presence of pyroclastic dikes, 

co-ignimbrite lag breccias, and aligned rhyolite domes to propose fissure sources.  Because of 

the lack of dissection in the TVZ, ignimbrite thickness variations and the presence of co-

ignimbrite lag breccias have been used in this chapter to define the source areas.  Any Paeroa 

related pyroclastic dikes are still buried and later dome building eruptions have not occurred 

along the line of the Paeroa linear vent zone. 

 

CHAPTER SUMMARY 

It is concluded that the localized 339±5 ka Paeroa Subgroup ignimbrites tapped the same 

magma as the regionally distributed 349±4 ka Whakamaru Group ignimbrites, but were erupted 

later from a different set of vents.  Field evidence indicates that the Paeroa Subgroup eruptions 

occurred from the elongate northeast-trending Paeroa linear vent zone, outside the collapse area 

of the earlier, more voluminous members of the Whakamaru Group ignimbrites.  Migration of 

Whakamaru type magma from a combination of areas, such as the Whakamaru caldera, Kapenga 

caldera, and/or the southern Paeroa Block, or from sources directly beneath the Paeroa and Te 
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Weta blocks occurred during eruptive episodes.  If the last option occurred, eruption related 

subsidence would be masked as rift related movement across the Paeroa Fault.  This chapter 

demonstrates how a combination of field evidence, geochemistry, and age data from exposed and 

subsurface ignimbrites can be useful in revising the stratigraphic architecture and important time 

horizons in arc settings. 
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Chapter 4: Rift Architecture and Controls 

on Heat and Mass Transfer 
This chapter is drawn from the research article ‘Structural evolution of the central Taupo 

Volcanic Zone (New Zealand) as deduced from aeromagnetic data: Influences on heat and mass 

transfer’ that was submitted to the journal Tectonophysics in February 2013 (Downs et al., 

2014b).  Results, interpretations, and text are largely unaltered from the submitted article as 

permitted by the University of Auckland under the 2011 Statute and Guidelines for the Degree of 

Doctor of Philosophy (PhD).  Co-authors of this article, J.V. Rowland, S. Soengkono, C.J.N. 

Wilson, S. Henderson, and J.D. Eccles, advised and commented on the article, but the bulk of the 

research and preparation was undertaken by the thesis author (see accompanying declaration). 

 

INTRODUCTION 

The Taupo Volcanic Zone (TVZ) in New Zealand is distinctive with respect to its 

hydrothermal fluid flow, silicic eruption rates, and rift architecture.  Heat and mass transfer 

within the central part (120 km long by 60 km wide) of this rifting arc are extraordinary with a 

heat output of 4200±500 MW (Bibby et al., 1995), heat flux of >700 mW/m2 (Stern, 1987), a 

silicic eruption rate equivalent to 12.8 km3/kyr over the past ~61 kyr (Wilson et al., 2009), and 

an extensional rate of 10 to 12 mm/yr (Wallace et al., 2004).  High heat flow and silicic 

volcanism have been documented in other regions associated with continental rifts, such as the 

Basin and Range Province and Rio Grande Rift, USA (Bailey et al., 1976; Olsen et al., 1987; 

Smith and Braile, 1994), the East African Rift (Le Turdu et al., 1999a), and Iceland’s rift valley 

(Pálmason and Saemundsson, 1974).  The only continental setting where heat and mass transfer 

outputs approach or surpass the central TVZ is the Yellowstone hotspot on the eastern margin of 

the Basin and Range Province, USA (Smith and Braile, 1994; Christiansen, 2001).  In these 

complex volcano-tectonic settings, the role of structural controls that influence heat and mass 

transfer are of fundamental importance as they provide readily available conduits for the ascent 

of economically important hydrothermal fluids and associated heat sources (i.e., magma) to the 

surface, or near surface (e.g., Bibby et al., 1995; Rowland and Sibson, 2001, 2004; Villamor and 

Berryman, 2001, 2006; Rowland et al., 2010; Rowland and Simmons, 2012). 
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While arc related extensional environments provide a fruitful setting for investigating 

processes that influence rift architecture, and the migration and accumulation of geothermal 

fluids and magmas, their structural controls can be difficult to unravel as a result of linked 

tectonism, magmatism, and volcanism (e.g., Rowland et al., 2010).  For example, many of these 

regions have experienced large volume (100’s to 1000’s of km3) silicic eruptions that have 

created a cover of pyroclastic deposits and associated reworked sediments up to several 

kilometers thick, which conceal basement rocks and any structures that accommodate 

deformation, control basin geometry, and influence geofluids (e.g., May and Russell, 1994; 

Christiansen, 2001; Wood et al., 2001).  Thus, the depths and structural styles of basement rocks, 

and their relationships with overlying basin, or caldera, fill may be unknown.  This is considered 

significant for regions such as the central TVZ where abundant economically important 

geothermal reservoirs and potentially hazardous magmas are hosted within basement rocks (e.g., 

Bibby et al., 1995; Rowland and Simmons, 2012). 

Basement rocks within the central TVZ are comprised of Mesozoic metasedimentary 

sandstones and argillites that are locally termed greywacke.  These rocks have been down faulted 

from less than 1 to >3 km depth (Browne, 1971; Stagpoole, 1994; Wood et al., 2001) and 

covered by Quaternary strata (Leonard et al., 2010, and references therein).  Convection of 

hydrothermal fluids within the central TVZ occurs to the base of the seismogenic crust (brittle-

ductile transition) at depths of 6 to 8 km, based on the 10 to 15 km spacing of geothermal fields, 

magnetotelluric interpretations, and rheological arguments (Bibby et al., 1995; Bryan et al., 

1999; Bertrand et al., 2012).  Hence, most central TVZ geothermal reservoirs and upflow zones 

must be hosted by basement rocks, which is supported by exploration and production drilling 

within geothermal fields (e.g., Browne, 1971; Rae, 2007; Rosenberg et al., 2009, 2010; Milicich 

et al., 2013).  Despite the wealth of data on hydrothermal fluid flow (Bibby et al., 1995; Bertrand 

et al., 2012), and magma generation and eruption rates (Wilson et al., 2009), very little is known 

about the structural controls on these processes (e.g., Rowland et al., 2010; Seebeck et al., 2010; 

Ashwell et al., 2013).  This is particularly so in the easternmost basin of the central TVZ, the 

Taupo-Reporoa Basin (TRB), which has been volcanically quiescent over the past >100 kyr (see 

chapter 2), yet contains >2000 MW of the total heat output (Fig. 4.1) (Bibby et al., 1995).  

However, aeromagnetic data, used in conjunction with field mapping and geothermal drillhole 

records, can be used to infer the presence of buried structures, volcanic centers, plutons, and 
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Figure 4.1 – Electrical resistivity map of the central TVZ (after Bibby et al., 1995) in relation to inferred caldera 
boundaries, and ≤61 ka rhyolitic, andesitic/dacitic, and basaltic vents (Wilson et al., 1995, 2009).  The Tarawera 
basalt (TB) and Rotokawau basalt (RB) dike intrusions are represented by red lines.  Rift axes are defined by a 
change in dip direction on faults (after Rowland and Sibson, 2001).  Geothermal fields are defined by low 
resistivity (<30 Ωm: Bibby et al., 1995), and those within the aeromagnetic survey are area labeled.  Labels are 
Taupo-Reporoa Basin (TRB), Taupo Fault Belt (TFB: faults shown on Fig. 4.2), and Paeroa Block (PB).  The 
ball is on the hanging wall of the major faults. 
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hydrothermal alteration (e.g., Grauch, 2001; Finn and Morgan, 2002; Drenth and Finn, 2007; 

Grauch and Hudson, 2007; Ferraccioli et al., 2009; Langenheim et al., 2010, 2013; Morrell et al., 

2011; Ghidella et al., 2013; Soengkono, 2013).  In this chapter, new aeromagnetic data is used, 

along with the stratigraphic investigations presented in chapters 2 and 3, to interpret regional 

fabrics (i.e., tectonic structures, lithology contacts) within the TRB and parts of the TFB to >4 

km depth.  These inferred structures are discussed in relation to the roles they play in rifting 

processes and their influences on the localization of hydrothermal fluids and volcanism within 

the central TVZ. 

 

GEOLOGIC SETTING 

The TVZ is a rifting arc within the continental crust of the North Island of New Zealand, 

which results from subduction of the Pacific plate beneath the Australian plate (Cole and Lewis, 

1981; Wallace et al., 2004).  Typical arc related andesitic volcanism aligned along the axis of the 

rift occurs to the north and south of the rhyolite dominated central TVZ.  During the past ~1.6 

Myr, the 120 km long by 60 km wide central TVZ has produced >6,000 km3 of rhyolitic 

eruptives during 25 caldera-forming events from eight caldera centers (Wilson et al., 2009).  The 

main focus of volcanism within the central TVZ is presently concentrated at its northern and 

southern ends, at the Okataina and Taupo volcanic centers, respectively (Fig. 4.1) (Nairn, 2002; 

Wilson et al., 2009).  The intervening region is divided into two active, but contrasting 

extensional belts, which lie on either side of the upstanding Paeroa Block.  To the west lies the 

Taupo Fault Belt (TFB: Grindley, 1960) (Figs. 4.1 and 4.2), which is characterized by numerous 

sub-parallel, northeast-trending normal faults (Rowland and Sibson, 2001), lacks active 

geothermal manifestations (Bibby et al., 1995), has been extending at a rate of 6.4 mm/yr (at 6 to 

10 km depth) over the past ~61 kyr, and subsiding at 3 to 4 mm/yr (Villamor and Berryman, 

2001).  The TRB lies east of the TFB, and is bound by the active Paeroa, Orakei Korako, 

Whakaheke, and Kaiapo faults to the west, the inactive Kaingaroa Fault zone to the east, and the 

Waiotapu geothermal field and Taupo volcanic center to the north and south, respectively (Figs. 

4.1 and 4.2: see chapter 2).  This basin is characterized by subdued topography as a result of 

resurfacing by young volcaniclastic deposits (≤25.4±0.2 ka Oruanui Formation pyroclastics: age 

from Vandergoes et al., 2013), contains vigorous geothermal activity (Bibby et al., 1995), and is 

also subsiding at a rate of 3 to 4 mm/yr over at least the past ~1.8 kyr (Manville, 2001).  The lack 
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of surface faults within the TRB has led to the presumption that this basin is not accommodating 

extension (Villamor and Berryman, 2001).  However, geodetic surveys indicate a northwest-

southeast directed extension rate of 10 to 12 mm/yr across the paired TRB and TFB at this 

latitude (Wallace et al., 2004), and the contribution of mechanical (i.e., faulting) and magmatic 

(i.e., diking) processes within the TRB to this total is unknown (Rowland et al., 2010). 

 

Stratigraphy 

The TRB is divided stratigraphically into two packages of rock, Mesozoic greywacke 

basement and a Quaternary cover sequence (Figs. 2.3 and 4.2) (Mortimer, 1994; Leonard et al., 

2010, and references therein).  Greywacke basement hosts solidified or partially molten plutonic 

bodies, some of which are indicated by the presence of plutonic lithic clasts in pyroclastic rocks 

(Brown et al., 1998b), drillhole records (Browne et al., 1992; Arehart et al., 2002), and 

geophysical evidence (Soengkono, 1995, 2011; Sherburn et al., 2003; Bannister et al., 2004; 

Heise et al., 2007, 2010).  Stratigraphic offsets, deduced from exploratory geothermal drill cores 

and cuttings (Browne, 1971; Wood et al., 2001) and geophysical studies (Henrys and Hochstein, 

1990; Stagpoole, 1994), indicate that rifting has down faulted basement rocks from less than 1 to 

>3 km depth within the TRB.  The overlying Quaternary cover sequence comprises lavas, 

volcaniclastic, sedimentary, and primary pyroclastic deposits that fill the basin (Leonard et al., 

2010).  Mapped exposures of volcaniclastic and sedimentary deposits within the Paeroa Block 

and along the Kaingaroa Fault scarp have been correlated with strata indentified from geothermal 

drill cores and cuttings (Fig. 4.2: see chapter 2).  Within the TRB, and throughout most of the 

central TVZ, these rocks host hydrothermal and magmatic fluids, as well as conceal structures 

that may be utilized in advancing these fluids towards the surface. 

The largest Quaternary ignimbrite within the TVZ resulted from the Whakamaru eruption 

at 349±4 ka (weighted mean age from chapter 3), which emplaced the >1500 km3 Whakamaru 

Group ignimbrites in association with collapse of the large (40 km long by 20 km wide) 

Whakamaru caldera (Wilson et al., 1986; Brown et al., 1998a).  This event stratigraphically 

Figure 4.2 (on page 101) – Summary geologic map of the TRB and TFB (see chapter 2 for more details) with 
mapped fault positions courtesy of GNS Science (2011).  The TRB and TFB are broadly divided by the Paeroa 
Fault (PF), Orakei Korako Fault (OKF), Whakaheke Fault (WF), and Kaiapo Fault (KF).  Rolles Peak (RP) is 
the only exposed andesite volcano within the TRB.  The dashed box displays the extent of the aeromagnetic 
survey used in this study.  A simplified stratigraphic column displays the sequence of deposits exposed at the 
surface to greywacke basement within the subsurface (see Fig. 2.3 for more stratigraphic details). 
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divides basin fill into three temporally constrained units: 1) Reporoa Group (~2 Ma to ~349 ka), 

2) Whakamaru Group (~349 to 339 ka: ages from chapter 3), and 3) Huka Group (~339 to the 

25.4±0.2 ka Oruanui Formation: age from Vandergoes et al., 2013).  Whakamaru Group 

ignimbrites are crystal-rich and thick (typically >300 m) making them an easily identifiable 

marker horizon in drillholes (Fig. 4.2).  The underlying Reporoa Group consists of interbedded 

andesitic and rhyolitic lavas, rhyolitic ignimbrites, and fluvial and lacustrine sediments.  This 

group only outcrops at the northern limit of the TRB and as an andesite volcano at Rolles Peak 

(Fig. 4.2).  The Huka Group consists of abundant rhyolitic lavas and ignimbrites interbedded 

with lacustrine sediments that are well exposed within the southern Paeroa Block (Fig. 4.2), and 

are common to all TRB geothermal drillholes.  All three groups have been overprinted by 

modern hydrothermal activity within geothermal fields (Bibby et al., 1995). 

 

Heat Flow and Deep Structure 

Heat output in the central TVZ is predominantly hydrothermal, outstripping volcanism by a 

4:1 ratio (Hochstein, 1995), for probably the past ~61 kyr (Wilson et al., 2009).  In total, 

4200±500 MW discharges through 23 high temperature (>250°C) geothermal fields, driven by 

the influx of magma at depth (Bibby et al., 1995; Giggenbach, 1995), with the large scale 

hydrothermal system stable on the order of several 100 kyr based on geothermal field ages and 

numerical modeling (Dempsey et al., 2012a, and references therein).  Such an output implies that 

~50 km3/kyr of predominantly mafic magma cools in or below the crust (Wilson et al., 2009), a 

volume that ensures tectonism and magmatism are intimately linked (Rowland et al., 2010). 

Geothermal fields are delimited by regions of low resistivity (<30 Ωm: Bibby et al., 1995), 

and occur in two broadly parallel, northeast-trending belts between the active rhyolitic centers of 

Taupo and Okataina (Fig. 4.1).  These two belts are separated by the more resistive (i.e., colder) 

region of the TFB (Bibby et al., 1995).  Several northwest-trending alignments of geothermal 

fields are also evident (i.e., Wairakei-Tauhara), and these are proposed to be localized on transfer 

(accommodation) zones between rift segments of the TFB and along caldera margins (Fig. 4.1) 

(Rowland and Sibson, 2004). 

While deep structures (i.e., depth to Moho, base of quartzofeldspathic crust, brittle-ductile 

boundary, etc.) of the central TVZ are interpreted through geophysical means (e.g., Harrison and 

White, 2006; Stern et al., 2010), the aeromagnetic data presented here is of little use for further 
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refinement of mid- to lower crustal details (>6 km depth).  However, understanding the positions 

and depths of inferred plutons and melts that influence geothermal fluids and volcanic features 

within the brittle crust are outlined here, as these are critical to meaningfully interpreting this 

aeromagnetic dataset.  Zones of anomalously high seismic velocity coincide with positive 

residual gravity anomalies (high density), and magnetic anomalies at the level of the brittle-

ductile transition and upper sub-seismogenic quartzofeldspathic crust (4 to 10 km depth) beneath 

the TRB, which have been interpreted as cooled plutonic bodies (Soengkono, 1995, 2011; 

Sherburn et al., 2003).  Low shear wave velocities identified using receiver function analysis are 

consistent with the presence of partial melt across the full depth (6 to 16 km depth) of the sub-

seismogenic quartzofeldspathic crust beneath Reporoa caldera within the northern TRB (Fig. 

4.2) (Bannister et al., 2004).  Magnetotelluric modeling has been used to interpret a resistive 

layer extending from 3 to 10 km depth beneath the TRB, below which there is a sharp increase in 

conductivity that is inferred as <4% interconnected partial melt that increases to >4% at >16 km 

depth (Heise et al., 2007).  Thus, a zone of >4% partial melt in the lower crust (Bannister et al., 

2004; Heise et al., 2007), cooled mid-crustal plutonic bodies (Sherburn et al., 2003), and >2000 

MW of hydrothermal fluid discharge (Bibby et al., 1995) indicate that the TRB is the current 

locus of arc magmatism (Rowland et al., 2010).  Each of these processes (i.e., hydrothermal fluid 

flow, pluton position) influences the aeromagnetic anomalies (e.g., Soengkono, 1995, 2011, 

2013; Hochstein and Soengkono, 1997) displayed on the maps presented here. 

 

AEROMAGNETIC SURVEYS 

Previous aeromagnetic studies of the TVZ and TRB have been conducted from the 

interpretation of a variety of low and high altitude surveys flown at various flight line spacings 

(Gerard and Lawrie, 1955; Soengkono et al., 1991, 1992; Soengkono, 1993, 1995, 2011, 2013; 

Soengkono and Hochstein, 1996; Hochstein and Soengkono, 1997).  Prior to the survey acquired 

for Glass Earth Limited utilized here, the only region wide aeromagnetic data was collected by 

Gerard and Lawrie (1955), which had a flight line spacing of 3 km and were compiled into 

regional maps by Hunt and Whiteford (1979a, 1979b).  More recently, targeted low level (60 to 

400 m terrain draped), closely spaced (200 to 1000 m line spacing) aeromagnetic data have been 

acquired, but only over specific geothermal fields.  The dataset used here was acquired for Glass 

Earth Limited (publically available through New Zealand Petroleum and Minerals: 
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http://www.nzpam.govt.nz/cms), and is used in this chapter to draw new, higher resolution 

regional interpretations. 

 

Glass Earth Limited Aeromagnetic Data 

The Glass Earth Limited aeromagnetic data used here was acquired, calibrated, and 

initially processed by UTS Geophysics as outlined below (see UTS Geophysics, 2005 for full 

details).  This dataset was collected over the TRB (Fig. 4.3A) from April to July 2005 by low 

level flights at an altitude of 60 m draped over the terrain.  Flight lines were flown in east-west 

directions with 150 m line spacing and tie line leveling in north-south directions with 1500 m 

line spacing.  Data was collected using a Scintrex Cesium Vapor CS-2 total field magnetometer 

with a sample rate of 0.1 s (10 Hz), and a resolution of 0.001 nT.  Diurnal field changes were 

monitored from a base station in a low gradient area about 250 m west of the airstrip at Taupo 

airport, with the average diurnal base station value added to the survey data.  Spikes were 

identified in the raw data using an eighth difference filter and manually edited.  The position of 

the data was also checked for spikes, which were manually removed, prior to applying the 

International Geomagnetic Reference Field (IGRF) 2000 correction (Mandea and Macmillan, 

2000).  The IGRF 2000 correction was calculated at each data point, creating a regional magnetic 

gradient that was then subtracted from the data points.  Tie line leveling by least squares 

minimization was accomplished, and any residual long wavelength variations in tie line leveling 

were removed by polynomial leveling.  The dataset has been reduced-to-the-pole (RTP) to 

account for the local inclination of the Earth’s magnetic field (inclination of 63.8°, declination of 

20.2°) resulting in the reduction of bipolar anomalies to the monopole.  This effectively shifts 

magnetic anomalies to positions directly above their sources (Baranov and Naudy, 1964). 

Constant altitude aeromagnetic surveys are commonly influenced by topography because 

the magnetic material varies with respect to distance from the magnetometer (e.g., Grauch et al., 

1997; Morrell et al., 2011).  The Glass Earth Limited dataset was a terrain draped survey so these 

effects are reduced, although not entirely removed (Fig. 4.3D).  A further complication in the 

TRB is the demagnetizing effect that hydrothermal alteration exerts on host rocks within 

geothermal fields through the replacement of magnetic minerals (i.e., magnetite, titanomagnetite) 

with non-magnetic minerals (i.e., pyrite).  Magnetic anomalies within geothermal fields are 

predominantly affected by demagnetization at depths of 1000 m or less, as measured in many 

http://www.nzpam.govt.nz/cms�
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Figure 4.3 – A) Map of new high resolution, reduced-to-the-pole (RTP) aeromagnetic data acquired for Glass 
Earth Limited for the area outlined in Figure 4.2, B) aeromagnetic map overlain with faults (GNS Science, 
2011), geothermal fields, and inferred caldera boundaries, C) aeromagnetic map overlain with exposed 
stratigraphy (see Fig. 4.2), and D) distribution map of the surficial and subsurface magnetized units, and 
magnetic lows (after Soengkono, 2013). 
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central TVZ geothermal fields, although demagnetization to >2 km depth has been documented 

at Ohaaki (Hochstein and Soengkono, 1997).  As a general observation, regions of subdued or 

low magnetization commonly occur over areal and depth extents commensurate with the 

hydrothermal alteration halo (Fig. 4.3B-D) (Hochstein and Soengkono, 1997; Morrell et al., 

2011). 

Useful interpretation of the Glass Earth Limited aeromagnetic dataset requires an 

understanding of rock types and their magnetic characteristics.  Remanent magnetization 

intensities (magnetization remaining after the removal of an external magnetic field) and 

magnetic susceptibilities (ability of a rock to be temporarily magnetized in a magnetic field) vary 

widely across rock types, sometimes within the same mappable formation (Whiteford and Lumb, 

1975; Finn and Morgan, 2002).  Ranges in magnetic susceptibilities of TVZ rocks have been 

measured in basalt at ~10-2, andesite to rhyolite lavas and ignimbrites are highly internally 

variable and overlapping at ~10-4 to ~10-2, and greywacke basement is non-magnetic (Cox, 1971; 

Whiteford and Lumb, 1975; Soengkono et al., 1992).  While greywacke basement is non-

magnetic, any basement highs or depressions filled with thick strata on its top surface would 

result in negative and positive magnetization contrasts, respectively.  Bearing these magnetic 

characteristics in mind, the observed anomalies can be interpreted (Fig. 4.3A-D). 

 

METHODOLOGY 

Low level, terrain draped flight lines and close flight line spacing, as used in the Glass 

Earth Limited data acquisition, allow low amplitude, short wavelength magnetic anomalies to be 

resolved (Grauch and Millegan, 1998).  This is advantageous for deciphering magnetic features 

at surface or near surface levels.  These features can be correlated with, and once suitably 

constrained, used to interpret, geologic units, structures, and alteration zones (Fig. 4.3A-D).  

Many anomalies within the Glass Earth Limited RTP data can be correlated with well studied 

rocks that outcrop at the surface (Fig. 4.3C) (Leonard et al. 2010; see chapters 2 and 3).  

However, some anomalies do not have an obvious relationship to surface rocks and these are 

inferred to represent magnetic sources within the subsurface (Fig. 4.3D) (i.e., Soengkono, 2013). 

Steep magnetic gradients are apparent within the magnetic dataset and constitute lineations 

on the 2-D surface (Blakely and Simpson, 1986; Blakely, 1995).  Here, several criteria are 

utilized to constrain the geological plausibility of lineations identified within the magnetic 
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dataset, thereby developing a 3-D structural model of the TRB to depths of >4 km.  These 

criteria in order of confidence include: 1) correlation with previously mapped faults (Leonard et 

al., 2010; GNS Science, 2011), 2) new field mapping (see chapters 2 and 3), 3) volcanic vent 

alignments (Wilson et al., 1995), 4) caldera boundaries (Wilson et al., 2009), and 5) geothermal 

drillhole records (Fig. 4.3B; Table 4.1). 

 

Upward Continuation 

Upward continuation of aeromagnetic data provides a useful tool to constrain 3-D 

structural relationships (Jacobsen, 1987), particularly in regions poorly imaged using seismic 

methods.  Here, this technique is applied to the TRB, which is notoriously difficult for high 

resolution active source seismology (Henrys and Hochstein, 1990), to interpret structures at 

depths commensurate with those accessible by drilling.  Upward continuation processing was 

undertaken at GNS Science (Wairakei, New Zealand) using Oasis montaj software (GeosoftTM 

package).  Glass Earth Limited RTP data was upward continued to 230, 450, 1200, and 4800 m 

to progressively remove shorter wavelength, and hence shallower sourced, anomalies and reveal 

deeper magnetic features (Fig. 4.4A-D).  Upward continuation mathematically reproduces the 

magnetic field that one would expect if the data were acquired at higher altitudes (Jacobsen, 

1987; Blakely, 1995).  These upward continued altitudes were chosen to give insight into 

magnetic anomalies within both the basin fill and basement levels.  Jacobson (1987) used the 

rough rule of thumb that the inferred depth to the source anomaly is half of the greatest upward 

continued height to which the anomaly is visible, however there is no direct mathematical 

relationship between upward continuation altitudes and depth to source anomalies.  Anomalies 

can in fact be attributed to source depths that are equal to or less than the full upward continued 

height (Dobrin and Savit, 1988; Blakely, 1995).  Therefore, the upward continuation altitudes 

discussed here are considered to represent their equivalent depths. 

Figure 4.4A-B displays RTP data that has been upward continued to 4800 and 1200 m, 

respectively, in order to attenuate the effects of small, near surface features.  Little is known of 

the magnetic properties of the deep source rocks that dominate the 4800 m upward continued 

map.  Deep subsurface rocks (>3 km within the TRB) must be inferred by geophysical means, or 

correlated with clasts derived from deep sources during volcanic eruptions, and may be obtained 

from volcaniclastic material in outcrops or drillhole cores and cuttings (e.g., Soengkono and 
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Figure 4.4 – Maps of high resolution, RTP aeromagnetic data that have been upward continued, a process that 
effectively attenuates out the effects of small, shallow magnetic sources with increasing altitude: A) 4800 m, B) 
1200 m, C) 450 m, and D) 230 m.  The grey line represents the 0 nT contour.  Geothermal fields (stippled), 
Waikato River, Taupo Fault Belt (TFB), and Taupo-Reporoa Basin (TRB) are shown for reference. 
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Hochstein, 1996; Brown et al., 1998b; Stratford and Stern, 2008).  Likely magnetic marker 

horizons within the subsurface can be constrained by correlation of 1200 m upward continued 

data with units penetrated by geothermal drilling, which are reasonably well known at this depth.  

Abundant short wavelength magnetic anomalies that dominate the 450 and 230 m upward 

continued maps (Fig. 4.4C-D) of the TRB can be correlated relatively well with probable source 

rocks through surface mapping and drillhole stratigraphy.  Hydrothermal demagnetization affects 

rocks within the alteration halo of geothermal fields (~2 to 36 km2: Bibby et al., 1995), typically 

within the upper ~500 to 1000 m of the fields where lateral spreading of fluids is most common 

(Hochstein and Soengkono, 1997).  However, assuming lateral continuity, correlation of the 

stratigraphy with magnetic anomalies at approximately the same depth by laterally extrapolating 

beyond the region of demagnetization is possible.  Despite large (hundreds of meters) 

stratigraphic offsets within geothermal fields (Wood et al., 2001), bracketing depths for magnetic 

anomaly source rocks within the geothermal fields helps to constrain strata for use as magnetic 

markers at certain depths. 

 

Lineation Analysis 

Lineations on aeromagnetic maps are expressed as steep, linear to curvilinear gradients, 

often produced as a consequence of the juxtaposition of rocks with differing magnetic properties 

that reflect changes in magnetic responses (e.g., Blakely and Simpson, 1986; Grauch, 2001; Finn 

and Morgan, 2002; Drenth and Finn, 2007; Grauch and Hudson, 2007).  In a rift setting such as 

the TRB, lineations can also represent non-tectonic juxtaposition of rocks with different 

magnetic properties (i.e., valley fill), dikes, rhyolite lava domes, or demagnetized zones from 

fluid focusing, however all of these elements are presumably structurally controlled throughout 

the TVZ (e.g., Rowland and Sibson, 2004; Rowland et al., 2010; Rowland and Simmons, 2012).  

For the purposes of this chapter, the upward continued maps are used to identify lineations that 

are inferred to represent the trace of structures, which are inferred to as faults or fault zones.  

Lineations present in all upward continued maps are likely to represent deep structures extending 

to basement levels, and only those present within the lower altitude, less attenuated upward 

continued maps will represent shallower structures. 

Lineations were picked with the aid of the IntrepidTM geophysics software package using 

the edge detection analysis function, which automatically detects elongated features that coincide 
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with areas of steep gradients (see Blakely and Simpson, 1986; Canny, 1986) as such anomalies 

typically represent structures (e.g., Grauch, 2001; Grauch and Hudson, 2007).  Lineations 

marked on the upward continued maps do not necessarily follow a steep magnetic gradient for 

their entire strike length.  Some of the lineations are inferred to extend further than shown on the 

anomaly maps, as younger rocks (i.e., rhyolite lavas) or hydrothermal demagnetization in areas 

may obscure part of an inferred structure, and thus have a stronger magnetic effect masking the 

anomaly from deeper sources.  It is also possible that these younger rocks may not have 

experienced displacement or enough displacement to present an observable magnetic response.  

However, where lineations on opposite sides of several magnetic anomalies are consistent in 

orientation and alignment, they can be mapped as corresponding to structures.  As a final step, 

the geological plausibility of lineations identified within the upward continued maps was 

evaluated against the geological constraints listed in the methodology section.  It must be noted 

that the lack of a magnetic lineation does not preclude the presence of a fault, as juxtaposition of 

units with similar magnetic characteristics, minimal offset, or demagnetization may not yield an 

observable magnetic response. 

 

RESULTS 

Lineations on each upward continuation map are compared to resolve information on the 

depth of source anomalies and structures.  As expected, not all lineations picked coincide 

perfectly at each upward continuation altitude.  This is a response to differences in lateral and 

horizontal extents of volcaniclastic rocks and lavas, variations in fault dip (i.e., shallow dip 

yields a shallow gradient, steep dip yields a steep gradient), the melding of many fault strands at 

depth into a single strand, or it may be an artifact of the geological criteria used for confirming 

lineations.  Below are a few general descriptions and statements on the upward continuation 

maps with their relevance expanded on in the discussion section. 

 

4800 m Upward Continuation 

The 4800 m upward continuation map contains a prominent magnetic high over the 

southwest part of the survey area, which coincides with the northeast part of the Whakamaru 

caldera and rhyolite lavas of the Maroa volcanic center (Fig. 4.5A).  This high extends 

northeastward, but is more subdued where it coincides with the Paeroa and Te Weta Block areas 
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to the northern edge of the survey area over Kapenga caldera.  A subtle magnetic low coincides 

with the Te Kopia geothermal field between the Paeroa and Te Weta blocks, while a prominent 

magnetic low broadly extends over the TRB from the eastern margin of the Paeroa Block to at 

least near the Kaingaroa Fault zone, and another prominent low over the northwestern part of the 

survey area.  Lineations on this upward continued map (Fig. 4.5A) trend predominantly in 

northeast and northwest directions.  Magnetic anomalies commensurate with this level are 

interpreted to be related to greywacke basement or plutonic source rocks that have cooled below 

their ~575°C Curie temperature based on geothermal drilling and geophysical studies (e.g., 

Browne, 1971; Soengkono, 1995, 2011; Wood et al., 2001; Sherburn et al., 2003; Bannister et 

al., 2004). 

 

1200 m Upward Continuation 

Prominent magnetic highs and lows become more apparent within the 1200 m upward 

continuation map (Fig. 4.4B) due to less attenuation of shorter wavelengths.  Such anomalies are 

interpreted to reflect increasing lateral spreading of hydrothermal fluids, as fluid flow is likely to 

be more focused at depth as a result of lower permeability (e.g., Hochstein and Soengkono, 

 
Figure 4.5 – Aeromagnetic maps displaying: A) 4800 m upward continuation map with interpreted lineations, 
and B) 1200 m upward continuation map with interpreted lineations.  Solid lines are geologically well 
constrained and dashed lines less so (see Table 4.1). 
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1997).  Magnetic anomalies (Fig. 4.4B) at the 1200 m upward continued altitude are sourced 

from a depth with sparse non-magnetic greywacke basement, but abundant normally and 

reversely magnetized Reporoa Group strata (e.g., Grindley et al., 1994), normally magnetized 

Whakamaru Group ignimbrites, and sparse normally magnetized Huka Group strata (Whiteford 

and Lumb, 1975).  Magnetic mineral-rich Whakamaru Group ignimbrites and rhyolite lavas 

within the subsurface of the Maroa volcanic center, Te Weta Block, and Paeroa Block (Fig. 4.2) 

are interpreted as source rocks for most of the magnetic highs on the 1200 m upward continued 

map.  Reversely magnetized andesite lavas of Reporoa Group age (>349 ka) have been identified 

within the Waiotapu geothermal field at close to ~1000 m depth (Grindley et al., 1994).  

Therefore, magnetism of other similarly aged, thick andesitic lavas identified throughout the 

TRB, such as at Ngatamariki and Rotokawa (Browne et al., 1992), may account for negative 

anomalies that can be difficult to distinguish from magnetic lows caused by hydrothermal 

demagnetization (Soengkono and Hochstein, 1996; Soengkono, 2013). 

Lineations in the 1200 m upward continued map are also oriented predominantly in 

northeast and northwest directions (Fig. 4.5B; Table 4.1).  The most pronounced magnetic low is 

adjacent to a lineation that coincides with the northeast-trending Paeroa Fault at Orakei Korako 

and Te Kopia geothermal fields (L5 in Fig. 4.5B).  Ngatamariki and Orakei Korako are situated 

within a northwest-trending magnetic low (associated with L15), and Rotokawa is located within 

a magnetic low that encompasses a northwest-trending lineation (L4).  Several northwest-

trending lineations (L6, L8, L15) have similar orientations to the eastern margin of the inferred 

Whakamaru caldera boundary (Wilson et al., 1986), and one of these northwest-trending 

lineations (L15) is proximal to the caldera rim.  A sparse number of lineations have orientations 

that are almost north-south (L2, L4, L12, L14), but are similar to orientations of structures 

described at the Okataina volcanic center (Seebeck et al., 2010), in region wide Landsat imagery 

(Cochrane and Wan, 1983), and to the east of the TVZ within the North Island Fault System 

(Mouslopoulou et al., 2007a, 2007b, 2008).  The evolution and influences of these inferred 

structures are outlined in the discussion section. 

 

450 and 230 m Upward Continuation 

Upward continuation maps to 450 and 230 m are interpreted concurrently (Fig. 4.6A-B) as 

both are less than the 500 m depth limit that Bibby et al. (1995) used when defining geothermal 
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Figure 4.6 – Aeromagnetic maps displaying: A) 450 m upward continuation map with interpreted lineations, B) 
230 m upward continuation map with interpreted lineations, and C) illustration deduced from interpretation of 
aeromagnetic data and geologic data showing geothermal fields, caldera boundaries, faults, and lavas.  The 
inferred subsurface extent of lavas and Whakamaru Group are here displayed with dashed lines, while the 
exposed units are encompassed by solid lines. 
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fields by resistivity methods.  These upward continuation altitudes correspond primarily with 

normally magnetized Huka Group strata, common Whakamaru Group ignimbrites, and sparse 

Reporoa Group strata (Figs. 4.2 and 4.3C).  Whakamaru Group ignimbrites have the greatest 

range in magnetic susceptibilities, although mostly overlapping with Huka Group age rhyolite 

lavas (Whiteford and Lumb, 1975).  Rhyolite lavas are numerous for the Huka Group time 

period, with individual thicknesses up to 300 m in TRB geothermal drillholes, and at the surface 

in the Maroa volcanic center within the TFB (Fig. 4.2) (Leonard, 2003; Leonard et al., 2010).  

Relative magnetic lows for some of these lavas are inferred to be the result of hydrothermal 

demagnetization, especially near geothermal fields (Fig. 4.3D) (e.g., Soengkono et al., 1991; 

Soengkono and Hochstein, 1996; Soengkono, 2013).  However, magnetic lows may actually be 

negative anomalies attributed to underlying reversely magnetized rocks or basin fill with low 

magnetic susceptibility (e.g., Soengkono and Hochstein, 1996; Soengkono, 2011).  Subsurface 

extensions of some of the exposed lavas have been previously interpreted within the TRB, such 

as the exposed Kairuru rhyolite lava that is inferred to extend beneath the southern Paeroa Block 

and Reporoa caldera (Fig. 4.6C) (Soengkono and Hochstein, 1996).  Alternatively, these 

anomalies could also be related to down faulted subsurface Whakamaru Group ignimbrites as 

both units share overlapping magnetic susceptibilities (Whiteford and Lumb, 1975). 

Within the 450 and 230 m upward continuation maps, lineations have the same orientations 

described from the 1200 m upward continued map of predominantly northeast and northwest 

with very few in more north-south to east-west directions (Fig. 4.6A-B; Table 4.1).  While east-

west trending structures are rare within the TVZ, Rowland and Simmons (2012) mapped 

similarly oriented relay faults within the southern Te Weta Block.  Several areas east of the 

Paeroa Fault within the Paeroa Block display magnetic lows over Huka Group strata that are 

typically normally magnetized.  However, the presence of newly identified sinters and 

hydrothermal alteration supports the interpretation that demagnetization of Huka Group strata 

has occurred over this section of the Paeroa Block (Fig. 4.6A-C).  A negative magnetic anomaly 

is situated over the Ngapouri rhyolite lava (Figs. 4.3C and 4.6C) within the northern Paeroa 

Block (adjacent to Waiotapu), and appears as a magnetic low.  This anomaly is associated with 

the only reversely magnetized outcrop within the TRB (Grindley et al., 1994).  Thus, these levels 

of upward continuation are ideal for mapping, and correlating, the shallow subsurface extent of 

lavas within the Maroa volcanic center or the Kairuru lava dome (Fig. 4.6C). 
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DISCUSSION 

The magnetic anomalies and associated lineations described above can be used to provide a 

variety of interpretations on the TRB, and the central TVZ.  Aspects of the TRB’s rift 

architecture, deep source rocks, and influences on hydrothermal fluid flow and volcanism are 

here considered based on the aeromagnetic data presented above. 

 

Structures and Rifting 

As a result of northwest-southeast directed extension of 10 to 12 mm/yr (Wallace et al., 

2004), the central TVZ is structurally segmented into ~20 km long arrays of northeast-striking 

normal faults, which are linked along strike via northwest-trending transfer zones (Rowland and 

Sibson, 2001).  Lineations inferred on upward continued aeromagnetic maps are commonly 

oriented parallel to the overall TVZ structural grain, but oblique sets also occur, and align with or 

parallel tectonic features that are observed outside the TVZ (e.g., Hauraki Rift, North Island 

Fault System: Fig. 4.7A-D).  Mapping and drillhole records yield evidence that some of the 

oblique structures within the TRB have undergone displacement since initiation of TVZ rifting, 

and thus are serving to accommodate rifting or act as transfer zones between rift segments 

(Rowland and Sibson, 2001, 2004).  Development, ages, type of movement, and how these 

oblique structures interact with the dominant northeast-trending structures of the TVZ are 

considered here in order to define rifting processes.  Differences in the ages of structures are not 

considered important as all potentially can be reactivated to accommodate rifting regardless of 

previous deformation styles (e.g., Ring, 1994; Rowland and Sibson, 2004).  Debate over the 

presence of strike-slip faulting within the TVZ is longstanding, with arguments summarized by 

Rowland and Sibson (2001, and references therein).  Extension occurring in a northwest-

southeast direction would favor any north-northeast to east-northeast-trending structures to 

undergo normal faulting and west-northwest to north-northwest-trending structures to reactivate 

as strike-slip faults (Rowland and Simmons, 2012).  Analogue rifting experiments by McClay 

and White (1995) imply that the relatively unconsolidated basin fill (cohesionless aggregate) of 

the TVZ would be unaffected by inherited structural features.  Still, any pre-existing structures, 

especially within basement rocks, have the ability to influence rifting and thus the development 



Chapter 4                                                                                                                                     118 
 

 
Figure 4.7 – Maps displaying: A) 230 m upward continued aeromagnetic map, B) lineations interpreted from the 
230 m upward continuation map, C) inferred regional structures interpreted from Landsat imagery by Cochrane 
and Wan (1983), and D) map displaying faults in the TVZ (Lamarche et al., 2006; GNS Science, 2011), Hauraki 
Rift (Edbrooke, 2001; Leonard et al., 2010), and North Island Fault System (Mouslopoulou et al., 2007a, 2008).  
Thick grey lines that are northwest oriented are from Landsat imagery of Cochrane and Wan (1983), but these 
are difficult to trace across the central TVZ.  Thus, these have been removed from the aeromagnetic survey area 
and replaced with lineations from this study.  Some northwest-trending structures align with Hauraki Rift 
structures further north if projected along inferred structures of Cochrane and Wan (1983). 
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and locations of volcanism (e.g., caldera-forming eruptions, linear vent zones) and hydrothermal 

fluid flow (e.g., Rowland et al., 2010; Rowland and Simmons, 2012). 

 

Hauraki Rift 

The north-northwest-trending Hauraki Rift initiated between ~10 to 7 Ma (Hochstein and 

Ballance, 1993), and forms the modern western margin of the Miocene-Pliocene Coromandel 

Volcanic Zone (Fig. 4.7D).  Volcanism migrated from the Coromandel Volcanic Zone to the 

TVZ at ~2 Ma with zircon age spectra and geothermal field stratigraphy indicating rifting started 

in the TVZ by at least ~1.8 Ma (Wilson et al., 1995; Eastwood et al., 2013).  Unlike the Hauraki 

Rift’s northwest part, the southeast part is not geomorphically well defined as it is deeply buried 

under thick ignimbrites erupted from TVZ sources (Leonard et al., 2010).  Southern continuation 

of the Hauraki Rift within the TVZ was originally inferred to be further southwest than the TRB 

on the basis of gravity modeling (Modriniak and Studt, 1959).  However, Wilson et al. (1986) 

proposed that the north-south alignment of post-Whakamaru rhyolite domes along the western 

margin of Whakamaru caldera (Western Dome Belt) reflects a continuation of the western 

margin of the Hauraki Rift (Fig. 4.2).  Similarly, prominent magnetic lineations (L8, L15: Fig. 

4.7D) are proximal to the inferred northeastern Whakamaru caldera margin and their orientations 

are consistent with the eastern Hauraki Rift margin.  The northwest-orientation of some of the 

inferred faults, coupled with the position and structural trend of the Hauraki Rift, likely reflects a 

period of older northwest-aligned normal faulting that occurred within parts of the TRB prior to 

initiation of TVZ rifting.  This is supported by a deepening of metasedimentary basement to the 

southwest (Fig. 2.4A: discussed in chapter 2), and the fact that these inferred structures do not 

cut northeast-trending structures at the surface of the TVZ. 

The Hauraki Rift is still considered to be weakly active (Hochstein and Ballance, 1993).  

However, it is unknown how corresponding northwest-trending structures that appear related to 

the Hauraki Rift are behaving within the subsurface of the central TVZ.  The most probable 

scenario involves any northwest-trending structures to be utilized through right-lateral strike-slip 

movement (Fig. 4.7D) as a result of differential rifting in a northwest-southeast direction that 

decreases from the Bay of Plenty (>15 mm/yr) to south of Lake Taupo (<5 mm/yr) (Wallace et 

al., 2004; Villamor and Berryman, 2006).  Thus, differences in rifting rates will be 

accommodated through right-lateral strike-slip within transfer zones (Rowland and Sibson, 
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2001).  Soft linked transfer zones typically do not contain exposed strike-slip faults (McClay and 

White, 1995).  However, deeply buried basement strike-slip faults are probably controlling the 

location of these transfer zones.  Reactivation of inherited basement structures as transfer faults 

has been documented in the East African Rift (Ring, 1994; Le Turdu et al., 1999b), as long as 

they are appropriately oriented with respect to the direction of extension, with sub-vertical faults 

being favored (Ring, 1994; Rowland and Simmons, 2012).  The direction of TVZ extension 

(northwest-southeast) and sub-vertical nature of these northwest-trending inherited basement 

structures (Rowland and Simmons, 2012) makes them favorably oriented for reactivation as 

strike-slip faults. 

It remains unclear as to what deformation style northwest-oriented structures are 

undergoing further to the north in the geomorphically apparent part of the Hauraki Rift.  This rift 

is comprised of a series of buried half grabens and fault angle depressions with offsets 

considered to have formed by en echelon development (Hochstein and Ballance, 1993).  The 

observable variability in the right stepping fault pattern (Fig. 4.7D) would be consistent with a 

component of right-lateral strike-slip movement in a transtensional environment.  It is possible 

that Hauraki Rift faults typically undergo oblique movement, and that associated basins are the 

product of transtensional processes.  However, earthquake focal mechanisms and detailed 

subsurface stratigraphy are not well established, and thus, the nature, location, and deformation 

styles of any Hauraki Rift structures are mostly undocumented. 

 

Kaingaroa Plateau 

The eastern margin of the TRB (and linked TVZ) coincides closely with the scarp along 

the Kaingaroa Fault zone, which also serves as the western margin of the topographically defined 

Kaingaroa Plateau (Figs. 4.1 and 4.2).  The Kaingaroa Plateau is considered to represent part of 

the Axial ranges that were not uplifted with the rest of the ranges to the east at ~1 Ma (Kelsey et 

al., 1995).  Greywacke basement is displaced from ~650 m depth below the plateau surface to 

~2000 m depth westward across the Kaingaroa Fault zone into the TRB (Stagpoole, 1994).  

Mapping within the southern TRB has indentified an undeformed 712±27 ka andesite lava 

overlying the Kaingaroa Fault zone (Tanaka et al., 1996).  Further north, 349±4 ka Whakamaru 

Group ignimbrites exposed in the fault scarp are vertically displaced by ~500 to 1000 m to the 

west (Bibby et al., 1998).  Even further north along the eastern margin of Reporoa caldera, which 
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coincides with the Kaingaroa Fault zone, the 281±21 ka Kaingaroa Formation is offset by >1000 

m (Bibby et al., 1998; age estimate from chapter 2).  These observations indicate that movement 

along the eastern margin of the central TVZ is episodic, with parts of the Kaingaroa Plateau 

spalled off and subsided into the TRB to accommodate extension.  However, no movement along 

the eastern margin of the TRB margin has occurred over the past 281±21 kyr. 

The Kaingaroa Plateau itself has been tectonically quiescent over at least the past ~1.5 Myr 

based on the stratigraphy that overlies greywacke basement (C.J.N. Wilson, personal 

communications).  Any deformation style of the currently buried and inactive north-south 

striking faults within greywacke basement of the Kaingaroa Plateau is inferred to have been 

right-lateral strike-slip movement, similar to the nearby North Island Fault System within the 

Axial ranges (Mouslopoulou et al., 2007a, 2007b, 2008; Milicich et al., 2013).  Magnetic 

lineations trending in a north-south direction are apparent within the aeromagnetic data (Fig. 

4.6A-B), and intersect northeast-trending lineations in a manner that creates rhombohedral 

geometries.  These geometries can be seen to some extent in the sub-parallel nature of surficially 

exposed central TVZ faults (Fig. 4.8A).  Intersecting faults oriented north-south and northeast-

southwest have also been observed where strike-slip faults of the North Island Fault System 

intersect normal faults of the northern TVZ (Fig. 4.8B) (Mouslopoulou et al., 2007a, 2007b, 

2008).  Thus, these north-south oriented faults yield important clues into the rift architecture of 

the TRB. 

The main contrast between the transition from the Kaingaroa Plateau to the TRB and the 

North Island Fault System to the northern TVZ, as described by Mouslopoulou et al. (2007a, 

2007b, 2008), is that the latter is undergoing active strike-slip movement that progressively 

increases in normal fault movement toward the northern TVZ (Fig. 4.8B-C).  The ignimbrite 

sequence overlying greywacke basement of the Kaingaroa Plateau implies that the buried, 

inactive faults are being carved off to accommodate extension via normal faulting during 

eruptive episodes (Fig. 4.8C).  Thus, movement along the Kaingaroa Fault zone does not 

necessarily reflect a constant rate of southeastward migration of the arc (e.g., Stern, 1987; 

discussed in chapter 2), and movement along this fault zone is interpreted to be related to 

volcano-tectonic events (i.e., caldera collapse). 
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Figure 4.8 – Schematic maps of the TVZ displayed as: A) map of the TRB and central TFB with geothermal 
fields, caldera boundaries, and faults (as displayed in fig. 4.2).  Thick black lines illustrate rhombohedral 
geometries created by obliquely trending magnetic lineations.  These are similar to rhombohedral geometries 
identifiable in mapped TVZ faults (thick red lines).  B) Map of the northern TVZ and North Island Fault System 
(NIFS) intersection (redrawn from Mouslopoulou et al., 2008).  C) Schematic block model of the Kaingaroa 
Plateau and TRB intersection as buried, inactive strike-slip faults of the Kaingaroa Plateau.  These are carved off 
and reactivated as normal faults, with the northern TVZ and North Island Fault System intersection shown for 
comparison. 
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Significance of Deep (>4 km) Magnetic Features 

Beyond a certain depth (~4 km) magnetic anomalies are inferred to be unrelated to 

volcaniclastic sediments filling the basin.  Interpretations from geothermal drilling and 

geophysical studies (Browne, 1971; Wood et al., 2001; Sherburn et al., 2003) imply that 

magnetic anomalies within the 4800 m upward continuation map (Fig. 4.9) are at depths 

associated with greywacke basement or plutonic source rocks that have cooled below their Curie 

temperature (~575°C: Soengkono, 1995).  Magnetic lows over the eastern part of the TRB are 

consistent with the presence of non-magnetic greywacke basement, which has been identified in 

drillholes at the Ngatamariki, Ohaaki, and Rotokawa geothermal fields with top surfaces ranging 

from less than 1 to >3 km depth (Fig. 4.3B) (Browne, 1971; Browne et al., 1992; Wood et al., 

2001).  All TRB drillholes that intersect basement rocks are confined to geothermal fields at 

Ohaaki and further south.  Gravity studies have been used to interpret basement rocks (using a 

density of 2670 kg/m3) further north at ~2.5 and ~2 km depth beneath Reporoa caldera and the 

Waiotapu geothermal field, respectively (Modriniak and Studt, 1959).  However, the large 

volume of andesitic lithic clasts within Reporoa caldera eruptives (Kaingaroa Formation: Nairn 

et al., 1994; Beresford and Cole, 2000) may reflect equivalent density lavas at depth that could 

be mistaken for basement rocks by gravity anomaly interpretations.  Soengkono and Hochstein 

(1996) modeled thick, reversely magnetized andesite lavas within the eastern TRB that would 

yield magnetic anomalies similar to non-magnetic greywacke basement.  Similar to the TRB, the 

magnetic low over the northwest part of the survey area corresponds with the position of the 

Tokoroa basement high (Fig. 4.9: ~650 m depth below the surface) that has been interpreted 

through gravity and seismic reflection techniques (Stratford and Stern, 2008). 

Plutonic rocks demonstrably underlie the central TVZ with physical evidence in the form 

of the in-situ Ngatamariki quartz-diorite (Fig. 4.2: >2.6 km depth) and plutonic lithic clasts 

within eruptives (Brown et al., 1998b; Arehart et al., 2002).  Modeling of previous aeromagnetic 

data has been used to infer a top magnetic surface for plutonic bodies at ~3 km below the surface 

with a base at ~8 km (Soengkono, 1995, 2011).  If plutonic source rocks are present in the 

eastern TRB (e.g., Sherburn et al., 2003), then they are either reversely magnetized, above their 

Curie temperature, or hydrothermally demagnetized (e.g., Soengkono, 1995; Soengkono and 

Hochstein, 1996).  The data presented here is used to infer that the anomalies associated with the 

Whakamaru caldera and Te Weta and Paeroa Block areas are cooled plutons.  This would also 
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explain why the Paeroa Block, which represents the western edge of a basement high (Wilson et 

al., 2010), is associated with a magnetic high instead of the relative magnetic low expected for 

shallower non-magnetic greywacke basement.  This inferred magma body existed at 339±5 ka or 

prior, in conjunction with the locally erupted Paeroa Subgroup ignimbrites (weighted mean age 

from chapter 3), and thus, any plutonic body has had ample time to crystallize and cool below its 

Curie temperature.  The locations of plutons inferred here coincide well with the plutonic bodies 

inferred from magnetic modeling (Soengkono, 1995, 2011) and seismic velocity interpretations 

(Sherburn et al., 2003).  Thus, the locations of the structures discussed above that control the rift 

architecture of the central TVZ are here proposed as controlling the locations of magma bodies 

and cooled plutons (Fig. 4.9). 

 

 
Figure 4.9 – 4800 m upward continued map overlain with interpreted lineations, which constrain the locations of 
plutons (after Soengkono, 1995, 2011), and the Tokoroa basement high (after Stratford and Stern, 2008). 
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Influences on Heat and Mass Transfer 

Volcanism 

Reactivated basement structures, which may have little or no surface manifestation within 

the TRB not only control basin evolution, but also directly influence heat and mass transfer 

(Rowland and Sibson, 2004; Rowland and Simmons, 2012).  Magnetic lineations interpreted as 

structures have implications for the locations of small scale explosive and effusive to large scale 

caldera-forming volcanism.  Many magnetic lineations inferred as structures coincide, align, or 

have similar orientations to volcanic vents, rhyolite lava domes, and caldera margins mapped 

from surface geology and gravity anomalies (Figs. 4.10A) (e.g., Wilson et al., 1984, 1986, 1995; 

Nairn et al., 1994; Nairn, 2002; Gravley et al., 2007; Leonard et al., 2010). 

It is difficult to definitively relate any one structure to a caldera or a collapse event, but 

inferred structures typically coincide with caldera margins or volcanic centers.  For example, 

small scale TVZ eruptions known to erupt from linear vent zones display a variety of 

orientations (e.g., Nairn and Cole, 1981; Leonard, 2003; see chapter 3).  Rhyolite lavas of the 

Maroa volcanic center are elongated in a northeast direction and overlap numerous northeast-

striking TFB faults (Figs. 4.2 and 4.10A) (Leonard, 2003; Leonard et al., 2010).  Multiple 

rhyolite lavas encompassed by and to the east of Lake Taupo have northeast and northwest 

oriented vents (Fig. 4.1) (Wilson et al., 1995).  Wilson et al. (1986) used the north-south 

alignment of post-Whakamaru rhyolite lavas to constrain the western margin of Whakamaru 

caldera, and the northwest orientation of the Whakapapataringa rhyolite lava (Fig. 4.10A) to 

anchor its northeastern margin.  The most recent central TVZ eruption was AD 1886 Tarawera 

basalt, in which a dike ruptured the surface from the ~17 km long northeast-trending Tarawera 

linear vent zone that broadly aligns with the Ngapouri Fault zone (Nairn and Cole, 1981).  Nairn 

(2002) suggested that several other eruptions (Okareka, Kaharoa, Lake Rotomahana) from the 

Tarawera linear vent zone at Okataina reflected basement structures at depth.  North of the 

Tarawera linear vent zone, the Rotokawau basalt produced six distinct eruption craters that align 

in an east-west direction (Fig. 4.1) (Nairn, 2002; Leonard et al., 2010).  This is similar to the 

east-west oriented lineations (L9, L13, L17, L22) identified here that are interpreted as structures 

that developed through volcano-tectonic processes (i.e., caldera collapse, rhyolite extrusions), 

magma migration, or outline the shapes of structurally controlled extrusive bodies.  These 

structures lend validity to structurally controlled vents oriented in a variety of directions. 
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Similar examples can be used to demonstrate that caldera locations are controlled by pre-

existing basement structures.  The northwest and southeast margins of the composite caldera 

termed Kapenga align with abundant northeast-trending faults of the TFB, of which the southeast 

margin coincides with lineation L11.  Parts of the Ohakuri and Whakamaru calderas align with 

or are proximal to northwest-trending magnetic lineations (L6, L8, L15), while the eastern 

margin of Reporoa caldera coincides with the Kaingaroa Fault zone (lineation L21 from this 

study: Fig. 4.10A) (Beresford and Cole, 2000) and the trends and locations of other lineations 

mapped here correspond well to Reporoa’s northern, southern, and western margins (L12, L20, 

L23: Fig. 4.10B).  Similarly, Seebeck et al. (2010) conducted a geophysical, structural, and 

stratigraphic study, north of the TRB at the Okataina volcanic center (Fig. 4.10B).  Their study 

also yielded evidence that northeast-trending TFB faults and northwest-trending pre-existing 

basement structures control the geometry and location of Okataina.  Basement structures that 

 
Figure 4.10 – A) Map displaying the locations of caldera boundaries and rhyolite lava (white polygons) as they 
relate to magnetic lineations, and the regional structures of Cochrane and Wan (1983).  Calderas are labeled as 
Kapenga (KA), Mangakino (MA), Ohakuri, (OH), Okataina (OK), Reporoa (RE), Rotorua (RO), Taupo (TA), 
Whakamaru (WH), and WBD is the Western Dome Belt.  B) Map of TRB geothermal fields and sinters, and 
their relationship to faults, lineations, and regional structures. 
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bound Okataina (Seebeck et al., 2010) broadly correspond with regional structures interpreted 

using Landsat imagery (Cochrane and Wan, 1983).  As with the positions of geophysically 

inferred plutons within the central TVZ (discussed above), the locations of calderas and thus the 

accumulation of associated magma are interpreted to be controlled by northeast and oblique 

trending basement structures (Fig. 4.10A). 

 

Hydrothermal Fluid Flow 

Similar to structural controls on volcanism, obliquely oriented structures have implications 

for hydrothermal fluid flow and locations of geothermal fields at the surface.  Geothermal field 

locations appear to have a preference for being situated at (or at least proximal to) the 

intersection of obliquely trending lineations or previously mapped faults (Fig. 4.10B).  Not all 

lineations can be observed to transect geothermal fields.  However, this is to be expected because 

lateral flow of hydrothermal fluids can destroy magnetic fabrics within alteration halos 

(Hochstein and Soengkono, 1997).  Wairakei-Tauhara is not completely shown on the 

aeromagnetic maps as the survey did not cover the entire geothermal field.  While no intersecting 

lineations and faults are displayed within Wairakei-Tauhara, previous studies have proposed that 

intersecting structures are present within the field (Cochrane and Wan, 1983; Rowland and 

Sibson, 2004).  Similarly, no intersecting structures are shown for Ohaaki.  However, L7 is 

drawn just to the west and conceivably could be interpreted further east where the magnetic 

gradient is not as steep.  Despite L7’s position, northeast-trending subsurface faults are known 

through drilling efforts at Ohaaki (Browne, 1971; Wood et al., 2001), and would be intersected 

by the northwest-trending lineation of L6.  Intersecting structures at Atiamuri are lacking as well, 

but northeast-trending TVZ faults are proposed for this field (Rowland and Sibson, 2004), and 

would also intersect L6.  In the Reporoa geothermal field, the faults represented by lineations L7 

and L16 may intersect, but demagnetization or a lack of offset of magnetic units may have 

reduced the magnetic anomaly associated with the lineations that transect the field. 

Magnetic lineations with northeast and northwest-trends transect the hydrothermally 

altered lows within the Paeroa Block (Fig. 4.6A-B; Table 4.1).  Sinters within the southern 

Paeroa Block align with the two lineation trends, the first parallels the northeast TVZ structural 

grain, and the other is oriented northwest and intersects the Te Kopia geothermal field (aligns 

with L23: Fig. 4.10B).  Sinters within the northern Paeroa Block are aligned in north-northeast 
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directions and occur in close proximity to a northeast-trending fault.  Drake et al. (2012) 

suggested that sinters located at Mangatete within the TFB resulted from paleo-upflow zones at 

the intersection of northeast-trending faults and northwest oriented structures, of which the latter 

are proximal to the lineations of L3 and L12 (Fig. 4.10B).  Obliquely oriented lineations are 

displayed intersecting within the southern Paeroa Block proximal to the mapped sinters and 

hydrothermal alteration (Fig. 4.10B).  Since sinters represent extinct geothermal fields, it is here 

interpreted that the nearby intersecting lineations are structures that contained upflow zones that 

concentrate hydrothermal fluids. 

Elongate magnetic lows (i.e., hydrothermal demagnetization) are present near lineations, of 

which some are inferred as northeast and northwest-trending basement structures, which range 

from less than 1 to >3 km depth based on drillhole data (Browne, 1971; Wood et al., 2001).  

Since hydrothermal fluids commonly demagnetize host rocks to ~1000 m depth and deeper 

(Hochstein and Soengkono, 1997), and with fluids circulating to the full depth of the 

seismogenic zone (Bibby et al., 1995), basement structures are here inferred to underlie 

demagnetized zones where hydrothermal fluids ascend.  Ascending hydrothermal fluids are 

interpreted to be preferentially concentrated at the intersection of TVZ oriented and pre-existing, 

inherited basement structures that represent permeable, narrow conduits within basement rocks 

(Figs. 4.10B and 4.11) (e.g., Rowland and Sibson, 2001, 2004).  Modeling of magnetotelluric 

data (Bertrand et al., 2012) indicates a similar situation for ascending hydrothermal fluids within 

basement rocks of the TVZ.  Numerous intersections of lineations and previously mapped faults 

have been drawn on the upward continued maps that do not coincide with geothermal fields.  

The lack of hydrothermal fluid flow in these areas (at least at the surface) likely reflects an 

absence of a heat source (Rowland and Simmons, 2012), or the loss of permeability through 

mineral sealing, such as silica deposition (Dempsey et al., 2012b). 

 

CHAPTER SUMMARY 

The Glass Earth Limited aeromagnetic data, constrained with previously documented 

stratigraphic and geophysical datasets, creates a powerful tool that is here used to delineate 

lineations, which are inferred as faults that influence geofluids within the central TVZ.  

Orientations of magnetic lineations in upward continuation maps are predominantly northeast 

and northwest over the TRB, with a sparse number of lineations trending more north-south and 
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east-west.  All orientations coincide with trends of previously mapped faults, volcanic vent 

alignments, caldera boundaries, and structural trends beyond the limits of this volcanic province 

(Hauraki Rift, North Island Fault System).  Thus, these lineations are interpreted to be the trace 

of basement structures, and have important implications for resulting deformation styles and 

controls on volcano-tectonic processes within the TRB, and by extension the central TVZ.  

Reactivation of pre-existing (inherited) structures that are oriented oblique to the northeast-

trending TVZ tectonic grain heavily influences the central TVZ’s rift architecture.  One of the 

main insights from this study consists of promoting the primary role of transfer zones 

(perpendicular to grabens) in localizing geothermal fields at the surface of the TVZ.  This is of 

importance as the role of oblique structures is often a matter of debate.  Caldera collapse features 

are preferentially bounded by TVZ trending and oblique basement structures, which is here used 

to imply that basement structures also control the geometry and location of magma bodies and 

solidified plutons.  In addition, ascending hydrothermal fluids from up to >4 km depth are 

 
Figure 4.11 – Schematic block diagram (modified from Rowland and Sibson, 2004) displaying the structural 
variety of northwest-trending strike-slip faults controlling rift domains that consist of northeast-trending normal 
faults.  These interpreted basement structures control the locations of magma bodies and thus large caldera 
related rhyolitic volcanism.  Intersecting structures predominantly control the ascent of hydrothermal fluids to 
the surface and near surface. 
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focused at intersecting basement structures.  These hydrothermal fluids transect up to 3 km of 

cohesionless basin fill, which implies basement structures control fluid flow in overlying 

Quaternary strata, and predominantly control the locations of heat and mass transfer to the 

surface.  Thus, rift related reactivation of inherited basement structures influences tectonic, 

volcanic, and magmatic processes. 
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Chapter 5: North Island Silicic Arc Volcanism 
The Taupo Volcanic Zone (TVZ) has one of the highest modern arc related heat fluxes on 

Earth, and has produced more caldera-forming silicic eruptions than any other volcanic field 

during the Quaternary.  However, the TVZ is only the current manifestation of a much longer 

lived (at least ~16 Myr: Seebeck et al., 2014) subduction system under the eastern part of the 

North Island of New Zealand.  Caldera-forming silicic volcanism started by at least ~12 Ma 

within the poorly defined Coromandel Volcanic Zone (CVZ).  Despite a lack of onshore data, 

offshore tephrostratigraphy has revealed that the silicic eruptive episodes during the Miocene-

Pliocene approached eruptive rates and frequencies of the Quaternary age TVZ (Carter et al., 

2003, 2004; Allan et al., 2008).  In this chapter, the relationship between the CVZ and TVZ is 

discussed, and related to subduction of the Hikurangi Plateau and development of a lithospheric 

scale feature (Reyners, 2013).  These processes are inferred to be affecting silicic magma 

generation, heat sources, and possible basin formation within the Taupo-Reporoa Basin (TRB), 

and Okataina and Taupo volcanic centers to the north and south, respectively. 

 

INTRODUCTION 

Volcanic arc systems are known to persist in a relatively steady state over geologically 

long periods of time in some tectonic settings (e.g., the active margin of South America: Willner 

et al., 2004; Glodny et al., 2005), but in other settings subduction related volcanic arcs migrate 

rapidly in response to changes in the nature of plate boundaries (Seebeck et al., 2014, and 

references therein).  The Late Cenozoic volcanic succession in the North Island of New Zealand 

includes a remarkable variety of distinct volcanic associations, which have developed in 

response to rapid changes along the southwestern margin of the Pacific plate where it interacts 

with the Australian plate (Reyners, 2013).  These volcanic associations record continuous 

subduction related volcanism from at least the late Oligocene (Hayward et al., 2001).  The older 

parts of this succession are relatively well observed, because the locus of volcanism has shifted 

over time in response to the evolving plate boundary setting.  The culmination of arc evolution in 

northern New Zealand since ~2 Ma is the overwhelmingly silicic Taupo Volcanic Zone (TVZ) in 

the central North Island (Wilson et al., 2009).  Its predecessor, the Coromandel Volcanic Zone 

(CVZ), borders the TVZ to the northwest and records the inception of silicic volcanism in the 
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North Island (Adams et al., 1994; Carter et al., 2003) along with the continuation of andesitic 

volcanism, including the earliest eruptions of high-Mg andesite (Booden et al., 2010). 

The TVZ is the southernmost part of the Tonga-Kermadec arc, and represents the most 

recent (~2 Myr) manifestation of volcano-tectonic processes in a ~16 Myr record of similarly 

oriented arc volcanism associated with oblique subduction of the Pacific plate beneath the 

Australian plate (Fig. 5.1) (Seebeck et al., 2014).  Figure 5.2 displays the age ranges of all arc 

related volcanoes and volcanic centers that have developed in the North Island since the late 

Oligocene.  Arc volcanism within the North Island had begun by at least ~25 Ma in the basaltic 

to andesitic dominated Northland arc (Booden et al., 2011), and parts of this system continued to 

be active until ~15 Ma (Herzer, 1995; Hayward et al., 2001).  The location and particularly the 

orientation of the pre-16 Myr subduction margin is debated, with the main question being was 

the initial orientation of subduction eastward or westward directed (e.g., Schellart et al., 2006; 

Mortimer et al., 2010; Booden et al., 2011; Schellart, 2012; Seebeck et al., 2014).  Following the 

initial phase of subduction represented by the Northland arc, andesitic volcanism commenced 

within the CVZ beginning by at least ~18 Ma (Adams et al., 1994), which was coeval with 

activity along the offshore northeast-trending Colville arc.  The locus of arc volcanism was 

relatively stable until between ~8 to 6 Ma, when rapid back-arc extension split the arc into relict 

and active parts, the Colville ridge and Kermadec arc, respectively (Fig. 5.1) (Schellart et al., 

2006).  At much the same time, volcanism propagated laterally towards the southeast to form the 

present-day TVZ (Seebeck et al., 2014). 

An important feature of the northern New Zealand subduction related volcanic systems is 

the initiation of large scale silicic magmatism following the establishment of an andesitic arc.  

Rhyolitic volcanism has had a long history in both the CVZ and TVZ arc systems, commencing 

by at least ~12 Ma in the eastern CVZ (Carter et al., 2003), and by ~1.9 Ma in the central TVZ 

(Eastwood et al., 2013).  The northern and southern segments of the TVZ remain a focus of 

andesitic volcanism (Wilson et al., 1995).  Hughes and Mahood (2011) noted that ~77% of 

rhyolitic calderas are situated in extensional regimes, and suggested that such settings reduce 

magmatic driving pressures and allow for long lived silicic magma chambers to form (Hildreth, 

1981; Jellinek and DePaolo, 2003).  Extension has been inferred for the relict CVZ, which 

migrated south with rollback of the subduction hinge and is now focused in the rifting arc of the 

TVZ (Davey et al., 1995).  Despite extension in both regions, neither onshore nor offshore 
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stratigraphic records support long lived eruptible magma chambers for the CVZ and TVZ (Carter 

et al., 2003, 2004; Allan et al., 2008; Wilson et al., 2009).  The frequency and scale of caldera-

forming eruptions within the TVZ would normally indicate a significant flux of mantle derived 

basalts, and associated heat, resulting from a high convergence rate (Hughes and Mahood, 2011).  

Yet, only a moderate convergence rate (~47 to 39 mm/yr: DeMets et al., 2010) has been 

calculated at TVZ latitudes.  While previous studies have proposed multiple heat sources for the 

 
Figure 5.1 – Tectonic setting of New Zealand as displayed on a bathymetric map of the southwestern Pacific 
(courtesy of the National Institute of Water and Atmospheric Sciences).  The horizontally unrolled position of 
the Hikurangi Plateau is after Reyners et al. (2011).  See text for the discussion on the white circle.  Submarine 
topographic features are labeled and their evolution explained in Schellart et al. (2006) and Reyners (2013). 
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Figure 5.2 – Map displaying the locations and color coded age ranges of all arc related intermediate to silicic 
volcanoes and volcanic complexes within the North Island region.  Locations and ages of volcanics have been 
compiled from Briggs et al. (1989, 2005), Black et al. (1992), Adams et al. (1994), Davey et al. (1995), Herzer 
(1995), Wilson et al. (1995, 2009), Lindsay et al. (1999), Price et al. (1999), Hayward et al. (2001), Giba et al. 
(2013), and chapters 2 and 3.  The southward younging of arc related volcanics is mirrored by a southward 
activation in faulting (i.e., Taranaki backthrust) and basin development, which reflects rollback of the subducting 
slab (Villamor and Berryman, 2006; Stagpoole and Nicol, 2008; Giba et al., 2013). 
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TVZ (e.g., Hochstein et al., 1993; Hochstein, 1995; Wilson et al., 1995; Reyners et al., 2006), no 

consensus to explain the high heat flow that characterizes the TVZ has been reached. 

It is unknown what triggered a relatively normal andesitic arc into a caldera producing 

system, why the TVZ has a much higher silicic eruption rate than the relict CVZ, or why the 

modern arc is restricted to the relatively narrow eastern part of the TVZ (the Taupo-Reporoa 

Basin: TRB).  Here, it is suggested that the answers to these questions have a tectonic origin that 

is linked to features present in the subducting slab.  A model for the evolution of the North Island 

arc system is developed with a focus on silicic volcanism since ~12 Ma, and the implications of 

tectonic and magmatic processes related to subduction of the ~35 km thick Hikurangi Plateau are 

discussed.  The formation of a subduction-transform edge propagator (STEP) fault proposed by 

Reyners (2013) within the plateau are used to explain the anomalous heat flux and silicic magma 

generation rates of the region. 

 

SIGNIFICANCE OF THE HIKURANGI PLATEAU 

Much of the late Miocene to present complexity in the expression of arc volcanism and 

tectonism in northern New Zealand relates to processes at the convergent margin.  The geometry 

of the leading edge of the ~35 km thick Hikurangi Plateau (Figs. 5.1 and 5.2) relative to the plate 

boundary (angle of attack) has been interpreted to have exerted a major control on the ~23 Ma to 

present tectonic evolution of the New Zealand region (Reyners, 2013).  Prior to ~10 Ma, the 

shape of the leading edge of the Hikurangi Plateau was such that subduction of normal thickness 

oceanic crust is inferred to have occurred beneath the North Island of New Zealand.  However, 

wholesale subduction of the plateau started at ~10 Ma, and induced extension within the 

overriding plate (Reyners, 2013).  Extension was initially focused along the north-northwest-

trending Hauraki Rift, which initiated sometime between ~10 to 7 Ma along similarly oriented 

terrane boundaries (Hochstein and Ballance, 1993).  Starting between ~8 to 6 Ma, extension was 

localized along the axis of the arc as it rapidly migrated to the southeast, concomitant with 

rollback of the subduction hinge (Reyners, 2013; Seebeck et al., 2014).  This migration is 

indicated in the CVZ and TVZ regions by the southward younging of volcanism (Black et al., 

1992; Adams et al., 1994; Hayward et al., 2001; Briggs et al., 2005; Wilson et al., 2009), 

geothermal activity (Rowland et al., 2010; Mauk et al., 2011), and volcaniclastic filled basins 

(Villamor and Berryman, 2006). 
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Present in the western North Island and adjacent Tasman Sea are numerous arc related 

volcanoes and volcanic centers that are rarely discussed in the context of the North Island arc 

system (Fig. 5.2) (Briggs et al., 1989; Black et al., 1992; Price et al., 1999; Giba et al., 2013).  

Their arc signature and ages suggest that these volcanic remnants are also the result of the same 

Hikurangi subduction system that engendered the CVZ and TVZ.  A linked southward younging 

of volcanism, fault activation, and basin development has been documented along the western 

margin of the North Island and within the Tasman Sea (Price et al., 1999; Stagpoole and Nicol, 

2008; Giba et al., 2013).  There appears to be a lack of arc related volcanoes in the intervening 

region with the notable exception of the Alexandra volcanics that contains both arc and intra-

plate geochemical signatures (Briggs et al., 1989), and intra-plate basalts of the monogenetic 

Ngatutura, South Auckland, and Auckland volcanic fields (Fig. 5.2) (Briggs and McDonough, 

1990; McGee et al., 2013).  Compression on a crustal scale backthrust to the subduction margin 

(Taranaki backthrust), and associated thickening of the crust (Stagpoole and Nicol, 2008; Giba et 

al., 2013), may play an as yet undetermined role. 

 

THE SILICIC SYSTEM 

A recent global scale study of arc related silicic systems suggested that high trench normal 

convergence rates (between 70 to 95 mm/yr) is the most important parameter favoring high 

caldera densities (Hughes and Mahood, 2011).  The higher the convergence rate, the larger the 

mantle derived basaltic flux, which in turn feeds fractionation processes and induces crustal 

melting (e.g., Hildreth, 1981; Graham et al., 1995; Charlier et al., 2010).  Silicic magma 

generation via both fractionation of low silica magmas and crustal anatexis is widely accepted 

(Charlier et al., 2005), but magma production rates are inferred to vary on timescales ranging 

from 103 to 106 years, depending on individual systems and tectonic settings (Huppert and 

Sparks, 1988; Jellinek and DePaolo, 2003; Wilson et al., 2006).  Furthermore, the concept of the 

silicic magma chamber has been challenged in recent years.  Smith (1979) proposed that silicic 

magma chambers are a continuum of melt dominated (crystal-poor) to melt poor (crystal-rich) 

fractions, of which the latter is too viscous, dense, or gas poor to erupt.  In contrast, Wilson et al. 

(2006) proposed that the division between non-eruptible crystal-rich mush to eruptible melt 

dominated material may be much more abrupt, and that almost all of the melt dominated fraction 

may be evacuated during a single eruption.  Thus, debate arises over the controls and timescales 
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of silicic magma generation, which is important when trying to unravel the interplay between 

tectonism, volcanism, and magmatism, and how each evolves over the lifetime of an arc system. 

Hot zones (Annen et al., 2006), MASH (melting, assimilation, storage, homogenization) 

zones (Hildreth and Moorbath, 1988), or mush zones are inferred to have lifetimes ranging from 

10’s to 100’s of kyr (Charlier et al., 2005; Smith et al., 2005; Deering et al., 2008).  However, 

there exists a contrast in the timing of geochemical processes that generate silicic magmas in 

these mush zones (i.e., assimilation, fractional crystallization), and the physical assembly of a 

melt dominated magma body that actually erupts.  Geochemical processes during magma 

generation can take orders of magnitude longer than the physical assembly (Allan et al., 2013).  

Evidence from zircon age spectra and changes in geochemistry from closely timed eruptions 

with geographically overlapping vents in the Taupo volcanic center demonstrate the rapidity of 

magma generation in the TVZ (Charlier et al., 2005; Wilson et al., 2006).  For example, chemical 

segregation and fractionation of the Oruanui magma took at least two orders of magnitude longer 

to occur than physical assembly of the body that erupted with the bulk of the melt dominated 

eruptive body (~530 km3) proposed to have assembled in as little as ~230 years (Allan et al., 

2013).  Even more extreme is the proposal that some smaller (0.1 to 1 km3) silicic magma bodies 

may have formed in as little as 1 to 10 years (Charlier et al., 2010).  This appears to contrast with 

other relict and active silicic systems, although many studies do not recognize the time disparity 

between chemical processes and physical assembly of magmas, but simply use the gap between 

eruptive events as the repose period (Reid, 2008).  Thus, large volume silicic magma generation 

at other relict and active silicic volcanic fields are inferred to occur on 104 to 106 year timescales 

(e.g., Best et al., 1989; Sawyer et al., 1994; Lipman, 2007; Salisbury et al., 2011).  Still this 

raises the question of what is ultimately controlling the extraordinarily high magmatic and 

volcanic flux within the central TVZ, and what is the relationship of the TVZ to the CVZ? 

 

A Modern Arc: Taupo Volcanic Zone 

The 120 km long by 60 km wide central TVZ is the most active silicic system on Earth 

(Wilson et al., 1995, 2009).  A minimum of ~10,000 km3 (possibly up to ~20,000 km3) of 

rhyolitic material has been erupted from the central TVZ during the past ~1.6 Myr, and 25 

caldera-forming eruptions from eight centers account for >6,000 km3 of the total (Wilson et al., 

2009).  This yields an incredible 1 per 64 kyr eruption frequency, and a volumetric eruptive rate 
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of 3.8 km3/kyr during the past ~1.6 Myr (Wilson et al., 2009), which is greater than the active 

systems at Yellowstone (Christiansen, 2001), Toba (Chesner and Rose, 1991), Altiplano-Puna 

(Salisbury et al., 2011), and many of the relict arc related North American Cordilleran silicic 

volcanic fields (Fig. 5.3) (Best et al., 1989; McIntosh et al., 1992; Sawyer et al., 1994; Lipman, 

2007). 

The main loci of modern silicic volcanism within the TVZ are at the Okataina and Taupo 

volcanic centers at the northern and southern limits of the central TVZ, respectively.  Based on 

geochemical evidence, a heterogeneous mush zone has been interpreted beneath both volcanic 

centers at >4 km depth (Charlier et al., 2005; Smith et al., 2005; Deering et al., 2008).  Situated 

between, and along strike of, Taupo and Okataina is the volcanically quiescent, over at least the 

past >100 kyr, TRB (see chapter 2).  However, the TRB is magmatically active (Rowland et al., 

2010) as geophysical studies yield evidence of an interconnected partial melt from ~6 to >16 km 

depth (Bannister et al., 2004; Heise et al., 2007), cooled plutonic bodies from ~4 to 10 km depth 

(Sherburn et al., 2003), and >2000 MW of geothermal heat discharge at the surface (Bibby et al., 

1995).  Thus, the central TVZ mush zone extends along strike from Taupo to Okataina, and has a 

top surface at ~4 km depth beneath these volcanic centers and ranges from ~6 to 10 km depth 

beneath the TRB. 

In addition to the material erupted and the presence of shallow mush zones, the geothermal 

heat flux has been used to infer that ~50 km3/kyr of mantle derived basaltic magma (Wilson et 

al., 2009) is underplating the central TVZ at ≥15 km  depth (Bannister et al., 2004; Harrison and 

White, 2006).  Such a volume is an order of magnitude greater than that inferred for the andesitic 

dominated regions to the north and south (Wilson et al., 2009), and supports the notion that the 

flux of mantle melt varies along strike of the subducting slab (Rooney and Deering, 2014). 

 

A Relict Arc: Coromandel Volcanic Zone 

While silicic magmatic and eruptive rates have been studied in detail for the central TVZ 

(Wilson et al., 2009), their precursors in the CVZ remain poorly documented.  However, an 

offshore record going back >12 Ma is largely intact, and contains at least 134 macroscopic 

tephras in drillholes located ≥670 km east to southeast of the current volcanic arc (Fig. 5.1), and 

the results have been presented in Carter et al. (2003, 2004) and Allan et al. (2008).  The sites of 

these drill cores have probably been reduced by up to half the original distance from source 
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volcanoes since ~12 Ma as a result of subduction progressively decreasing distances to the North 

Island.  Macroscopic tephras at these distances are used to infer that the tephra units are the result 

of major eruptions, some caldera-forming.  This offshore record indicates that silicic eruptions 

over the past ~12 Myr have been more frequent than documented in the onshore record (Fig. 5.4) 

(Adams et al., 1994; Briggs et al., 2005; Wilson et al., 2009).  The onshore record for the CVZ 

contains multimillion year gaps between caldera-forming eruptions (Adams et al., 1994), while 

the longest gap in the offshore record is ~700 kyr (Carter et al., 2003).  These records also yield 

evidence of increasing activity with an increasing abundance and thicknesses of tephras with 

decreasing ages.  Tephras in three of the drill cores reflect these trends, a point that is taken to 

indicate that this is not just an artifact of preservation.  Carter et al. (2003) calculated frequencies 

of 1 eruption per 163 kyr for the late Miocene to 1 per 35 kyr for the Quaternary.  However, 

Shane et al. (1998) used a distal onshore section to calculate frequencies of 1 per 7 kyr to 1 per 

36 kyr for the CVZ.  Many of these CVZ eruptions are part of distinct episodes of intense 

 
Figure 5.3 – Duration of silicic caldera-forming activity versus cumulative erupted volumes, with eruptive rates 
displayed, from Toba (Chesner and Rose, 1991), Taupo Volcanic Zone (Wilson et al., 2009), Yellowstone 
(Christiansen, 2001), Indian Peak (Best et al., 1989), Southwestern Nevada (Sawyer et al., 1994), Mogollon-
Datil (McIntosh et al., 1992), Altiplano-Puna (Salisbury et al., 2011), and Southern Rocky Mountains volcanic 
fields (Lipman, 2007).  Inset shows the central TVZ with its different caldera-forming eruptions labeled. 
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Figure 5.4 – The 12 Myr, and expanded 2 Myr, tephra records of drillholes IODP 1123, 1124, and 1125 
(locations labeled in Figure 5.1) as presented in Carter et al. (2003, 2004), with ages determined using a 
combination of magnetostratigraphy, benthic stable isotopes, biostratigraphy, glass geochemistry, and fission 
track age dating.  Black triangles are for CVZ timeframe tephras and red triangles for TVZ.  These tephra 
records show a more continuous eruptive record than onshore mapping.  Geologically important events 
discussed in the text have been overlain on the plots. 
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activity (Carter et al., 2004), despite a continuous appearance of tephras in Figure 5.4.  Similarly, 

intense episodes of caldera-forming volcanism have been suggested for the central TVZ, with 

offshore records yielding 38 tephras (Allan et al., 2008), compared to 25 caldera-forming 

ignimbrites determined through mapping (Fig. 5.3) (Wilson et al., 2009).  Allan et al. (2008) 

identified 18 (of the 38) tephras between 1.65 to 1.53 Ma, or 1 per 7 kyr, and have speculated 

that several intense eruptive episodes occurred on ~25 to 60 kyr timeframes, which is in 

agreement with data from Carter et al. (2003, 2004) and Shane et al. (1998).  A similar result has 

been recorded for this study as a relatively complete onshore record spanning from 349±4 ka 

(Whakamaru Group) to 281±21 ka (Kaingaroa Formation) (ages from chapters 2 and 3) exists 

during which ~3,000 km3 of ignimbrite was emplaced in association with at least eight caldera-

forming events (Wilson et al., 2009).  This yields an eruptive frequency of 1 per 8.5 kyr, and an 

eruptive rate of 43.5 km3/kyr.  Yet, based on cumulative tephra thicknesses in the drill cores, the 

central TVZ has produced as much material over the past ~2 Myr as the CVZ did over 10 Myr 

(Fig. 5.4). 

What remains unknown within the North Island volcanic arc are the sources for most of the 

tephras recorded in the offshore record.  Several possible explanations exist, including: 1) burial 

of source vents beneath younger eruptives, 2) eruptions from composite calderas (e.g., Wilson et 

al., 2009), and 3) offshore calderas that have yet to be identified (e.g., Davey et al., 1995).  The 

former two explanations are commonly inferred for both the CVZ and TVZ.  However, as a 

result of the complex volcano-tectonic setting of these arcs, the very large volume of erupted 

material, hydrothermal overprinting of volcanic rocks and structures, and abundant vegetation, 

identifying and then correlating collapse structures with their associated eruptives is difficult.  

This is particularly so in the CVZ where calderas have been identified, but their eruptive units 

and age ranges are relatively unknown (Fig. 5.2). 

Some of these vents undoubtedly lie offshore, but only those preserved as islands provide 

any clues that volcanism has occurred, such as the rhyolitic centers in the offshore CVZ.  Based 

on seismic reflection data, Davey et al. (1995) proposed the presence of a single caldera within 

the offshore TVZ that is inferred to have collapsed by at least ~1.6 Ma (Fig. 5.2).  It is possible 

that numerous large silicic eruptions, some caldera-forming, excavated the low-lying area in the 

Bay of Plenty region (white circle in Fig. 5.1) between the subaerially exposed continental crust 
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and the Vening Meinesz Fracture Zone, which marks a discontinuity along the change from 

continental to oceanic crust (Wright, 1993). 

 

DISCUSSION 

Understanding the various aspects of eruptive behavior and timing is of fundamental 

importance in deducing deep seated, and linked, magmatic and tectonic interactions.  These 

processes yield clues into the nature of the heat source that has been feeding the CVZ and TVZ, 

and is currently supplying the TRB and Taupo and Okataina volcanic centers (Rowland et al., 

2010).  A longstanding question is, why is silicic volcanism restricted to a north-south younging 

belt that is localized with respect to the along strike extent of andesitic arc volcanism, and could 

anomalous tectonic processes within the subducting plate influence the location, duration, and 

behavior of silicic volcanism in the overlying lithosphere?  A lithospheric scale feature (STEP 

fault) in the subducting slab provides a plausible mechanism in response to each of these 

questions (e.g., Govers and Wortel, 2005; Schellart, 2010; Reyners, 2013). 

 

Magma Generation and Heat Source 

Crustal heat transfer within the TVZ that is directly related to subduction processes (i.e., 

magmatic and volcanic activity) has been suggested to be ~600 MW per 100 km out of a total of 

~2600 MW per 100 km (Hochstein, 1995).  The remaining amount of heat transfer has been 

explained through processes such as focused plastic deformation or a Yellowstone type mantle 

plume (Hochstein et al., 1993; Hochstein, 1995).  However, any magmatic and volcanic 

products, and associated heat sources, must be related back to subduction of the Pacific plate, 

and since at least ~10 Ma, subduction of the Hikurangi Plateau (Reyners, 2013).  With the 

plateau having a thickness of at least twice that of typically subducted oceanic crust, Reyners et 

al. (2006) proposed that dehydration release of fluids would be expected to be about twice as 

much as a normal thickness subducting slab. 

The release of excess fluids into the overlying lithosphere may not necessarily translate 

into the observed impressive volumes of silicic products that have been erupted within the CVZ 

and TVZ without the right conditions for utilization of the mantle derived basaltic magmas that 

are generated.  For example, Mesozoic metasedimentary basement rocks beneath the TVZ have a 

granitic-rhyolitic provenance that as a starting material, with any previously solidified granitic 
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plutons, provides a readily available supply of easily fusible material for the generation of silicic 

melts (Price et al., 2005).  Efficient heating of these low density crustal rocks to the level of 

partial melting and migration of fractionated magma are inferred to be strongly influencing the 

development of any magma body (e.g., Charlier et al., 2005), while tectonic processes and 

terrane boundaries within the overlying lithosphere are presumably controlling migration and 

accumulation zones (Rowland et al., 2010). 

An additional heat source may be related to an offset identified within the Hikurangi 

Plateau beneath the North Island, which Reyners (2013) proposed as a STEP fault with a 

southern free edge in the vicinity of the TVZ.  If a STEP fault was initiated in the subducting 

slab, ascent and decompression melting of underlying asthenosphere could occur (Fig. 5.5), and 

Govers and Wortel (2005, and references therein) used 3-D mechanical models to suggest that 

most STEP faults are stable and commonly coincide with mantle plumes.  Coupled with the 

inference that mantle convection can extend for hundreds of kilometers from a slab edge 

(Schellart, 2010), such a lithospheric scale feature could significantly influence magmatism in 

the back-arc environment and beyond.  Geochemical modeling of major and trace element data 

from the TVZ indicate a spatial diversity in the flux of mantle melt from the subducting slab 

(Rooney and Deering, 2014), which would be expected from processes associated with a STEP 

fault resulting in upwelling asthenosphere.  Processes associated with this fault, coupled with 

mantle convections, are also possible explanations for the intra-plate characteristics identified in 

some of the Alexandra volcanics, and the Ngatutura, South Auckland, and Auckland volcanic 

fields (Fig. 5.2) (Briggs and McDonough, 1990; McGee et al., 2013).  Even if the STEP fault 

does not transect the entire lithosphere, significant deformation of the slab is proposed (Reyners, 

2013), and would still allow ascent of hot asthenosphere to shallower levels.  When coupled with 

the greater than normal dehydration fluid release of the ~35 km thick subducting plateau, this 

extra heat source would result in both the high melt generation rates and heat flux observed in 

the central TVZ (e.g., Bibby et al., 1995; Wilson et al., 2009), and intra-plate volcanism in other 

parts of the North Island.  This STEP fault can also be used to explain the increase in silicic 

volcanism through time, starting in the CVZ. 
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Silicic Arc Evolution 

Subduction of the Hikurangi Plateau is proposed to have begun at ~10 Ma (Reyners, 2013), 

but silicic volcanism within the CVZ pre-dates the start of plateau subduction by ~2 Myr (Carter 

et al., 2003).  Only one pre-10 Ma silicic caldera has been defined, although this may be a 

composite caldera as several offshore tephras have been identified from this timeframe (Fig. 5.4).  

However, there are likely other buried or offshore calderas that have yet to be identified.  Figures 

5.2 and 5.4 show this evolution and illustrate that silicic centers, and by inference major volcanic 

eruptions, are more active after ~10 Ma.  Yet, while the initial age of plateau subduction closely 

coincides with one of the first major episodes of caldera-forming events from 10.6 to 9.3 Ma 

(Carter et al., 2004), the plateau would not have been at a depth or temperature promoting fluid 

release through dehydration, particularly if modern subduction rates (DeMets et al., 2010) are 

indicative of past rates.  Nonetheless, the plateau would have been undergoing fluid release by 

~7 Ma, at which time the western edge of the plateau became normal to the trench and the STEP 

fault beneath the North Island is proposed to have developed (Reyners, 2013).  The development 

of the STEP fault at ~7 Ma approximately coincides with the start of rapid southeastward 

 
Figure 5.5 – Schematic diagram illustrating subduction of the Hikurangi Plateau beneath the continental 
lithosphere of the North Island.  A STEP fault developed within the subducting Hikurangi Plateau resulting in 
ascent of hot asthenosphere to shallower levels (Reyners, 2013).  This allows for decompression melting and an 
extra heat source, which combined with the more voluminous than normal release of dehydration fluids from the 
~35 km thick plateau (Reyners et al., 2006), results in rapid generation rates of large amounts of magma.  The 
mush zone for this system is currently located beneath the Taupo-Reporoa Basin (TRB), and the Taupo and 
Okataina volcanic centers. 
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migration of the arc, and an increase in hydration, temperature, and size of the mantle wedge 

beneath the central North Island (Seebeck et al., 2014), as well as a period of very intense CVZ 

silicic volcanism from 7.7 to 7.0 Ma (Adams et al., 1994; Carter et al., 2004), and abundant 

hydrothermal Au-Ag mineralization (>100,000 kg) from 6.9 to 6.0 Ma (Mauk et al., 2011).  The 

STEP fault would have propagated in a southeast direction, concomitant with rollback of the 

subduction hinge.  Oblique convergence occurring along the plate boundary (DeMets et al., 

2010) may have resulted in tearing along the strike length of the STEP fault.  If such a scenario 

occurred, then increasing amounts of asthenosphere may have ascended through time 

contributing increasing amounts of heat and decompression melts.  This could account for the 

apparent increase in silicic eruption frequencies and rates towards the present, as identified in 

offshore tephra abundances and thicknesses (Carter et al., 2004), and account for the intra-plate 

volcanics hundreds of kilometers from the TVZ through mantle convections (e.g., Schellart, 

2010). 

The formation of major sedimentary basins is also part of the suite of processes that can be 

attributed to STEP faults (Govers and Wortel, 2005).  If so, tectonic focusing that results in basin 

subsidence and magma accumulation in the lithosphere overlying a STEP fault would be 

partially controlled by lower plate processes.  Such a scenario means that controls on basin 

development and magmatic-volcanic activity within the TVZ, such as the TRB and its bounding 

volcanic centers at Taupo and Okataina, could be more strongly influenced by processes ~85 km 

below the surface of the TVZ (Reyners et al., 2006) within the subducting plate than previously 

speculated.  Using 3-D mechanical models, Govers and Wortel (2005) proposed most STEP 

faults to be stable tectonic features, which suggests that the migration of silicic volcanism to the 

southeast within the North Island of New Zealand will presumably continue until this features is 

disturbed (i.e., slab break off from high resistance to fault propagation). 

 

CHAPTER SUMMARY 

Caldera-forming eruptions related to the North Island arc system of New Zealand, which 

resulted in the relict CVZ and active TVZ, have contributed to one of the most prolific silicic 

volcanic provinces over the past ~12 Myr.  A first order approximation of this region’s silicic 

productivity indicates that it outstrips eruptive rates from similar multimillion year timescale 

silicic volcanic fields.  As such, the central TVZ may not yet have reached its peak in activity.  
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This abundant activity is inferred to be the result of a STEP fault within the subducting ~35 km 

thick Hikurangi Plateau (proposed by Reyners, 2013), which may also be tearing due to oblique 

convergence along the plate boundary.  The orientation and stability of the STEP fault will 

presumably result in continued migration of silicic volcanism to the southeast.  The coupling of 

upwelling asthenosphere, decompression melting, and greater than normal release of dehydration 

fluids from the subducting plateau provide enhanced heat sources and increased magma 

generation potential.  These heat sources and melts are tectonically focused into the physical 

assemblage of large melt dominated silicic bodies that erupt after incredibly short storage 

periods, which are observed as ignimbrites and tephras in the onshore and offshore records. 
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Chapter 6: Conclusions 
This thesis presents new research that establishes a chronostratigraphic framework for the 

Taupo-Reporoa Basin (TRB) and adjacent Taupo Fault Belt (TFB), and an evolutionary model 

for the central Taupo Volcanic Zone (TVZ).  This has been accomplished through a variety of 

methods and datasets, such as new mapping and associated 40Ar/39Ar age determinations, 

correlation of these with subsurface deposits, and the recently acquired Glass Earth Limited 

aeromagnetic dataset.  These datasets have been used to demonstrate the structural localization of 

geofluids (magmas, hydrothermal fluids), the influences of tectonism, volcanism, and 

magmatism on the rapidity and complexity of basin evolution, and how a lithospheric scale 

feature (STEP fault) within the subducting ~35 km thick Hikurangi Plateau may be controlling 

the enormous heat flux and silicic magma generation rates beneath the Taupo and Okataina 

volcanic centers and TRB.  The major conclusions of this thesis are outlined below: 

 

• Subaerial and subsurface strata that comprise the chronostratigraphic framework of the TRB 

are divided into three groups, and can be further subdivided by numerous eruptive time 

horizons.  The three easily identifiable groups are the Reporoa Group (~2 Ma to ~349 ka), 

Whakamaru Group (~349 to 339 ka), and Huka Group (~339 to 25.4 ka).  All 25.4 ka and 

younger deposits are considered surficial cover. 

• A single basin spanned the 120 km long by 60 km wide central TVZ from the onset of rifting 

and volcanism at ~2 Ma.  At 339±5 ka, uplift of the northern part of the Paeroa Block 

occurred, initiating the development of the two modern central TVZ basins: the TRB to the 

east, and the TFB to the west.  Uplift and tilting of the southern part of the Paeroa Block 

occurred with ≤10 kyr of emplacement of the Ohakuri Formation (~280 to 290 ka), with the 

Paeroa Block remaining relatively stable since at least 281±21 ka (Kaingaroa Formation age).  

These ages yield a 58±26 kyr timeframe for splitting of the single central TVZ basin into the 

modern basins, and a slip rate of 11±6 mm/yr on the boundary fault (Paeroa Fault). 

• Associated with development of the northern Paeroa Block is emplacement of the 339±5 ka 

Paeroa Subgroup ignimbrites present within this part of the block and the Te Weta Block to 

the northwest.  Field evidence (i.e., ignimbrite thicknesses, co-ignimbrite lag breccias, vent 

derived lithic clast sizes and distributions) are used to infer that these ignimbrites erupted 
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from a northeast-trending linear vent zone, here termed the Paeroa linear vent zone, which 

coincides with the present-day position of the Paeroa Fault.  Caldera collapse is proposed to 

be masked as rift related faulting along the Paeroa Fault, with magma withdrawal and 

evacuation resulting in the Te Weta Block being downthrown. 

• Based on stratigraphic data the southeastern boundary of both the TRB and central TVZ, the 

Kaingaroa Fault zone, does not appear to have moved since emplacement of the Kaingaroa 

Formation ignimbrites at 281±21 ka.  Movement along this boundary is episodic and 

punctuated, coinciding with large volcanic eruptions.  Occasionally buried North Island Fault 

System and Hauraki Rift faults in the vicinity of the TVZ are reactivated and help 

accommodate extension in a northwest-southeast direction, as either normal faults or strike-

slip (soft linked accommodation zones) faults, respectively. 

• Inherent in some TVZ models is the notion that an andesitic arc is gradually migrating in a 

southeast direction on a millennial scale (Stern, 1987; Giggenbach, 1995).  A lack of 

regularity in Kaingaroa Fault zone migration to the southeast, and overlapping volcanism of 

all compositions for >1.9 Ma within the TRB indicate that this basin was volcanically active 

at the same time as the western side of the TVZ at ~2 Ma, and hence no eastward migration 

has occurred in >1.9 Myr. 

• Huka Group strata are well exposed within parts of the TRB, and allow for the post-339 ka 

evolution of the basin to be documented in detail.  Small scale explosive and effusive 

eruptions are in evidence, along with the Reporoa caldera in the northern TRB that formed as 

a result of Kaingaroa Formation emplacement at 281±21 ka.  Lacustrine and fluvial sediments 

are interbedded with, and predominantly derived from, these eruptives. 

• The lacustrine sediments are from an unknown number of ephemeral lake systems that 

covered the central North Island.  Some of these lakes may have attained lifetimes of >10 kyr 

as a result of rhyolite lavas creating long lived dams within the Ongaroto Gorge, and blocking 

the major drainage (paleo-Waikato River) for the central TVZ region. 

• A disparity in sedimentation rates throughout the TRB is apparent based on accommodation 

space and sediment supply.  Background lacustrine sedimentation rates have been calculated 

at 0.28 mm/yr (Smith et al., 1993).  However, caldera-forming events result in rapid basin 

formation and provide abundant material that can result in sedimentation rates of >31 mm/yr. 
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• The rift architecture of the TRB includes basement and basin fill faults (as deduced from 

aeromagnetic data, and previously mapped faults and volcanic vents) that are predominantly 

northeast and northwest-trending, but also sparse east-west to north-south trends.  Ascending 

hydrothermal fluids are predominantly focused from >4 km depth to the surface where 

northeast and obliquely trending structures intersect.  Likewise, explosive and effusive 

volcanic vents appear related to these structures, which imply that basement structures are 

also controlling the locations and geometries of crustal magma bodies, as identified for 

plutons. 

• The TVZ has one of the highest modern arc related heat fluxes on Earth, which is a 

manifestation subduction related processes under the eastern part of the North Island of New 

Zealand.  Similar processes are inferred to have occurred within the Coromandel Volcanic 

Zone that preceded TVZ volcanism.  Subduction of the ~35 km thick Hikurangi Plateau and 

development of a lithospheric scale feature, termed a subduction-transform edge propagator 

fault (structure proposed by Reyners, 2013), are inferred to result in an additional heat source, 

when coupled with a doubled dehydration fluid release from the slab, to the central TVZ 

allowing for increased rates of silicic magma affecting silicic magma generation and possible 

basin formation within the TRB, and Okataina and Taupo volcanic centers to the north and 

south, respectively.  Mantle convections from this lithospheric scale feature may even explain 

the presence of intra-plate volcanics that are hundreds of kilometers north of the TVZ. 
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Appendix 1: Localities and Grid References 
Localities and grid references (World Geodetic System 84) are provided for selected 

outcrops within the Taupo-Reporoa Basin that were used in this study.  This table focuses on 

outcrops that contained clasts used for geochemical analyses, age determinations, thin section 

work, and that were integral in correlating formations and strata.  Descriptions are associated 

with the corresponding formations that are presented in chapter 2.  In the analyses column, 

acronyms are XRF (X-ray fluorescence) and TS (thin section).  These samples are archived at the 

University of Auckland in the Petrology Collection of the School of Environment.  These 

samples have been assigned the catalogue numbers of AU64978 to AU65107. 
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Appendix 2: XRF Techniques and Results 
Rhyolite lavas and juvenile pumice clasts (of at least 4 cm size) were used for individual 

analyses by XRF from exposed rhyolitic ignimbrites and lavas.  Samples were washed in 

deionized water to remove attached matrix or foreign material, and dried in an oven at 100°C for 

several days before crushing.  Clasts were crushed and altered material was removed.  Samples 

were powdered using a tungsten carbide Tema mill.  Powder (5 g) from each sample was dried at 

110°C for 24 hours to remove meteoric water.  Samples were then ignited at 850°C for 12 hours 

to determine loss on ignition (LOI) by removing volatiles; 2 g of ignited sample was mixed with 

6 g of 12:22 flux (Li2B4O7) and fused into glass discs.  Major and trace element geochemistry 

(Table A2) on glass discs were determined by a Siemens SRS 3000 sequential X-ray 

spectrometer with a Rh tube at the University of Auckland.  All major oxides are recalculated to 

total 100% anhydrous to account for differences in hydration between samples. 
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Appendix 3: 40Ar/39Ar Age Profiles 
Analytical techniques for determining 40Ar/39Ar ages on samples from the Taupo-Reporoa 

Basin (TRB) were briefly discussed in chapters 2 and 3, but will be covered in more detail here.  

Standard 40Ar/39Ar analytical techniques are described in McDougall and Harrison (1999).  

During 40Ar/39Ar dating, samples are irradiated to convert 40K to 40Ar, and since 40K naturally 

decays to 39Ar, the relative abundances of 40Ar/39Ar from the irradiated sample correlates to an 

age once corrections are made (e.g., Dalrymple and Lanphere, 1969; Steiger and Jäger, 1977; 

McDougall and Harrison, 1999).  However, interpretations of 40Ar/39Ar ages are regularly 

debated, particularly on potential sources of excess 40Ar and whether non-radiogenic argon is 

atmospheric (e.g., Dalrymple and Moore, 1968; Renne et al., 1998; McDougall and Harrison, 

1999; Sharp and Renne, 2005).  Some authors argue that interpretations should be isochron based 

to remove the assumption that non-radiogenic gas is atmospheric in composition (e.g., Sharp and 

Renne, 2005), while others argue in favor of weighted mean plateau ages (e.g., Fleck et al., 1977; 

Singer and Pringle, 1996).  In this thesis, weighted mean plateau ages are primarily used, 

however, a balanced approach was attempted using both in concordance with the known 

stratigraphy and previous age data (e.g., Calvert and Lanphere, 2006).  Despite attempts to 

acquire reliable dates particularly on single batch analyses from pyroclastic deposits and lavas, 

no age has been accepted that does not adhere to its accepted stratigraphic position (see chapters 

2 and 3; Karhunen, 1993; Bailey and Carr, 1994; Wilson et al., 1995, 2009; Gravley et al., 2007; 

Leonard et al., 2010). 

Samples for 40Ar/39Ar analyses were selected based on stratigraphic importance, which has 

been discussed in chapters 2 and 3.  However, there are two primary difficulties in dating Taupo 

Volcanic Zone (TVZ) rhyolitic deposits by the 40Ar/39Ar technique.  The first is that TVZ 

rhyolites are inherently low in potassium, and hence argon, which is reflected in the rare 

occurrence of K-feldspar as a phenocryst in most rhyolitic lavas and pyroclastic rocks (Sutton et 

al., 1995).  The second is that strata within the TVZ is young (≤2 Ma), and as such radiogenic 
39Ar concentrations are low because there has been little time for the decay of 40K.  The U.S. 

Geological Survey facility at Menlo Park was used to run the analyses, as this facility has 

previous experience dating young TVZ lavas and ignimbrites (e.g., Pringle et al., 1992; 

Houghton et al., 1995; Tanaka et al., 1996; Leonard, 2003; Gravley et al., 2007; Leonard et al., 
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2010).  In this thesis, as well as previous 40Ar/39Ar studies in the TVZ (see references in the 

previous sentence), plagioclase separates were used because they contain the highest potassium 

concentrations, and therefore argon, of any other mineral fraction in the lavas and pumices.  

Unfortunately, sanidine is all but absent in TVZ volcanic rocks with the exception of the 

Whakamaru Group ignimbrites (e.g., Martin, 1961; Keall, 1988; Brown et al., 1998a), however, 

no sanidine was identified during the processing of the Whakamaru Group samples used here. 

Potassium is a mobile element, so the effects of any post-emplacement alteration on 

samples were checked in hand samples, and crystal textures in thin sections.  Samples were 

crushed using a disc mill, sieved into fractions (generally 250 to 355, 355 to 500, and >500 μm if 

needed) to remove larger or smaller crystals and foreign material.  Euhedral plagioclase crystals 

were separated from unaltered pumices and lavas during preparation to minimize the potential of 

xenocrystic contamination, where possible.  Plagioclase concentrates were prepared by hand 

picking and using a LB-1 Barrier Frantz magnetic separator.  Separates were etched with 0.1 M 

hydrofluoric acid to remove any adhering glassy material, then washed in acetone and deionized 

water.  Final separates for irradiation were hand picked to remove any crystals containing 

inclusions or with remaining adhering minerals or glass to decrease the chances of 

contamination.  Packets of ~200 mg of plagioclase separates were wrapped in pure Cu-foil, 

encapsulated in quartz vials, and irradiated for 1 hour in the central thimble of the U.S. 

Geological Survey TRIGA reactor in Denver, Colorado (Dalrymple et al., 1981).  Samples were 

shielded from thermal neutrons, and the neutron flux (J parameter) for each sample packet was 

measured using Taylor Creek sanidine (TCR-2) fluence monitors with an assigned age of 27.87 

Ma (Dalrymple and Duffield, 1988).  The TCR-2 sanidine is a secondary mineral standard 

calibrated against the primary intralaboratory standard, SB-3 biotite, with an age of 162.9±0.9 

Ma (Lanphere and Dalrymple, 2000).  The reactor vessel was rotated continuously during 

irradiation to avoid lateral neutron flux gradients.  Fluence monitors were analyzed using a 

continuous laser system attached to a MAP 216 mass spectrometer as described by Dalrymple 

(1989). 

Argon was extracted from the plagioclase separates using a Mo-crucible in a Staudacher 

type custom resistance furnace attached to the mass spectrometer (Staudacher et al., 1978).  

Heating temperatures were monitored with an optical fiber thermometer and controlled with an 
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Accufiber Model 10 controller.  Gas was purified continuously during extraction using two 

SAES ST-172 getters operated at 4A and 2.5A. 

Detailed step heating experiments were undertaken to yield plateau age spectra and 

isochron ages with regression intercepts (York, 1969) within error of the atmosphere (40Ar/36Ar: 

Steiger and Jäger, 1977).  Degassing was done to 650°C and steps utilized started at 700°C.  

Significant 39Ar came off at 1400°C so this was analyzed as a last step for calculating plateau 

ages.  Errors reflect uncertainties in mass discrimination, furnace blanks, reactor derived 

interfering isotopes, and neutron flux (J parameter: average value of 0.0002297±0.000000137), 

and the measured ratios were corrected for these factors, but not for errors in decay constants or 

monitor minerals.  Mass discrimination and furnace blanks are important in the precision and 

accuracy of 40Ar/39Ar age determinations on young lavas because of low radiogenic yields, and 

analytical protocols for determining these factors at the Menlo Park facility have been outlined in 

Calvert and Lanphere (2006) and in the supplemental data of Lipman and Calvert (2011).  The 

atmospheric argon ratio (40Ar/36Ar=295.5: Steiger and Jäger, 1977) was monitored by measuring 

splits of argon from a reservoir attached to the extraction line, and apparent ages have been 

calculated assuming that non-radiogenic argon is atmospheric in composition.  Samples with 
40Ar/36Ar >295.5 contain excess 40Ar, while those with <295.5 have a partial loss of 40Ar 

(Lanphere and Dalrymple, 1978). 

Weighted mean plateau ages are favored here, but not exclusively used, as the most 

reliable estimate for absolute ages because these values are calculated assuming that all non-

radiogenic argon is derived from the atmospheric (McDougall and Harrison, 1999).  This 

assumption is supported by the fact that all but one sample have initial 40Ar/36Ar within 2σ, and 

all but two within 1σ, of the atmosphere (40Ar/36Ar=295.5).  Most ages are not identical across 

the entire spectrum due to minor alteration, recoil of 39Ar during irradiation (particularly within 

the lower and higher temperature steps), or excess 40Ar (e.g., Baksi, 1994, and references 

therein).  Standard criteria used to define weighted mean plateau ages are: 1) a well defined 

plateau of three or more steps containing >50% of the released 39Ar and each step overlapping at 

2σ, 2) a well defined isochron for the plateau gas fractions, 3) concordant plateau and isochron 

ages at 2σ, and 4) a 40Ar/36Ar isochron intercept within 2σ of the atmospheric 40Ar/36Ar ratio of 

295.5 (e.g., Fleck et al., 1977; Lanphere and Dalrymple, 1978; McDougall and Harrison, 1999; 

Calvert and Lanphere, 2006).  For samples that do not meet the plateau criteria, isochron ages 
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were calculated (York, 1969) and reported.  Only two samples (MR1, GL1084) reported in this 

thesis violate these rules, and these are discussed in chapter 2. 

Mean standard weighted deviates (MSWD) give an indication of the scatter of individual 

heating steps with 1.0 being ideal and >2.5 being highly suspect (Brooks et al., 1972).  A MSWD 

>1.0 means that the data are scattered beyond analytical errors, while a MSWD <1.0 has 

analytical errors that are underestimated.  The latter can related to errors in the data regression 

process (e.g., Riisager et al., 2005).  The MSWD for isochron and weighted mean plateau ages in 

this thesis are scattered somewhat evenly between 2.5 and 0.1, indicating that some analytical 

errors have been overestimated and others underestimated.  Sample 245 (Ngapouri rhyolite lava) 

is the only analyses with a MSWD considered to be suspect at 3.4 (discussed in chapter 2). 

A single batch was run for this thesis, but multiple runs of the same deposit would allow 

for a weighted mean of all acceptable plateau ages to be made (e.g., Riisager et al., 2005).  

Future work should also look at analyzing samples using different dating techniques, different 
40Ar/39Ar techniques (i.e., single crystal total fusion, and single and multiple crystal step heating 

experiments), and other crystal fractions, particularly if sanidine is identified (e.g., Lanphere et 

al., 2002; Ukstins et al., 2002).  Such studies would significantly improve the quality of TVZ age 

data, especially when coupled with high quality and high resolution stratigraphic and 

geochemical studies. 

Below are the complete age profiles, which include Cl/K and K/Ca ratios, percent 

radiogenic yield, weighted mean plateau age (WMPA), and the isochron age.  Ages and isotopic 

ratios reported below are ±1σ. 
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Figure A1 – Age data for sample GL1034: Aratiatia rhyolite lava. 
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Figure A2 – Age data for sample GL1084: Orakei rhyolite lava. 
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Figure A3 – Age data for sample MR9: Mihi Breccia. 



Appendix 3                                                                                                                       190 
 

 
Figure A4 – Age data for sample M1M2: Kairuru rhyolite lava. 
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Figure A5 – Age data for sample GL1093: Pukekahu rhyolite lava. 



Appendix 3                                                                                                                       192 
 

 
Figure A6 – Age data for sample 153: Deer Hill rhyolite lava. 
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Figure A7 – Age data for sample MR1: Mihi Breccia. 



Appendix 3                                                                                                                       194 
 

 
Figure A8 – Age data for sample CR1: Kaingaroa Formation. 
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Figure A9 – Age data for sample Cd110: lag breccia. 
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Figure A10 – Age data for sample GL1089/UC1250: Trig 8566 rhyolite lava. 
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Figure A11 – Age data for sample 245: Ngapouri rhyolite lava. 
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Figure A12 – Age data for sample R779: Te Kopia ignimbrite.  
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Figure A13 – Age data for sample 266: Paeroa ignimbrite. 
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Figure A14 – Age data for sample P1905: Rangitaiki ignimbrite. 



Appendix 3                                                                                                                       201 
 

 
Figure A15 – Age data for sample GL1105: Te Whaiti ignimbrite. 
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Figure A16 – Age data for sample P1920: Whakamaru ignimbrite. 
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