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ABSTRACT

Scientific drilling programmes yield game-changing datasets to improve knowledge of Earth processes, and are pushing the limits of
conventional geothermal uses. The Taupd Volcanic Zone (TVZ) in Aotearoa New Zealand is the ideal place to study the interactions
between tectonic, magmatic, volcanic, geothermal and microbiological processes in a rapidly rifting young volcanic arc that hosts
numerous rhyolite calderas, andesite and dacite cones. Unravelling the heat and mass transport mechanisms in the TVZ has direct
implications for understanding the entire “subduction factories”, better assess associated earthquake and volcanic hazards, and
sustainably use geothermal resources which, in New Zealand, are of great significance to Maori.

Since the 1950s, extensive geophysical, geological and geochemical datasets have been collected throughout the TVZ. Geothermal
drilling up to 3.2 km depth and 340°C into near-neutral pH reservoirs has provided a window into the sub-surface TVZ. This lead to
discoveries on geothermal, continental rift and arc systems. To expand the exploration of TVZ’s subsurface with in-situ data outside
conventional geothermal reservoirs, we propose the establishment of a scientific drilling programme. Scientific drilling will advance
our understanding of: (1) feedbacks between the volcanic arc and an active rift; (2) controls on the timing and rates of volcanic and
seismic events; (3) large-scale hydrology and magma systems; and (4) the microbiological diversity and function of the deep
biosphere. We present the Okataina Volcanic Center, an accessible rhyolitic caldera where extensive surface data is already available,
as one of the candidate areas with exciting potential to answer these research themes. At these very early stages, we seek to build
strong relationships with Maori groups, and a multi-disciplinary national and international team, to develop the idea of a TVZ
scientific drilling. This programme will aim to test fundamental geoscientific and geothermal concepts within the TVZ’s exceptional
geological setting, and strengthen linkages with other ongoing geothermal scientific drilling programmes.

1. INTRODUCTION

Scientific drilling and associated studies in volcanic and geothermal regions have significantly improved our understanding geological
processes (including the Iceland Deep Drilling Project (IDDP): Elders et al., 2014; Fridleifsson et al., 2018; Campi Flegrei: Carlino
et al., 2015; Unzen Scientific Drilling Project: Nakada et al., 2005; and Brothers Volcano in the Kermadec Arc, the first active
submarine volcano to be explored by scientific drilling: De Ronde et al., 2019). For example, the first phase of IDDP yielded the
world’s hottest well during flow test, which advanced concepts of hydrothermal and plate tectonics in mid-ocean ridge settings (Elders
et al., 2014; part of a special issue of the Geothermics journal). IDDP-1 also improved the magmatic and conceptual model of the
Krafla Geothermal Field and magma plumbing beneath collapse calderas (e.g., Kennedy et al., 2018) alongside drilling, downhole
measurements and geophysical technology advancement (Asmundsson et al., 2014; Palsson et al., 2014) which are increasingly used
in conventional geothermal drilling. The second phase of IDDP at Reykjanes successfully drilled into a supercritical geothermal
system and provides opportunities to investigate water-rock interaction in the active roots of an analog of a submarine hydrothermal
system (Fridleifsson et al., 2018). The Long Valley exploratory well provided data on the Long Valley caldera structure and evolution
(Rundle and Eichelberger, 1989), including downhole stress measurements (Moos and Zoback, 1993) from the, then recently
developed, ultrasonic borehole televiewer (Zemanek et al., 1970). Borehole televiewer logs are increasingly used in geothermal fields
to map fractures and in-situ stress, which also inform on plate tectonic processes (e.g., Ziegler et al., 2016). In intra-arc rifts such as
Kyushu, Japan (Kamata and Kodoma, 1999), and the Trans-Mexican Volcanic Belt (Ferrari et al., 2012), which host a large
geothermal potential (Bertani et al., 2016), it is important to pursue efforts to better understand magmatic and tectonic processes, and
the role of the subducted slab in fluid chemistry and circulations through the crust.

The Taupd Volcanic Zone (TVZ; Figure 1), New Zealand, is a young (<2 My) rifted volcanic arc where active continental rifting and
subduction processes yield one of the world’s most productive areas of Quaternary silicic volcanism (at least 6000 km? of magma;
Wilson et al., 1995; Wilson et al., 2009), with fast rift evolution and fault slip rates (Litchfield et al., 2014; Villamor et al., 2017),
high heat flux (average of 700 mW/m?; Bibby et al., 1995), numerous geothermal manifestations (Wilson and Rowland, 2016, and
references therein) and a wide microbial fauna (Power et al., 2018). Seven decades of research and geothermal development in the
TVZ makes it a world-class natural laboratory to study relationships between faulting, heat transfer, fluid circulations and water-rock
interactions, stress and strain rate, volcanic structures and caldera margins, and the biosphere.

The TVZ is a populated area which significantly contributes to the country’s economy through geothermal electricity production
(18% of the total national generation), direct geothermal use and tourism (Ministry of Business, Innovation and Employment, 2018).
The geothermal resource is a taonga (treasure) of great significance to Te Arawa Maori people. Te Arawa have for generations
regarded the geothermal resource as a gift from the Atua, and call it Waiariki, water of the gods. Maori groups use geothermal
resources both historically and contemporarily, and the landscape and geothermal manifestations are key parts of their cultural and
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traditional knowledge. As the world transitions to a low-carbon economy, it becomes even more important to study geothermal
processes to be able to harness it sustainably, especially in silicic regions which compose large parts of the continental crust.
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Figure 1: Tectonic settings of the northern New Zealand and TVZ (red shading), with recent volcanism (<1 Ma; black circles;
Seebeck et al., 2014a); geodetic vectors of extension (double arrows; Wallace et al., 2004) and relative plate motion
(single arrow; DeMets et al., 1994) in mm/year. HR=Hauraki Rift; NIFB=North Island Fault Belt.

The TVZ is subject to seismic (Anderson and Webb, 1989; Sherburn et al., 2000) and volcanic risks, including from Taupd and
Okataina caldera volcanoes (Barker et al., 2019), which are continuously monitored (Miller and Jolly, 2014). A global analysis by
the European Science Foundation calculated the benefits of understanding and monitoring supervolcanoes such as Taupo as US$0.5—
3.5 B pa, and a large eruption in the TVZ would have strong repercussions in New Zealand and larger part of the world (Plag et al.,
2015).

The study of microbial community composition and diversity within defined ecosystems has substantial conservation, scientific, and
indigenous cultural value. Cross-disciplinary ecosystem surveys such as those undertaken by the 1000 Springs Project (Power et al.,
2018) identify not only new microbial taxa, but also contribute knowledge on microbial community assembly, geobiological
interactions and ecological services provided by these ecosystems. Social benefits also flow through increased knowledge in general
public and indigenous communities, and provide an ability to resource development with conservation. A scientific drilling
programme in the TVZ will offer similar opportunities. The deep biosphere is estimated to support ~55-85% of the total global
prokaryotic (bacteria and archaea) and up to 10% of the total global biomass (Whitman et al., 1998; McMahon and Parnell, 2014).
This represents on the order of 10-100 fg of biomass or 5.4x10%°-3 cells (McMahon and Parnell, 2014; Parkes et al., 2014). Yet as a
scientific community, we know virtually nothing about the microbial community diversity, function, activity or ecosystem services
this ecosystem provides (Wilkins et al., 2014; Colman et al., 2017).

Numerous groundwater and geothermal drillholes in the TVZ yield invaluable geo-scientific data and pushed the understanding of
the functioning of the TVZ. However, the objectives of these drilling campaigns to date are usually driven by economic considerations
rather than scientific data collection, especially beyond the initial exploration phase. Scientific drilling offers multiple opportunities
for sampling (rocks and fluids), in-situ measurements (multi-parameter downhole and stress measurements), and long-term
monitoring (e.g., seismicity, temperature, fluid chemistry, microbiology). In addition, although many boreholes have been drilled in
the TVZ, those >100 m deep are mostly confined to geothermal fields for energy generation, themselves usually <3 km depth. A
scientific drilling in the TVZ will offer new opportunities to investigate and monitor geological regions yet unexplored, spatially
and/or with depth.

A scientific drilling and borehole monitoring programme in the TVZ will provide a high-resolution geological record to help constrain
the timing, rates and interactions between processes that involve heat, magma, fluids and structure. Sampling and monitoring will
also improve the geological interpretation of geophysical signals conventionally used for geothermal resource assessment, which will
then be transferable to other geothermal and volcanic regions, e.g., by relating magnetotelluric results to the presence of fluids and/or
magmas. These high-level processes and techniques are key to locate and evaluate the present state of magmas and fluids, which are
parameters necessary to improve the delineation and sustainable use of geothermal resources; and faulting and volcano hazard
assessments. A scientific drilling programme will also promote outreach to local communities, multi-disciplinary pre- and post-
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drilling surveys, with international collaborations, including with other ongoing and planned programmes in geothermal and volcanic
regions (e.g., Iceland Deep Drilling Program, Fridleifsson et al., 2018; GemEXx, Jolie et al., 2018; Newberry Deep Drilling Project;
Japan Beyond-Brittle Project).

In this paper, we present the geological settings of the TVZ, the wide range of available data, and some of the themes that can be
addressed by a scientific drilling programme in this region. It is important to note that we are in the process of refining the scope and
research questions down to a few key options. The location and target depth will be selected to best answer the research questions as
well as societal and indigenous Iwi/ Maori interests following extensive consultation, with consideration of engineering requirements.
Indeed, some potential targets would require challenging drilling in corrosive high-temperature environments, while other colder
regions would allow for conventional drilling and more extensive coring, downhole measurements and monitoring. At this early
planning stage, we are in the process of engaging with Iwi/ Maori, refining the concept of a TVZ scientific drilling programme and
increase linkages with other ongoing drilling programmes in geothermal and volcanic areas.

2. TVZ: ANATURAL LABORATORY FOR ARC VOLCANISM, RIFTING AND GEOTHERMAL PROCESSES
2.1 Geological Context

The TVZ represents the southernmost ~300 km-long portion of the ~2800-km-long Tonga-Kermadec arc system where it intersects
and terminates in the North Island, within the continental crust of Zealandia (Figure 1; Cole and Lewis, 1981; Parson and Wright,
1996; Mortimer, 2004; Smith and Price, 2006). Within a ~120 x 60 km central segment of the TVZ, rhyolitic volcanism related to
the subduction of the Pacific Plate under the Australian Plate is exceptionally frequent and voluminous (Wilson et al., 1984; Wilson
et al., 2010; Wilson and Rowland, 2016, and references therein). This central segment hosts a very active hydrothermal province with
heat and eruption volume outputs similar to those of Yellowstone (Christiansen, 2001; Hurwitz and Lowenstern, 2014).

The TVZ has an intensely faulted thinned crust (~15-25 km thick; Stern, 1987) hosting the Taupd Rift, an active continental rift
rapidly widening with extension rates ranging from <5 mm/year south of Lake Taupo to about 15 mm/year at the Bay of Plenty
coastline (Wallace et al., 2004; Lamb, 2011; Villamor et al., 2001, 2017). Over its short ~2 Myr history, the Taupd Rift has rapidly
narrowed and propagated southwards along its axis ~70 km in 350 kyr (Wilson et al., 1995; Parson and Wright, 1996; Villamor et
al., 2017). The segmented nature of the Taupo Rift potentially relates to deeper inherited basement structures (Rowland and Sibson,
2001). Some of these extend well beyond the TVZ, such as NW-SE orientated structures related to the Hauraki Rift; and N-S related
to the North Island Fault Belt that may influence fluid flow into the roots of the geothermal systems (Rowland and Sibson, 2004).
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Figure 2: Tectonic and volcanic settings of the TVZ showing simplified geology (Leonard et al., 2010), the locations of the
geothermal systems as defined by anomalously low electrical resistivity (<25 Qm: Bibby et al., 1995), the boundary of
the young (350 ka-present) TVZ and caldera locations (Wilson et al., 1984, 2009) and Taupd rift axis (Rowland and
Sibson, 2001). Active faults are from the GNS active fault database (GNS Science Active Fault Database, 2020).
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In the central TVZ, there are complex inter-relationships between volcanism, magmatism, tectonism and fluid flow (e.g., Ellis et al.,
2007; Allan et al., 2012; Rowland and Simmons, 2012; Dempsey et al., 2013, Seebeck et al., 2014b; Barker et al., 2016). Voluminous
volcanic eruptions coincide in time and space with stages of evolution of the Taupd Rift by weakening the crust and localising
deformation (Villamor et al., 2017a). Volcano-tectonic interactions have been documented for some fault ruptures (Villamor et al.,
2011). Numerical flow models also show that surface outflows from faults are strongly controlled by the combination of fault
permeability, fault system architecture and the location of the heat source with respect to the faults (Kissling et al., 2018), yielding a
complex configuration for evaluating structural geothermal potential.

The TVZ is a young and dynamic arc which evolves significantly faster than comparative intracontinental rifts such as the African
Rifts (Corti, 2009; Villamor et al., 2017). The TVZ is also a unique place to study the transition between the rifted arc (continental
crust) and the backarc extension offshore along the Kermadec Arc (oceanic crust) (Parson and Wright, 1996). Further exploring the
volcanic stratigraphy by drilling, combined with the geochemical analysis of the eruption deposits, will allow to study the effects of
variations in subducted material through time, i.e., between the Hikurangi plateau and the oceanic crust of the Pacific Plate (Timm et
al., 2014).

Installed geothermal electricity generation of 1| GWe makes New Zealand one of the top 10 countries in the world in installed
geothermal capacity, and one of the highest in percentage of electricity, with further resources delineated for future use, and additional
ones protected. There is also interest in high-value minerals, either directly extracted from the geothermal brine, or as a precursor
analogue to epithermal deposit as those located further north in the Coromandel Volcanic Centre, an ancestor of the TVZ (Simmons
et al., 2016; Hamilton et al., 2018). Understanding the TVZ-scale hydrological system is thus key to discover and sustainably use
resources while protecting culturally and economically important features.

2.2 70 years of Geothermal Research and Drilling

The TVZ has long been an international focus of research and geothermal resource development, beginning with the exploration of
the Wairakei Geothermal Field in the 1950°s (Grindley, 1965; White and Chambefort, 2016, and references therein). Extensive
geological and biological datasets have been collected throughout the years, with public funding and through collaboration with the
geothermal industry, yielding a multi-scale, multi-parameter view and conceptual model of the TVZ. The research programmes
currently underway demonstrate the strong interest by New Zealand government agencies and the collaborative desire of the research
community to unravel the complex processes occurring in the TVZ, from blue sky research to resource and geological hazard
evaluation, microbiological investigations and community engagement.

Early DC-resistivity surveys have promoted discoveries of geothermal fields (Bibby et al., 1995), and this technique is now expanded
to the third dimension with magnetotelluric (MT) surveys (e.g., Heise et al., 2010; Bertrand et al., 2015). The high electrical resistivity
contrast between high-resistivity fresh volcaniclastics, and low-resistivity (conductive) fluids and altered clays, enables tracking
large-scale loci of hot fluids and hydrothermally altered rock. Resistivity thus became a fundamental geothermal exploration
technique, especially as the rocks are strongly attenuating seismic signals which limits the efficiency of active seismic surveys
commonly used in sedimentary basins. Large-scale MT surveys in the TVZ demonstrated the presence of conductive plumes, rising
from the brittle-ductile transition to surface. These plumes provide great potential for future exploration of deep geothermal resources
and for the understanding the deep sources of geothermal systems (Bertrand et al., 2012, 2013, 2015). The first MT survey in lakes
were conducted in 2018. Ongoing geophysical surveys focused in the lakes at the boundary of the Okataina Volcanic Centre caldera
have shown that these lakes could have a significant geothermal potential. For example, the total conductive thermal output of Lake
Rotomahana alone, estimated from heat flow survey and lake calorimetry, is > 100 MW, with a mean heat-flow of ~ 6 MW/m? (Tivey,
etal., 2016).

During the exploration and development of the geothermal fields for electricity and direct use, numerous wells have been drilled to
depths of up to 3.2 km. Petrographic analysis of cuttings and cores from these wells provided a subsurface record of many geologic
events not present at surface in this rapidly subsiding and infilling rift. For example, drilling has revealed buried andesite volcanoes
that existed prior to the eruption and emplacement of thick ignimbrite and tephra units (e.g., Grindley, 1965, Milicich et al., 2013b;
Chambefort et al., 2014). These drilling samples have also allowed to determine the progression of andesite magma along the arc and
establish the variation in magma production rates through time (Browne et al., 1992). Recent zircon U-Pb dating has refined this
stratigraphic record in many of the geothermal fields, provided constrained timing on both local and regional magmatic and volcanic
events, and rates of faulting and rifting affecting those areas (Wilson et al., 2008, 2010; Milicich et al., 2013a; Eastwood et al., 2013;
Chambefort et al., 2014; Rosenberg, 2017).

Fundamental techniques for identifying permeable zones in geothermal boreholes, including from temperature, pressure and fluid
velocity (spinner) logs have been developed in the TVZ (e.g., Grant and Bixley, 2011; Zarrouk and McLean, 2019). In addition,
acquisition of downhole image logs since 2010 has yielded the first in-situ observations of fracture networks and contemporary stress
directions in boreholes. They revealed a broad agreement with the fault mapping in surface and subsurface using stratigraphic offsets,
but with local variations interpreted to relate to nearby active faults, primary fracturing pre-dating the rift, and regional plate motion
(Villamor et al., 2017b and references therein; McNamara et al., 2019). Borehole imaging now provide constraints on fracture modes
of formation and distribution throughout the reservoirs (Massiot et al., 2017), which can be used to model reservoir-scale pervasive
fracture permeability and behavior under stress (Kissling et al., 2015; Kissling and Massiot, 2020). Rock physics studies of geothermal
drill-cores provided much-needed data on the mechanical and permeability behavior of the volcanic host rocks, to help with reservoir
stimulation and management (Siratovich et al., 2014; Wyering et al., 2017; Cant et al., 2018). Detailed analysis of facies on image
logs also revealed stratigraphic variations to a scale that was not possible with cuttings only, with implications for the volcanic history
of the TVZ and geothermal reservoir characterisation (Massiot et al., 2015; Milicich et al., 2020).

The geothermal knowledge and expertise developed since the 1950°s in the TVZ has pioneered geothermal sciences with close
linkages to earthquake and volcano research. However, fundamental questions about the inner functioning of the rifting arc and how
they relate to geothermal systems remain unanswered.
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3. FUNDAMENTAL RESEARCH QUESTIONS THAT CAN BE ADDRESSED IN THE TVZ

We have identified four themes of global relevance that a scientific drilling programme in the TVZ will contribute to. Each of these
themes can be beneficial at cultural, economic (including geothermal energy), and hazard levels. In this section, we present these
themes and highlight examples of how advancing these questions would help the sustainable development of geothermal energy.

3.1 What are the feedbacks between magmatism and tectonism?

The TVZ has clear examples of feedback between tectonism and magmatism at various scales. For example, the Taupo Rift evolution
has been suggested to be aided by the occurrence of large silicic eruptions (Villamor et al., 2017a). The 27 ka Oruanui supereruption
of the Taupd caldera (530 km? magma) is suggested to have been triggered by a rift-related tectonic event allowing rupturing of
shallow magma chambers and lateral magma transport, without necessarily leaving any discernible geological imprint (Allan et al.,
2012). Downhole image logs collected so far within geothermal boreholes show that fractures and stress directions are dominantly
related to the rift extension, with local variations attributed to nearby active faults (McNamara et al., 2015; Villamor et al., 2017b and
references therein). However, no structural or stress data has been published to date from boreholes close to caldera margins, and the
effects of potential deep magma chambers on fracture systems at the shallower depths of geothermal reservoirs remains poorly
constrained. Better understanding these feedbacks is thus important for geothermal systems, to identify heat sources and structural
pathways for hot fluids. Research questions related to this theme include:

e  Chicken or egg: do structures control locations of magma and fluid transport or do structures respond to magma pulses?

e  How are stresses, structures and fluid flow controlled by the geometry of faults, calderas, and their intersections?

3.2 What controls the timing and rates of deformation, volcanic eruptions and earthquakes?

With infilling of such an active rift with volcanic and sedimentary deposits, geological samples from geothermal wells, combined
with surface studies of recent deposits, provides good record of eruptive and tectonic activity. Increasing evidence shows that large
silicic magmas can be transformed from crystal mush zones to eruptible magma in decades to centuries, potentially driven by internal
(magma) and external (tectonic) processes (Allan et al., 2013). A major unknown in our understanding of large rhyolitic magma
reservoirs is the thermal state of the crust. High silica rhyolites are very sensitive to small temperature changes, which are modulated
by the thermal conductivity of the crust (Gualda et al., 2012). This could be the key to converting very large volume crystal mush
zones to eruptible magma over relatively short timescales. Despite significant landscape and magma disruption caused by large
eruptions, some geothermal systems have been shown to be stable, suggesting that the life of geothermal systems is mainly controlled
by deep-rooted sources of heat (Rowland and Sibson, 2004; Milicich et al., 2013b; Chambefort et al., 2014). This implies that some
major fluid pathways are constant through time. Investigations into the history and location of silica sinters also suggests that
geothermal systems have a finite lifetime with pulses of activity, although it is not known what the underlying controls are (Loame
et al., 2019). Advancing knowledge of these timing is fundamental to quantify the long-term sustainability of geothermal systems.
Research questions related to this theme include:

e  How can large silicic volcanism be produced and sustained for ~2 Myr?

e  What is the thermal state of the crust and how does this modulate the eruptibility of rhyolitic magmas?
e  What drives earthquake swarms, volcanic unrests and transient geodetic anomalies?

e  What is the present magmatic state of the calderas?

e  How do hydrothermal systems change through time and how are they affected by large eruptions? Are the controls on
geothermal systems’ lifetimes different in arc/subduction zones compared to mid-ocean ridges?

3.3 Large-scale hydrology and magma systems: how are fluids and heat conducted through a continental rifted arc?

The combination of subduction and rifting causes the crust to thin, allowing mantle upwelling, high magma production rates and a
very high heat flux (Bibby et al., 1995; Wilson et al., 2009). Rising conductive “plumes” imaged by MT beneath most of the
geothermal fields represent zones of partial melt and saline brines, but some plumes do not have hydrothermal surface expression or
are offset compared to surface expression (Bertrand et al., 2013). Identifying zones hosting supercritical fluids (>374°C and 22 MPa
for pure water), is being considered increasingly important worldwide to use higher enthalpy fluids with potentially reduced surface
footprint (Reinsch et al., 2017). Experimental studies of granitic rocks at 350-500°C show that permeability could also be sustained
at the brittle-ductile transition in silicic rocks (Watanabe et al., 2017). Conversely, identifying recharge zones where cold meteoric
fluids go down into the crust is important to understand the TVZ convection system (Kissling and Weir, 2005), and for managing
geothermal fields. Small magma bodies remain difficult to detect, but may yield very powerful geothermal wells (e.g., the Iceland
Deep Drilling Project phase 1; Elders et al., 2014). Hence, better understanding large-scale hydrology and magma systems are
important to constrain the state of the crust and its effects on faulting and volcanism, and to delineate geothermal resources. It is also
important for evaluating potential deep connectivity between geothermal fields, and the natural rates of recharge of geothermal
reservoirs. Research questions related to this theme include:

e Are ductile rocks permeable?

e  Are shallow intrusions common? Are there supercritical reservoirs in silicic rocks? Can they be imaged using geophysical
methods?

e Are geothermal field’s roots connected at depth?

e I[s high permeability generally found at caldera margins, concentrated faulting with high strain rate, or within deep faults
rooted in the basement? What defines the locations of discharge (geothermal systems) and recharge?
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3.4 Does the geological and geochemical context of the TVZ support a deep biosphere microbiological community?

The deep hot biosphere (Gold, 1992; Colman et al., 2018) represents a massive reservoir of microbial taxonomic and physiological
diversity. Based upon the current temperature limit of life, microorganisms should be viable in the shallow crust up to a temperature
of ~122°C. Despite the size, the activity of deep subsurface microbial populations, and therefore their relative importance is
considered negligible due to their substantially slow growth rates compared to those of near-surface or subaerial ecosystems; initial
estimates of microbial growth in deep marine sediments claim doubling times in the order of an unbelievably slow 100°s-1,000’s of
years (Jorgensen and D’Hondt, 2006). These are difficult to comprehend (even believe) when compared to growth rates at the near-
surface, and often negatively influences the perceived importance of this ecosystem. The often-cited reason for the lack of microbial
activity is insufficient access to micronutrients and/or appropriate redox-paired substrates to permit cell growth or even survival
(Jorgensen and D’Hondt, 2006; Onstott, 2016). Taken together, this presents a quandary that has yet to be solved by the scientific
community: How do the observed slow growth rates and the apparent lack of microbially-available substrates in the deep biosphere
support what represents the largest and most diverse reservoir of prokaryotes on this planet?

This ‘cool” maximal temperatures able to support microbial life obviously limits any biology-focused investigation to “shallow” or
cooler components of any scientific drilling programme. Nevertheless, possible questions that could be addressed by a focused
scientific drill could include:

e  The determination of the physicochemical drivers that promote microbial community assembly and diversity.

e The development of a greater understanding of the microbial growth rates and responsiveness within the extremely
nutrient/substrate poor deep subsurface.

e To test whether microbial community composition and/or geochemical fluid composition varies with tectonic activity.

e To develop methodology to capture microbial responses to changes deep subsurface ecosystem conditions.

The outcomes of this research could substantially clarify the way we think about the subsurface metabolic energy landscape,
subsurface fault geochemistry and mineralogy, the dispersal of microorganisms, and the extent of microbial activity and diversity in
the deep biosphere. Understanding the biogeochemical interactions has the potential to improve modelling and understanding of
ecosystem services provided by subsurface microbial communities (Long et al., 2016). It also has implications for astrobiology,
providing mechanisms for microbial survival and growth in energy-limited extraterrestrial environments, particularly where plate
tectonics are observed (e.g., Europa; Kattenhorn and Prockter, 2014). Additionally, this study will increase the known taxonomic
diversity of the deep subsurface through the discovery and cultivation of new microbial strains (despite the size of the deep biosphere,
only 8% of the known microbial strains are derived from deep subsurface environments (Schloss et al., 2016). To highlight this
potential, we cite a recent study of a groundwater aquifer, where researchers reconstructed >2,500 near complete microbial genomes
representing the majority of known bacterial phyla and discovered, remarkably, an additional 47 new phylum-level taxonomic
lineages (Anantharaman et al., 2016).

4. EXAMPLE OF A REGION WITH POTENTIAL DRILLING TARGETS: THE OKATAINA VOLCANIC CENTRE

Several general locations lend themselves to tackle several of the above-listed research questions, although the specific location, and
even region, of a scientific drillhole will be decided as the planning advances. Here, we present the Okataina Volcanic Centre as one
of the regions that has a good potential to answer some of the questions listed in Section 3.

The Okataina Volcanic Center (OVC; Figure 3a) is a caldera complex located between (1) Rotorua, where geothermal is used for
heating, bathing and tourism (White and Chambefort, 2016); and (2) the Kawerau Geothermal Field which has ~140 MWe of installed
capacity and significant direct geothermal use (Figure 3). This region and its hydrothermal manifestations are of high cultural
importance to Maori who were the first inhabitants of Aotearoa. The ~AD1315 “Kaharoa” rhyolite magmatic eruptions from
Tarawera volcano vents (Nairn et al., 2005) is an important marker horizon for dating pre-European arrival to New Zealand, thought
to be in the late 13™ century. The Pink and White Terraces, now thought to be drowned in Lake Rotomahana following the 1886 AD
Tarawera eruption (de Ronde et al., 2016), were already a world-class tourism destination in the 19" century.

At least two periods of collapse accompanied voluminous ignimbrite at ~350 ka (> 160 km?) and ~61 ka (> 100 km?; Downs et al.,
2014; Cole et al., 2014, and references therein). Rhyolite dome extrusion and explosive tephra eruptions have occurred throughout
the history of OVC. In the last 50 kyrs, there have been at least 23 silicic episodes from OVC, with an average eruption rate of ~14.9
km? (magma volume) every kiloyear (Smith et al., 2005). Basalts have been intruded into the rhyolitic reservoir beneath the OVC,
likely facilitated by rapid rift extension rates (Rowland and Sibson, 2001, Smith et al., 2005). Some basalts have reached the surface,
for example during the 1315 and 1886 AD fissure eruptions from Tarawera volcano (Nairn et al., 1981, 2005; Seebeck et al., 2009;
Cole et al., 2010). Geochronology at the nearby Waiotapu and Kawerau geothermal fields constrain the ages of older stratigraphy
and, at Kawerau, provide evidence of early strike-slip faulting in the Mesozoic basement and influence of inherited structures
perpendicular to the modern rift (Wilson et al., 2010; Milicich et al., 2013a; Milicich et al., 2013b).

The caldera is located at a major offset within the Taupd Rift and represents a structurally complex transfer zone where fault
orientation differs from the overall NE-SW dominant strike, suggesting significant stress changes in this area (Rowland and Sibson,
2004, Seebeck et al., 2010). Borehole image interpretations show that the change of direction of main extension direction continues
in the sub-surface, with the dominant fracture strike and maximum horizontal stress (SHmax) azimuth being NE-SW to the south of
the OVC in the Rotokawa and Wairakei Geothermal Fields (Villamor et al., 2017b and references therein; McNamara et al., 2019);
and ENE-WSW to the north-east of the TVZ at the Kawerau Geothermal Field (Wallis et al., 2012). This change in rift axis orientation
is potentially due to the presence of partial melt thermally weakening the crust (Ellis et al., 2014).

Extensive geological and geophysical datasets have already been collected, including geological and active fault mapping (Nairn,
2002; Leonard et al., 2010; Langridge et al., 2016), stratigraphy and magmatic processes (e.g., Smith et al., 2005). Paleoseismology
shows that some of the fault ruptures are associated with volcanic eruptions (Villamor et al., 2011). MT inversions show low-

6



Massiot et al.

resistivity plumes under Rotorua and Waimangu, associated with hydrothermal surface features (Heise et al., 2016; Figure 3b).
Several geothermal fields have been identified near the caldera margins from DC-resistivity and MT (Bibby et al., 1995; Hurst et al.,
2016, and references therein; Heise et al., 2016). Ongoing geophysical investigations in the lakes highlight the important geothermal
potential (Tiveyet al., 2016) in the area in its relation to the large-scale structural and volcanic setting of the OVC (Caratori Tontini
etal., 2016), showing that hydrothermal upflow zones are strongly controlled by the structural lineaments controlling the development
of the OVC.

The OVC is therefore be an ideal region to test hypotheses related to the feedback mechanisms between the arc and the rift, the
relative importance of large partial melt bodies and inherited structures in the segmentation of the rift, stress and fracture interactions
between the rift and the caldera margins, how it impacts the hydrology of the TVZ, and the geological nature of the conductive MT
plumes. Borehole monitoring there has the potential to provide near-real time measurements of temperature and fluid flow modulated
by earthquakes or magma pulses. Elucidating the controls on the arrest of faults and dikes (such as the northern end of the dike of the
1886 AD Tarawera eruption), and hence the potential magnitude of earthquakes and potential link with volcanic eruptions, is
important for earthquake and volcanic hazards evaluation.
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Figure 3: Geological setting of the Okataina Volcanic Centre. a) Simplified volcanic geology of the Okataina Volcanic Centre
including lava dome complexes (all of which were deposited in association with multiple pyroclastic eruptives: Nairn,
2002) and their general ages, and locations of the main faults. Red lines are locations of cross-sections presented in b).
b) NW-SE and SW-NE cross-sections through the 3-D resistivity model (Heise et al., 2016). Conductors at Rotorua
and Waimangu geothermal systems denotes the conductive clay caps. At depth of 2.5 km (Rotorua) and 3.5 km
(Waimangu) respectively low resistivity connect the geothermal systems to a wider conductive zone at depth >7 km.
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5. NEXT STEPS

Multiple questions can be answered by a scientific drilling programme in the TVZ. At these early days of planning, we are in the
process of developing collaborations with scientists and engineers to assist in prioritising the research objectives, planning project
goals and well targets, and funding the project. We will work on building relationships with Maori groups so that we can develop a
strong programme of not only scientific importance but also recognising the importance of a strong indigenous cultural component.
We will consider contemporary issues, such as those relating to the environment and future management of natural resources
including Waiariki (geothermal waters). We take an approach founded on traditional concepts of Maori knowledge, new technology
applications, environmental planning and monitoring where indigenous approaches, relationship engagement and perspectives are
fundamental. Technology developments will also likely be needed in drilling, sampling (fluid and host rock), downhole tools and
long-term monitoring techniques in potentially hot areas. We also seek to strengthen links with other ongoing scientific drilling
programmes in geothermal and volcanic areas.

6. CONCLUSION

Previous scientific drilling programmes in volcanic and geothermal regions have yielded (and still yield) great scientific and
technological advances. The Taupo Volcanic Zone is an exciting natural laboratory at the confluence between subduction, rifting,
large silicic volcanism and intense geothermal activity, embedded in an area culturally important and with societal interests ranging
from tourism to natural hazards. We are proposing the establishment of a scientific drilling programme in the TVZ to explore four
interlinked themes: feedback between arc and rift; timing and rate of geological activity; large-scale hydrology and magma systems;
and deep biosphere. We presented the Okataina Volcanic Centre, locus of large silicic eruption, rift segmentation, and high heat flow,
as a region with good potential to answer several of the research questions, although the choice of target area and depth will be driven
by research questions and community interests. At these early days of planning, we seek to develop a team including Maori groups,
and New Zealand and international researchers and engineers, to prioritise the research questions which will be addressed.
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