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Abstract. Silicic caldera volcanoes present major volcanic and seismic hazards but also host dynamic hy-
drothermal and groundwater systems and a rich but largely unexplored subsurface biosphere. Many of these
volcanoes are hosted in rift settings. The intricate connections and feedbacks among magmatism, rifting, hy-
drothermal processes, and the biosphere in these complex systems remain poorly understood, necessitating sub-
surface joint observations that are only enabled by scientific drilling. The CALDERA (Connections Among Life,
geo-Dynamics and Eruptions in a Rifting Arc caldera) project workshop funded by the International Continental
Scientific Drilling Program (ICDP) gathered multi-disciplinary international experts in January 2023 to advance
planning of a scientific drilling project within one of these dynamic, rift-hosted calderas, the Okataina Volcanic
Centre (OVC), Aotearoa New Zealand.

The OVC'’s high eruption rate, frequent unrest events and earthquake swarms, location in a densely faulted
rapidly extending rift, abundant groundwater—geothermal fluid circulations, and diverse surface hot spring mi-
crobiota make it an ideal location for exploring a connected geo-hydro-biosphere via scientific drilling and de-
veloping a test bed for novel volcano monitoring approaches. Drilling configurations with at least two boreholes
(~200 and ~ 1000-1500 m deep) were favoured to achieve the multi-disciplinary objectives of the CALDERA
project. Decadal monitoring including biosphere activity and composition has the potential to evaluate the re-
sponse of the hydro-bio system to volcano-tectonic activity. In addition to the OVC caldera-scale datasets already
available, site surveys will be conducted to select the best drilling locations.

The CALDERA project at the OVC would provide, for the first time, an understanding of volcanic—tectonic—
hydrological-biological connections in a caldera-rift system and a baseline for global comparisons with other
volcanoes, rifts, and hydrothermal systems. CALDERA would serve as an unprecedented model system to un-
derstand how and how quickly the subsurface biosphere responds to geologic activities. Discoveries will improve
assessment of volcanic and seismic hazards, guide the sustainable management and/or conservation of ground-
water and geothermal resources and microbial ecosystems, and provide a forum for interweaving matauranga

Maori and Western knowledge systems.

Karakia Whakawatea

Unuhia unuhia

Unuhia te urutapu nui kia watea

Kia mama te ngakau, te tinana me te wairua
Koia ra e Rongo, whakairia ake ki runga
Kia tina! Tina

Haumi e, Hui e, Taiki e

Draw away, draw away

Draw away the sacredness and let us be free
Let our hearts, bodies and spirit be unburdened
Oh Rongo suspend this plea up high

And let it be affirmed

Let it be binding, together, all in agreement

As per Maori custom, we start and end this paper (korero)
with a karakia provided in Te Reo Maori for CALDERA. A
karakia is a prayer of respect and thanks to Papattianuku our
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Earth mother and sky father Ranginui, as well as to the taiao
(environment) that gives us life.

1 Introduction

Caldera-rift settings are ideal for unravelling the connec-
tions between volcanic, tectonic, hydrologic, and microbial
processes, both between and during episodes of volcanic
or tectonic unrest, which are poorly understood (Fig. 1).
Caldera volcanoes generate the largest explosive eruptions on
Earth by rapidly emptying their magma reservoir in associa-
tion with earthquakes (Self, 2006). However, the geological
drivers of caldera eruptions and earthquakes, their size, their
interactions, and their timescales are poorly understood (Hil-
ley et al., 2022). This limits our ability to discern whether sig-
nals of activity (e.g. seismicity and ground deformation) are
due to volcanic unrest, imminent eruption, or solely tectonic
rifting. The combination of a large magmatic heat source and
crustal fracturing (e.g. caldera collapse, rift faults, and frac-
ture networks) results in dynamic and complex fluid circu-
lations that need to be better understood to sustainably use
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Figure 1. Overview of CALDERA: topics (orange dots) along con-
nected themes (dark-green circles, with a Te Reo Maori language
equivalent). Matauranga Maori (Indigenous knowledge) is intended
to be embedded throughout the project.

geothermal and groundwater resources. In hydrothermal set-
tings, little is known about subsurface microbial diversity and
how the function and structure of microbial communities re-
act to changes in subsurface processes, either natural (e.g.
groundwater recharge, earthquakes, or volcanic activity) or
from utilisation of resources (e.g. geothermal or groundwa-
ter) (Cluff et al., 2014; Mu and Moreau, 2015). Also un-
known are the effects that these changes may have on sur-
face ecosystems (e.g. modulation of greenhouse gases and
fluid chemistry).

Multiple feedbacks observed between processes in
caldera-rift settings have not been fully reconciled. Faulting
and deep basaltic injection, both enhanced by rifting, alter
crustal stresses, pore pressures, and magma body overpres-
sures, in some cases triggering voluminous silicic caldera-
forming eruptions (Hughes and Mahood, 2011; Allan et al.,
2012; Morgavi et al., 2017; Zhan and Gregg, 2019). Fault
geometries and activities depend on in situ stress at vari-
ous temporal and spatial scales, fluid pressure and composi-
tion, and rock properties. In turn, rock properties depend on
the primary rock type and evolving water—rock interactions.
Fluid pathways and compositions are complex due to vari-
able lithologies, hydrothermal alteration, faults, and stress
fields, all modulated by volcano-tectonic activity (Wilson
and Rowland, 2016). The circulation of mixed hydrothermal
and cold meteoric fluids affects the thermal and mechanical
states of the crust, which in turn influence the thresholds for
both magma chamber failure and fault rupture (Jolie et al.,

https://doi.org/10.5194/sd-33-67-2024

69

2016). The deep biosphere composition and activity depend
on fluid and rock compositions (Gold, 1992). Conversely,
subsurface microorganisms modify rock and fluid properties,
likely creating feedback loops traversing deep and surficial
processes.

Understanding these connected processes is important for
informing strategies to (1) increase resilience to geohazards
and (2) adapt to climate change by sustainably conserving
and managing geothermal and groundwater resources and
their ecosystems, developing biotechnologies, and better un-
derstanding elemental cycling for greenhouse gas budgets.
Views from local communities, especially Indigenous groups
that are closely related to the land (through ancestry, spiritu-
ality, use of resources, and wellbeing), are key to developing
robust strategies alongside scientific findings.

Multi-disciplinary data arising from scientific drilling have
high potential to unravel geo-hydro-bio processes in caldera—
rift settings. The Okataina Volcanic Centre (OVC) in the
Taupo Volcanic Zone (TVZ), Aotearoa New Zealand, is ide-
ally suited for such an endeavour because it is one of Earth’s
most active calderas, it interacts with the rapidly extending
Taupd Rift, and it hosts active groundwater—geothermal sys-
tems and a varied biosphere in hot springs (Fig. 2). Insights
made by scientific drilling at the OVC will support under-
standing of those connected processes worldwide.

This paper summarises the outcomes of an international
workshop that advanced planning of the Connections Among
Life, geo-Dynamics and Eruptions in a Rifting Arc caldera
(CALDERA) scientific drilling concept. Supported by the In-
ternational Continental Scientific Drilling Program (ICDP),
the workshop resulted in an interdisciplinary science plan. In
this paper, we start by presenting the OVC and the goal of
interweaving matauranga Maori (Indigenous knowledge) in
the project. Then, we articulate CALDERA’s research aims
and how they address global societal challenges. Finally, we
summarise strategies for successfully conducting the project.

1.1  The Okataina Volcanic Centre, Aotearoa New
Zealand: a landmark system

The OVC is ideally positioned to address global scientific
and societal needs. The OVC is one of two giant active
calderas in the TVZ, located within the major active fault sys-
tem of the Taupd Rift (Cole et al., 2014). The OVC is ranked
as Aotearoa New Zealand’s highest threat volcano (Miller
and Jolly, 2014; Miller et al., 2022a).

The OVC is one of the most frequently active rhyolite vol-
canic centres on Earth (> 150km® of magma erupted over
the last ~ 50—60 000 years; Nairn, 2002; Wilson et al., 2009),
driven by high rates of mantle melting and rapid intra-arc
continental rifting (Taupd Rift) (Houghton et al., 1995; Wil-
son et al., 1995; Nairn, 2002; Cole et al., 2014; Villamor et
al., 2017a; Barker et al., 2020). During its known ~ 625 kyr
volcanic history, the OVC has experienced two definite
caldera-forming eruptions (Matahina, ~ 322 ka, and Rotoiti,
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Figure 2. (a) Geology of the OVC, location of the active faults (New Zealand Active Faults Database, 2003), structural (as defined from
gravity, Miller et al., 2022b) and topographic margins, geothermal and groundwater wells, geophysical survey line (Lithgow et al., 2022; see
Fig. 5), and proposed drilling areas. The inset shows the location of the OVC and TVZ in Aotearoa New Zealand. (b) Cross sections through
the OVC 3-D model showing the basement surface from gravity inversion (Miller et al., 2022b) and geologically modelled (Carson et al.,

2022).

50-60ka). Additional caldera subsidence may have occurred
during eruption of the Utu/Quartz-Biotite (~557ka) and
Kawerau (~33ka) ignimbrites (Nairn, 2002; Cole et al.,
2014; Miller et al., 2022b). These major events bracket nu-
merous smaller intra-caldera explosive events and dome-
building episodes (e.g. Nairn, 2002). Plinian-scale basalt and
rhyolite eruptions have occurred from the same vent sys-
tems (Nairn, 2002; Cole et al., 2014), yielding opportunities
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to sample varied materials from a single location. The lat-
est OVC eruption occurred in 1886 AD at Tarawera Maunga
(mountain). Although of a small size for the OVC, the 1886
basaltic eruption cost the lives of ~ 120 people and heavily
impacted local Maori (Rowe et al., 2021). Numerous exam-
ples of paleo-earthquakes, in certain cases associated with
volcanic eruptions, have been documented on active faults of
the Taupo Rift just outside the OVC (Berryman et al., 2022;
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Villamor et al., 2022). The OVC region is seismically ac-
tive and has experienced three seismic swarms in the past
15 years (Benson et al., 2021; Bannister et al., 2022).

The heat from several hydrothermal systems outflowing
on the edges of the caldera is inferred to come from the deep
magmatic complex in the centre of the caldera (Bertrand et
al., 2022). Magmatic fluids interact with abundant freshwa-
ter, including groundwater, rivers, lakes, and rainfall of 1.5—
Zmyr_1 (Giggenbach, 1995; Mazot et al., 2014; Simpson
and Bignall, 2016; Hughes et al., 2019; Pearson-Grant et al.,
2022; Yang et al., 2023). Diverse microbiota have been iden-
tified in the caldera and rift-straddling Waimangu geothermal
field (Power et al., 2018, 2024). The absence of geothermal
fluid extraction makes the OVC a rare pristine system largely
unaltered by human activities.

The OVC has been extensively studied from the surface
for decades (Fig. 3, Table S1 in the Supplement). This
will enable integration of detailed borehole data in the re-
gional and local contexts to generate transformational re-
search. The record of eruptions since the last caldera-forming
event (50-60ka) is very well documented (e.g. Nairn, 2002)
and will allow correlations across boreholes, but small erup-
tions may still be missing, and the older record is incom-
plete. The volcano-tectonic paleoseismic record is possibly
the best in the world. Natural hazard monitoring data (seis-
micity, geodetics, and chemistry) collected by the GeoNet
programme are publicly available.

1.2 Matauranga Maori (Indigenous knowledge)

Indigenous knowledge systems are based on intergenera-
tional holistic observation and location-based experience.
They are founded on the same principles of hypothesis test-
ing and re-evaluation that underpin contemporary Earth and
biological sciences (Lazrus et al., 2022). In Aotearoa New
Zealand, the Maori Indigenous Knowledge System is re-
ferred to as matauranga. Matauranga is defined as the “pur-
suit and application of knowledge and understanding of te ta-
iao [the environment], following a systematic methodology
based on evidence, incorporating culture, values and world
views” (Hikuroa, 2017). The holistic approach in matauranga
that includes connections between all aspects of te taiao has
great potential to enrich the project outcomes (e.g. Taute et
al., 2022).

It is a goal of the CALDERA project to co-design the
project with mana whenua (Maori that hold rangatiratanga —
sovereignty) and to interweave matauranga through the life-
cycle of the project to ensure the research serves both mana
whenua and scientists. Our aim is that mana whenua will be
able to contribute to, and directly benefit from, the research
findings and their impacts on resilience to hazards, sustain-
able management of resources and ecosystems, and biotech-
nology development potential. A bi-cultural outreach pro-
gramme will particularly benefit rangatahi (the young gener-
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ation) to support them in becoming next-generation thought
leaders.

1.3 Workshop organisation

The CALDERA workshop was held on 24-27 January 2023.
Over 40 scientists from 13 countries attended the workshop
at Tauranga, Waikato University Campus, Aotearoa New
Zealand. An additional nine scientists from four countries
participated online. The group covered all disciplines of the
project and career stages including students and early-career
and senior scientists. Representatives from local government
(Bay of Plenty Regional Council, Waikato Regional Coun-
cil) and drillers (Webster Drilling, Contact Energy Ltd) also
contributed to parts of the workshop.

The workshop started with a mihi whakatau (Maori wel-
come ceremony) by the kaumatua (elder) of the Waikato Uni-
versity campus. Tiipene Marr (Te mana o te Ngati Rangi-
tihi) introduced the participants to some historical and cul-
tural Maori aspects of the region, followed by a question-
and-answer session. Maori aspects were further discussed
throughout the workshop, including during the field trip to
the Lake Tarawera, Paeroa Fault, and Waimangu geothermal
systems.

Prior to the workshop, participants were asked to priori-
tise the research questions proposed in the ICDP workshop
proposal through an online form. This facilitated discussions
during the workshop towards addressing recommendations
from the ICDP review panel. About two-thirds of the time
was dedicated to discussions in breakout groups of single-
or cross-discipline and full-group discussions. Opportunities
for sharing of knowledge between local Maori and the sci-
ence team, as well as general education and outreach activ-
ities, were discussed. Numerous workshop participants have
already conducted outreach activities, including with Indige-
nous communities, which will facilitate the development of
a compelling outreach programme.

2 Global research needs in active caldera-rift
systems: CALDERA science plan

2.1 CALDERA aims

The goal of CALDERA is to illuminate the spatiotemporal
connections and feedbacks between volcanic, tectonic, hy-
drological, and biological processes that are especially clear
in a caldera-rift setting. The project will advance the grand
challenge of resolving the factors underpinning the distribu-
tion, abundance, diversity, and activity of deep subsurface
biospheres. Associated monitoring data will reveal how and
how quickly the system responds to volcanic and tectonic un-
rest. The project will involve matauranga Maori for a holistic
understanding.

The multi-disciplinary objectives encompass three overar-
ching research topics that will be investigated through sci-
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Figure 3. Regional geophysical data around the OVC suggesting a magma reservoir at > 7 km, known active faults (red lines in panels
(a)—(d)), topographical margin of the OVC (black line), and relocated seismicity (black dots). (a) Residual gravity anomaly (Miller et al.,
2022b). (b) P-wave velocity at 3 + 2 km depth (Bannister et al., 2022). (¢) Magnetotelluric resistivity model at 4 km (Bertrand et al., 2022).
(d) pH of some of the hydrothermal features sampled for the fluid chemistry and biosphere during the 1000-spring project in a subset area of
the OVC (Power et al., 2018). (e) Cross section with inferred structures from gravity (extent in panel (a)).
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entific drilling to provide a step change in the understanding
of

1. the build-up to eruptions of different sizes, includ-
ing caldera-forming eruptions using the past volcano-
tectonic interactions and pre-caldera-forming volcano
stratigraphys;

2. how fluid properties and pathways are modulated by
volcano-tectonic processes, which influence hydrother-
mal alteration through time; and how monitoring of
fluid property changes contributes to interpreting sig-
nals of volcano-tectonic unrest; and

3. how subsurface microorganisms are varied in composi-
tion, diversity, and function and sensitively respond to
volcano-tectonic activity. The CALDERA project will
test whether subsurface microorganisms could serve as
early indicators of volcano and/or tectonic events.

Datasets collected during CALDERA will also address a
wide range of secondary objectives and contribute to global
topics such as volcanic rift basin initiation in active continen-
tal margins, rift and volcanic arc evolution, and formation of
ore deposits.

2.2 Topic 1: volcanoes, tectonics, and their interactions

Understanding how, when, and why calderas erupt remains
among the greatest challenges in Earth sciences because
calderas are intrinsically challenging to study, understand,
and monitor (Wilson et al., 2021; Sparks et al., 2022). Firstly,
deposits from their early eruptions are usually deeply buried
or destroyed by later catastrophic eruptions and subsidence,
so little is known about the nature, timing, and size of early
caldera eruptions or how their magmatic systems mature and
evolve towards catastrophic events (Bouvet de Maisonneuve
et al., 2021). Secondly, caldera volcanoes are famously rest-
less, but the origins of the unrest are often equivocal, and
most unrest episodes do not culminate in eruptions (e.g.
Sparks, 2003; Lowenstern et al., 2006; Acocella et al., 2016;
Costa, 2021; Illsley-Kemp et al., 2021; Scarpa et al., 2022).
Thirdly, caldera behaviour is complex, as it is modulated by
interactions between local (volcano-related) stresses and re-
gional stresses and deep magmatic processes that are difficult
to disentangle and that may involve complex and non-linear
feedbacks (e.g. Bursik et al., 2003; Rowland et al., 2010; Al-
lan et al., 2012; Cabaniss et al., 2018; Muirhead et al., 2022).

Expanding the detailed records of past eruptions is needed
to interpret past volcano-tectonic interaction events and help
assess tipping points for caldera unrest. Causal relationships
between individual earthquakes and volcanic eruptions have
been documented over distances that can reach up to hun-
dreds of kilometres but more commonly tens of kilometres
(e.g. Linde and Sacks, 1998; Hill et al., 2002; Marzocchi,
2002). The prehistoric record of triggering of volcanic erup-
tions by large earthquakes and vice versa is world-class at

https://doi.org/10.5194/sd-33-67-2024

73

the OVC but still likely incomplete (e.g. Bursik et al., 2003;
Berryman et al., 2008, 2022; Muirhead et al., 2022; Villamor
et al., 2011, 2022). Historic examples of caldera eruptions
are scarce (Hildreth, 1991; Abe, 1992), and the role or sig-
nificance of large earthquakes within the unrest sequence is
difficult to discern in the absence of detailed unrest monitor-
ing.

Crustal structure and magma dynamics are intimately
linked at all scales, but how this interaction occurs remains
poorly constrained (Walter and Amelung, 2007; Mahony et
al., 2011; Villamor et al., 2017a; Oliva et al., 2019). The
weakening of the crust by a magma reservoir influences the
location, style, and rates of activity of faults in colder areas of
the adjacent rift (van Wyk de Vries and Merle, 1996; Lahitte
et al., 2003; Ellis et al., 2014; Villamor et al., 2017a, 2022),
yet modelling relies on incomplete data (Corti, 2012). Fault
rupture occurs due to increased stresses and/or fluid pressure
on the fault plane (Byerlee and Savage, 1992). While stresses
from magma dynamics and fault ruptures have been quanti-
fied for decades (Stein, 1999; Ruz-Ginouves et al., 2021),
changes in fluid pressure during these processes are difficult
to quantify without direct measurements.

Accessing the subsurface of caldera—rift systems via scien-
tific drilling is needed to address these challenges by (1) sam-
pling thin or deeply buried early eruption deposits to com-
plete eruption histories, understand volcanic evolution prior
to a large caldera-forming event, and infer influences on
rift evolution; (2) revealing the internal rock composition,
structure, and properties of fault zones (e.g. strength, perme-
ability); (3) measuring in situ stresses; and (4) monitoring
strain, seismicity, and fluid properties to guide interpretation
of unrest. Downhole monitoring of faults near the caldera,
together with regional volcano-tectonic monitoring and de-
tailed understanding of past events, is needed to understand
the faults’ changing conditions caused by volcanic unrest,
rifting, or both. These will contribute to assessing whether
unrest may lead to an eruption, a large earthquake, or both.

2.3 Topic 2: fluid properties, pathways, and water—rock
interactions

2.3.1 Hydrology, fluid properties, and structural
permeability

The origin and chemistry of fluids in magmatic—
hydrothermal systems are complex. Deep fluids at lithostatic
pressure near the magmatic heat source (superheated or su-
percritical fluid, saline or hypersaline brines rich in volatiles)
mix with meteoric waters to yield fluids in the liquid or
vapour phase, circulating at shallow levels at or below
hydrostatic pressure. Conceptual models of hydrothermal
systems suggest that the low-permeability zone around
the brittle-ductile transition is episodically penetrated by
magmatic volatiles in response to stress and strain changes
(e.g. Hayba and Ingebritsen, 1997; Fournier, 1999; Scott
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et al.,, 2015). Validating these models and investigating
the continuous interplay among magmatic and geothermal
fluids and freshwater require monitoring of the chemistry of
subsurface hydrothermal fluids that reflect magmatic inputs
in a pristine system not modified by geothermal energy
developments.

Fluid flow paths in caldera—rift systems are strongly con-
trolled by fracture networks (e.g. Arnérsson, 1995; Norini et
al., 2019; Rowland and Simmons, 2012) and typically diffi-
cult to evaluate. Fracture networks are determined by com-
peting factors that are insufficiently understood individually
and in conjunction: (1) spatiotemporal connections between
rift and caldera fault systems among regional fractures (Aco-
cella, 2014; Villamor et al., 2017a); (2) fracture kinemat-
ics with respect to crustal stress states (Sibson, 2000) and
connectivity among fractures (Sanderson and Nixon, 2015);
(3) fluid—rock interaction processes that vary with fluid pres-
sure and chemistry (McNamara et al., 2016; Zucchi et al.,
2017; Uno et al., 2022); (4) in situ stress variations aris-
ing from fluid-pressure changes (sealing during progressive
magma cooling) and gravitational collapses (Somr et al.,
2023); and (5) repeated volcanic and tectonic events that
maintain fluid circulations from deep to shallow (Shapiro et
al., 2017). Volcanic and lake sediments also contribute to a
heterogeneous permeability within calderas that is difficult to
assess from the surface. Ground deformation caused by vol-
canic and rifting processes also influences the fracture net-
work connectivity and fluid conditions (Battaglia et al., 2006;
Gottsmann et al., 2007; Hutnak et al., 2009).

Only co-located measurements of rock and fracture prop-
erties, in situ stress, and fluid compositions and pathways
can clarify connections among the factors that drive fault
activity and permeability. Caldera—rift systems are ideal for
exploring these unresolved processes because they host in-
tense fluid circulations driven by large heat sources and
with faults that are often reactivated. Drilling is required
to (1) identify flow paths and quantify the mixing between
meteoric recharge (including multi-layer aquifers) and deep
magmatic—hydrothermal fluids, including in response to vol-
canic unrest or fault activity; (2) access depths where flu-
ids are less or not affected by surface water bodies and
shallow groundwater; and (3) obtain cores to characterise
the fracture network and its evolution through past volcano-
tectonic events. Downhole monitoring is the best way to
identify changes in fluid composition in response to vol-
canic or tectonic activity. These subsurface data are needed
to parametrise hydro-mechanical models, with implications
for biosphere studies.

2.3.2 Volcanic rock properties and evolution of
hydrothermal alteration

Volcanic rock properties underpin the understanding of vol-
canic and hydrothermal systems. These fundamental datasets
and concepts are needed to interpret geophysical surveys
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and calibrate models of deformation (faulting, caldera col-
lapse), hydrology, and how mineral composition affects the
deep biosphere. In turn, these models are needed to inter-
pret signals of tectonic and volcanic activity. Hydrothermal
alteration types and kinematics are driven by the combina-
tion of (1) host rock mineralogy; (2) subsurface fluid chem-
istry; (3) fluid pathways; and (4) pressure and temperature
conditions. The interpretation of the evolution of hydrother-
mal alteration and how it changes volcanic rock properties
is insufficiently constrained globally due to the scarcity of
multi-scale borehole data.

The evolution of hydrothermal alteration has contrasting
and variable effects on volcanic rock properties. Argillic
alteration can alternately increase porosity and weaken
rocks (Wyering et al., 2014) or decrease permeability and
strengthen rocks (Mordensky et al., 2018; Nicolas et al.,
2020). Acid-sulfate alteration on andesitic rocks can increase
(Kennedy et al., 2020; Kanakiya et al., 2021a) or decrease
(Heap et al., 2019) porosity and permeability. The original
rock microstructure, especially porosity and permeability, in-
fluences hydrothermal alteration (Mordensky et al., 2019;
Heap and Violay, 2021), but the original volcanic rock prop-
erties have been characterised for only a few lithologies sam-
pled at different stratigraphic intervals or localities (Pola et
al., 2014; Mordensky et al., 2019; Kanakiya et al., 2021a).
Laboratory experimental studies have primarily focused on
the influence of hydrothermal alteration upon fluid pathway
evolution (Pola et al., 2014; Wyering et al., 2014), rheology
and strength (Heap and Violay, 2021), elastic wave velocities
(Kanakiya et al., 2021a), resistivity (Komori et al., 2013),
and magnetisation (Kanakiya et al., 2021b). Extrapolating to
the field scale to understand how hydrothermal alteration in-
fluences deformation and geophysical signatures requires in
situ microscale-to-macroscale data.

Scientific drilling is the only way to jointly provide
cores, geophysical logs, subsurface fluid samples, and in situ
stress measurements that are necessary to identify (1) key
geochemical-mechanical processes that govern the evolu-
tion of volcanic rock properties and (2) the thermochemical—
biological processes that facilitate subsurface mineral growth
and dissolution. The varied rock textures and intense fluid
circulations that likely changed through time make caldera—
rift systems excellent localities to understand interactions be-
tween fluids (magmatic and meteoric) and different litholo-
gies, both within and outside fault zones.

2.4 Topic 3: deep biosphere diversity, function, and
geobiological interactions

Very little is known of the extent of deep subsurface bio-
spheres, how they are sustained, how they respond to ge-
ologic processes (e.g. seismic or magmatic activity), and
how they alter fluid or rock properties. This is due in large
part to logistical difficulties in accessing suitable environ-
ments or samples for study and, more importantly, in coor-
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dinating sampling events with geologic events (e.g. earth-
quakes). Fluid build-up in volcanic environments can be re-
leased through seismic activity, with localised subsurface ef-
fects occurring in both local and linked, but distinct, geother-
mal systems (Payne et al., 2019). Further, low-magnitude
seismic events may increase the connectivity of fluids in the
subsurface, expose fresh mineral surfaces for water—rock in-
teractions, and release trapped substrates or even generate
new substrates (e.g. methane, hydrogen, hydrogen perox-
ide, or sulfate) capable of supporting microbial metabolisms
(Telling et al., 2015; Stone et al., 2022). Finally, extensive
fracturing and faults in caldera—rift systems permit fluid flow
that can further concentrate volcanically derived volatiles
(e.g. CO; or HyS) (Lowenstern et al., 2015) that can support
subsurface microbiomes.

Collectively, these observations offer a compelling argu-
ment for seismic and volcanic activity directly supporting
subsurface microbial activity, although the characteristics,
magnitudes, and timescales of such responses are only begin-
ning to be studied (e.g. Payne et al., 2019). There is therefore
a critical need to develop new approaches, techniques, and
infrastructure to assess responses of subsurface biospheres to
geologic processes, particularly in volcanically and seismi-
cally active regions. As of now, they are mainly investigated
through their surface manifestations (hot springs), which in-
dicate that subsurface microbial communities are acutely re-
sponsive and sensitive to spatial changes in the physico-
chemical composition of aquifers sourcing the springs (Col-
man et al., 2021; Fullerton et al., 2021; Power et al., 2023).
Collectively, these studies are strong indicators that subsur-
face litho-autotrophic microbial ecosystems (SIiMEs) in hy-
drothermal systems would similarly be responsive to input of
geogenic electron donors or acceptors, regardless of the pro-
cess involved (e.g. increased connectivity of aquifers, release
of fluid inclusions, or increased water—rock interactions).

In addition to the influences of geophysical, geochemical,
and hydrological processes on subsurface biospheres, micro-
bial activities also exert feedback that can alter subsurface
fluid, rock, and mineral properties. However, little is known
of the extent of microbial influences on these properties, and
particularly at temperatures greater than 40 °C (Magnabosco
et al., 2018). Indirect evidence from surface features sug-
gests that subsurface microbial communities alter hydrother-
mal fluid compositions through their metabolism of inor-
ganic substrates, the acidification of hydrothermal waters
(Mosser et al., 1973; Nordstrom et al., 2005; Colman et al.,
2022), consumption of gases (e.g. Hy and CHs) (Wankel et
al., 2011), alteration of minerals (Casar et al., 2020; Temple-
ton and Caro, 2023), and precipitation of minerals (e.g. cal-
cite) (Barry et al., 2019). The extent of these activities, their
potential to significantly alter mineral assemblages, and their
ability to predict geologic events remain poorly understood.

Scientific drilling is the only way to coordinate sampling
subsurface fluids and the SIiMEs they support to address the
critical need to identify the temporal nature and indicators
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of functional responses with volcanic and tectonic events
common to caldera systems. Borehole monitoring provides
the required natural observatory to explore the feedbacks be-
tween microbial activity, the geosphere, and the hydrosphere.
The diversity of magmatic and hydrothermal processes at the
OVC implies a similar diversity of such ecosystems, both
spatially and temporally, including in a borehole connected
to fluids at varied temperature and composition.

2.5 Summary: scientific drilling in caldera—rift settings
can best address global knowledge gaps

Calderas located in rifts are ideal natural laboratories for ad-
dressing CALDERA’s research topics and global knowledge
gaps. In caldera-rift systems, volcanic eruptions and earth-
quakes occur frequently, both separately and together, mak-
ing them ideal environments for identifying and evaluating
precursors of eruptions of varied sizes and styles. Large heat
sources and faults result in dynamic fluid circulations that
support a diverse biosphere.

Only scientific drilling can provide the subsurface, con-
tinuous, multi-disciplinary, and high-resolution records insu-
lated from surface processes and furthermore provide later
access for decadal monitoring. While there are thousands of
boreholes for commercial geothermal energy use in terres-
trial calderas, access to data from these boreholes is com-
monly limited by both technical constraints imposed by
high temperatures (> 150 °C) and confidentiality. Ground-
water wells are shallow (< 100 m) and often lack cores. Hot
springs are often unsuitable analogues to the deep hydrother-
mal fluids and biosphere because they are subject to exten-
sive mixing with near-surface fluids and are infused by ox-
idised atmospheric gases that exert strong influences on hot
spring microbiology (Colman et al., 2019). Ocean scientific
drillings in hydrothermal settings have investigated aspects
such as seawater-rock interactions (Bach et al., 2003), but
they remain sparse, cannot be directly transferred to low-
salinity systems, and rarely involve in situ stress measure-
ments or monitoring. The CALDERA programme is ideally
positioned to address multiple knowledge gaps.

2.6 Lessons arising from CALDERA will be applicable
globally

The CALDERA project proposes, for the first time, to
develop understanding of the complete volcanic—tectonic—
hydrological-biological system in a caldera—rift system. Mu-
tually enriching relationships with communities, including
Indigenous Maori, will advance good practice guidelines for
such projects globally.

The new multi-disciplinary datasets and models developed
at the OVC will unlock understanding at other volcanoes,
calderas, rifts, and hydrothermal systems. The precursors to
earthquakes and volcanic eruptions identified at the OVC
will be transferable to caldera systems globally. Clarification
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of feedbacks between magmatic or meteoric fluid flow and
faults will be generally applicable to improving understand-
ing of crustal processes and assessing geohazards and the
sustainable use of resources. Findings on volcanic rock prop-
erties and evolutionary alteration processes will significantly
grow the global dataset. The OVC will serve as an unprece-
dented model system to quantify the influence of seismicity
and volcanic unrest on the activity and function of microbial
communities, resulting in a comprehensive understanding of
global subsurface biosphere activities and responsiveness to
associated environmental drivers.

By targeting moderate temperatures (40-150°C) and
groundwater—hydrothermal systems, CALDERA is comple-
mentary to other scientific drilling projects targeting deeper
supercritical and magma systems (e.g. Newberry — NDDP,
USA; Krafla— KMT and IDDP, Iceland; Japan — JBBP). With
the clear expression of the Taupd Rift, CALDERA is comple-
mentary to the ICDP/IODP project at the partly submerged
and weakly rifted Campi Flegrei caldera (Italy, De Natale et
al., 2016). IODP expeditions to Brothers Volcano in the Ker-
madec Arc offshore New Zealand (Expedition 376, de Ronde
et al., 2019) and to the Hellenic Arc Volcanic Field (Expedi-
tion 398, Druitt et al., 2022) will provide onshore—offshore
comparisons of arc volcanisms, caldera processes, and reac-
tions of ecosystems to volcanic eruptions.

3 Societal relevance

In addition to increased scientific understanding of Earth pro-
cesses occurring in rifted calderas, CALDERA will signifi-
cantly contribute to improving societal goals.

3.1 Geohazards: increase resilience to volcanic and
seismic hazards

A major caldera-forming eruption (volcanic explosivity in-
dex VEI > 6-7) would have severe human, economic, and
climatic repercussions globally (Self, 2006). While smaller
eruptions are less devastating than large ones, their higher
frequency may pose the most significant risks to local and
regional communities and can lead to national-scale social
and economic disruption (e.g. the 1886 Tarawera eruption
at the OVC; Rowe et al., 2021). Earthquakes that occur
during volcanic eruptions (sometimes M > 6.0; Villamor et
al., 2011) are difficult to include in seismic hazard models.
Caldera unrest generates high interest and concern among lo-
cal communities (e.g. during the 2022 Taupo caldera unrest,
Aotearoa New Zealand). A global analysis by the European
Science Foundation calculated the benefits of understanding
and monitoring supervolcanoes at USD 0.5-3.5 billion per
annum (Plag et al., 2015).

Converting scientific knowledge into tailored hazard plan-
ning advice allows decision-makers to better anticipate and
assess the volcanic and seismic hazards through optimised
monitoring and education programmes, leading to improved
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community resilience. This outcome is aligned with ICDP
Theme 2 Geohazards and addresses key targets of the UN-
DRR - Sendai framework For Disaster Risk Reduction
2015-2030.

3.2 Georesources: foster the sustainable use and
protection of hydrothermal and groundwater
resources

Large populations live near calderas and their geothermal
resources (e.g. in Kenya, Mexico, and Japan; Lund et al.,
2022). Communities also need access to freshwater for drink-
ing, farming, and recreational uses. Technologies to extract
metals (e.g. Au, Ag, or Li) and silica (Simmons et al., 2016)
and to store CO, are rapidly emerging in geothermal opera-
tions. Although geothermal energy is already produced from
calderas worldwide, new or expanded developments are lim-
ited by high economic risk due to limitations in (1) map-
ping heat sources, fluid pathways and fluid chemistry as well
as understanding their spatiotemporal variations (Jolie et al.,
2021); (2) quantifying meteoric water recharge; and (3) un-
derstanding links between subsurface and surface water fea-
tures that are important culturally, spiritually (especially for
Indigenous communities), economically (e.g. bathing, cook-
ing, and tourism), and generally for wellbeing.

Fostering the sustainable management, protection, and ac-
cess to hydrothermal and groundwater resources aligns with
ICDP Theme 3 Georesources, contributes to the UNESCO
sustainable development goals, and supports reduction of
CO; emissions under the Paris Agreement.

3.3 Deep biosphere

Microorganisms and their metabolic activities drive Earth’s
biogeochemical cycles that support and sustain global
ecosystem health (Falkowski et al., 2008). Geological pro-
cesses in continental hydrothermal systems (fluid circula-
tion inducing physicochemical variations, mineral precipita-
tion or dissolution) are known to drive microbial commu-
nity composition and activity (Fullerton et al., 2021), but less
is known about the responses of microbial communities to
rapid geological events like those in caldera-rift settings. The
extent, rate, and sensitivity of these responses remain to be
determined, constituting the next frontier of environmental
microbiology studies.

Understanding how and when such substrates are avail-
able to subsurface microbiomes is central to understand-
ing their role in Earth’s biogeochemical cycles and gener-
ally the development of Earth’s hydrosphere—atmosphere—
biosphere system (ICDP Theme 1, Geodynamic processes).
Moreover, a better-resolved understanding of subsurface
biosphere—geosphere interactions in active volcanic regions
would enable the development of microbial indicators of vol-
canic unrest (ICDP Theme 2, Geohazards). Finally, studies
of little-understood subsurface microbiomes would improve
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strategies for conserving and managing these critical micro-
bial ecosystems, improve estimates of greenhouse gas bud-
gets, promote new biotechnological developments includ-
ing renewable energy production and greenhouse gas storage
(ICDP Theme 3, Georesources), and inform the search for
life in rocky exoplanet subsurface settings.

4 Proposed strategies for scientific drilling

4.1 Dirilling plan

The CALDERA project aims to collect cores, geophysical
logs, in situ stress measurements, and downhole fluid sam-
ples and to provide long-term (ca. 10-year) borehole access
for monitoring. Borehole data will be interpreted in the con-
text of local- and regional-scale surface datasets. To achieve
the scientific and societal objectives, drilling must

— be located in a zone of active seismicity to test the fluid
and biosphere response to nearby earthquakes;

— intersect volcanic products pre-dating the last caldera-
forming eruption (Rotoiti Ignimbrite, ~ 55-60ka) that
are likely missing or poorly represented from surface
records;

— collect cores, downhole logs, and fluid samples across
an active permeable fault to reveal fault zone textures as
well as mechanical and hydraulic properties;

— measure the downhole pressure and temperature as
boreholes warm up to locate all permeable intervals and
measure the well injectivity and productivity;

— collect fluid samples to quantify the mixing between
meteoric recharge and deep magmatic—hydrothermal
fluids, sample the subsurface biosphere, and evaluate
their effects on mineral alterations;

— be located near hot springs to establish potential hy-
draulic and biosphere connections between the subsur-
face and surface, including in response to seismic or
volcanic activity;

— intersect the water table at shallow depth and high-
permeability rocks to allow for natural fluid recharge
within a few days, i.e. a timescale relevant for measur-
ing a microbial response;

— obtain cores from rocks not too hydrothermally altered
in at least some borehole sections to provide charac-
teristics of eruptions and a complete chronostratigraphy
(usually difficult for hydrothermally altered samples);

— collect cores and geophysical logs across a variety of
lithologies to maximise learning about volcanic rock
properties and fluid-rock interactions together with
their effects on fault properties, fluid circulations and
chemistry, and biosphere composition and activity;
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— reach 1000-1500 m depth to limit near-surface effects
on in situ stress measurements (topographic effects),
fluids, rock properties, and fault splays; and

— have at least parts of the boreholes at < 40-120 °C,
where the biosphere is readily detectable and known to
be active, and overall < 150 °C to be able to rely on con-
ventional downhole tools: a gentle temperature gradi-
ent would be ideal for evaluating changes in biosphere,
fluid, and rock properties as a function of temperature.

The precise drilling location, configuration, and activities
will be decided based on these scientific requirements to-
gether with landowners, local Maori, and regulatory agen-
cies. Lake beds and wahi tapu (sacred land) areas are ex-
cluded due to cultural sensitivity.

Social license will be carefully assessed during site sur-
veys, drilling planning, and drilling and monitoring through
community engagements, particularly regarding matauranga
and values. The CALDERA project does not seek to mod-
ify the volcanic environment, suppress natural processes, or
interact directly with magma, which will facilitate gaining
of community support. The scientific boreholes will be used
for monitoring rather than the continuous fluid extraction or
injection conducted in the numerous geothermal and ground-
water boreholes in the TVZ. Public risk perception of a po-
tential unforecasted volcanic or seismic event triggered by
drilling (Cassidy et al., 2023) will be mitigated in several
ways. First, extensive social engagement will communicate
that the project aims to monitor rather than modify the vol-
cano. Early communication about the volcano’s behaviour
prior to drilling, including potential periods of unrest (seis-
mic swarms), will lower the likelihood that a period of un-
rest may be perceived as caused by drilling. Second, deliber-
ately targeting the margins and outside parts of the caldera
and staying away from magma (spatially and with depth)
will decrease potential safety and ethical concerns. Third,
the project will follow current regulatory processes that re-
quire community support, low environmental impact, and
safety assessments. Obtaining regulatory permits will be fa-
cilitated by the ongoing discussions with regional councils
and their attendance at the workshop. Hundreds of geother-
mal, mineral, and water drillings have been conducted in the
TVZ since the 1950s, including at the nearby Kawerau and
Rotorua geothermal fields. None of these wells has inter-
sected magma and, due to the TVZ being a naturally seis-
mic area, induced microseismicity has not caused public con-
cern (Sherburn et al., 2015a, b). Finally, an evaluation and
risk mitigation plan will be conducted prior to drilling, us-
ing experience gained from drilling TVZ geothermal fields,
and in other ICDP projects (e.g. the DFDP-2 project target-
ing the Alpine Fault, Chamberlain et al., 2017; in prepara-
tion for magma drilling of the Krafla Magma Testbed, Ilic et
al., 2021). Those plans will be supported by decades of ex-
perience in volcano and seismic monitoring and community
engagement in the TVZ.
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Three potential drilling areas were delineated (Fig. 2).
They are located outside the caldera structural margin, so
that stratigraphy is not dominated by thick intracaldera de-
posits of large caldera-forming eruptions that can exceed
1 km thickness (e.g. Rosenberg et al., 2020). Two locations
(labelled “1” and “3” in Fig. 2) contain mapped active faults
where past volcano-tectonic activity is documented (Berry-
man et al., 2022; Villamor et al., 2022), currently experi-
ence frequent seismic activity (Bannister et al., 2022), and
have nearby hot springs. Products pre-dating the last caldera-
forming eruption (55-60ka) are shallow in Area 3, as aban-
doned geothermal wells to the south of the area intersected
the Waiotapu Ignimbrite (0.71 & 0.06 Ma) at 236 m (Grind-
ley, 1963). In Area 1, the top of the Rotoiti Ignimbrite
crops out in eroded valleys (Villamor et al., 2022). Area 2
(Puhipuhi Basin) contains a structural caldera margin clearly
imaged by gravity and electric surveys (Lithgow et al., 2022;
Miller et al., 2022b). Thick (potentially > 100 m) recent
(post-Rotoiti Ignimbrite) pumice deposits prohibit paleoseis-
mic studies. This area experienced a deep seismic swarm in
2019 (Benson et al., 2021). The Puhipuhi Basin is hydrother-
mally altered and contains possible mineralisation. The bio-
sphere has been studied in multiple springs at Waimangu near
Area 3 (Power et al., 2018).

Achieving the multi-disciplinary objectives in this com-
plex system requires at least two boreholes. Excellent exist-
ing tephra records provide multiple marker layers for strati-
graphic correlations. At least one borehole should be in-
clined (i.e. deviated from the vertical) to intersect the en-
tirety of a fault and its damage zone, as fault dip angles are
generally high in the TVZ (60-80°; Villamor et al., 2017b;
McNamara et al., 2019). A shallow borehole (about 200 m
depth, temperature < 120 °C) would primarily focus on bio-
sphere and hydrology aspects, especially connections be-
tween the subsurface and surface. A deep borehole (1000—
1500 m depth) would primarily focus on stratigraphy, tec-
tonics, in situ stress, rock properties, and hydrothermal flu-
ids, including monitoring of volcano-tectonic activity and
changes in deep fluids. Biosphere studies would also be con-
ducted in this deep borehole if temperatures permit. Site
characterisation will ensure that stratigraphic and structural
targets are reached, but estimating the temperature profile
prior to drilling will be difficult. Indeed, convection domi-
nates in the TVZ, and lateral or downward-directed ground-
water flows commonly interact with ascending hydrothermal
fluids.

Several drilling configurations were discussed during the
workshop (Table 1, Fig. 4). Drilling a deep borehole and a
shallow borehole in the same area increases the chances of
addressing the multi-disciplinary objectives and provides op-
portunities for cross-borehole studies (e.g. tracer tests and
variations in rock properties, fluids, and the biosphere) but
restricts the exploration of the complex caldera system to
a single area. If drilled in the same area, drilling a shallow
borehole first (possibly as part of site characterisation) de-
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risks the deep, more expensive borehole. Drilling pairs of
boreholes in two areas offers the best coverage of the OVC
and maximises research outcomes but is more expensive. The
final drilling configuration will be determined following de-
tailed site surveys of the three target locations.

The modest temperature and depth targets facilitate the use
of conventional drilling materials and a large suite of down-
hole logging measurements, downhole fluid sampling, instal-
lation of optic fibres for monitoring (e.g. distributed acoustic
and temperature sensing — DAS, DTS), and other long-term
observational instruments (e.g. seismometer, tiltmeter). Ex-
tended leak-off tests will be run at casing points for in situ
stress measurements. Packers for permeability and in situ
stress measurements will be deployed if the temperature is
within operating limits. An online gas monitoring system
(OLGA, Erzinger et al., 2006) during drilling and transient
well tests will also be used.

Biosphere studies will focus on post-drilling downhole
fluid sampling using the Kinetically Activated Subsurface
Microbial Sampler (KASMS). The KASMS is designed to
autonomously collect and preserve up to six sets of fluid
samples for use in quantifying microbial cell number and ac-
tivity, to conduct molecular analyses (i.e. to identify shifts
in the taxonomic and functional composition and the diver-
sity of microbial communities), and to conduct geochemical
analyses. The KASMS can be triggered by a seismic tremor
above a set minimum magnitude or otherwise triggered re-
motely on demand, which then initiates a series of sample
collection processes at user-defined time intervals (Freifeld
et al., 2005). The KASMS will be essential for evaluating the
response of SIiMEs to nearby earthquakes in hydrothermal
systems. Problematic microbial contamination from drilling
will be minimised by sampling only post-drilling. Therefore,
UV filtering of drilling fluids will not be needed, which sub-
stantially simplifies drilling planning and reduces costs. The
time needed for water-based drilling fluids to dissipate after
drilling will need to be evaluated to avoid contamination.

4.2 Site characterisation

The extensive collection of the existing datasets at the OVC
(see the Supplement) will (1) facilitate drill-site selection
and (2) enable borehole samples to be placed in a regional-
scale context. Based on gravity inversions, the depth of the
basement top is estimated to be between 1000 and 2000 m
depth in the three areas (Stagpoole et al., 2021; Miller et al.,
2022b). Faults are well mapped onto a surface using lidar
combined with paleoseismic trenches in Areas 1 and 3 (two
and seven trenches, respectively, accompanied by ground-
penetrating radar profiles across fault strands) (Berryman et
al., 2008, 2022; Villamor et al., 2022). Magnetotelluric sur-
veys at 2 km spacing cover Area 2 (Bertrand et al., 2022) and
are scheduled to be acquired in Area 3 in the next few years.
Airborne magnetic data cover all the areas.
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Table 1. Potential drilling configurations (illustrated in Fig. 4). Shallow means ~ 200 m depth, and deep means ~ 10 000-1500 m depth.

Drilling strategy Timing Advantages Drawbacks

Optional preparatory At least 1 year before  — Low cost, low temperature — Limited benefits for volcanology,
drilling: one shallow further drilling — Quantify the time for drilling fluids to exit rock properties, and in situ stress
vertical borehole the borehole. studies

(Option a in Fig. 4) — Assess near-surface drilling hazards. — Extra cost of rig mobilisation

— Provide some temperature information.
— Provide a shallow direct portal for
monitoring of fluids, pressures, and
geophysical responses.

— Provide a trial run for the team.

One deep and one shallow — Different objectives for each hole increase  Only one area explored
borehole in a single area the chances of successful acquisition of all the

datasets (e.g. due to temperature limitations).

— Assessment of lateral heterogeneity

— Opportunities for cross-borehole studies

(lateral fluid and pressure communication;

biosphere, seismic, and electrical structure)

Shallow then deep — Some indications of the temperature gradient — Higher risk that a shallow hole does
(“IODP approach”; for planning the deep hole not intersect a fault
Option b in Fig. 4) — A shallow hole provides an indicator of po-

tential deeper hazards.
Deep then shallow Certainty that the temperature profile in the Higher risk for the deep (more
(Option c in Fig. 4) shallow borehole and fault intersection fits expensive) hole

biosphere requirements

One shallow in one area, Wider coverage of the system than a single Higher risks of missing targets and
one deep in another area area too high temperature
Two holes (shallow then Highest spatial coverage Higher costs

deep, Option b in Fig. 4)
in two different areas

Total Vertical Depth from Kelly Bushing

Greywacke
basement

e N |9

Figure 4. Potential drilling scenarios (see Table 1). The geology is speculative, with the Rotoiti Formation (last caldera-forming eruption
at ~ 55-60ka) and older deposits thickening towards the centre of the caldera, i.e. not necessarily with constant thickness across the faults.
Lavas and especially intrusions (dikes and sills) are difficult to image prior to drilling. The cased hole sections (light and dark grey) represent
near-surface “conductor” casing and deeper cemented borehole casing. Open-hole or perforated sections exist where no casing is shown.
(a) Shallow preliminary test hole to ~ 200 m depth. (b) Shallow then deep borehole. (¢) Deep then shallow borehole. Deep holes in panels (b)
and (c) could be either vertical or inclined to optimise steep fault intersection. An example of an inclined borehole is presented in panel (d).
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Figure 5. Geophysical imaging of the eastern OVC caldera margin (location in Fig. 1). (a) Electrical resistivity tomography. (b) Magnetotel-
luric. The dotted square shows the extent of panel (a). The red bar indicates the maximum gravity gradient. The colour maps are optimised

for the data ranges of each survey. After Lithgow et al. (2022).

An electrical resistivity tomography (ERT) line (2km
long, 10 m electrode spacing) and a 2-D magnetotelluric pro-
file (4 km long, 13 sites) (Lithgow et al., 2022) were surveyed
over the OVC’s steepest gravity gradient in Area 2. Despite
a lack of topographical relief and surface fault expression
caused by infill by recent pumice material, the survey clearly
imaged the eastern margin of the OVC (Fig. 5).

To further refine the drilling sites, we will undertake mul-
tiple geophysical surveys. We will deploy a dense nodal seis-
mic array to image faults in the uppermost 1km and po-
tentially stratigraphic markers. Closely spaced gravity mea-
surements will refine the depth to basement and basement
fault offsets, especially in Areas 1 and 3, where the exist-
ing data are sparse. Drone magnetic surveys in areas with
poorer airborne coverage will improve hydrothermal alter-
ation mapping. A joint ERT and magnetotelluric profile in
Areas 1 and 3 will refine fault location and identify possi-
ble hot (or saline) fluid or clay alteration. Self potential and
CO; soil gas surveys will help determine groundwater flow
and connections to deep magmatic sources. A seismic reflec-
tion experiment with a 2-D profile of transit time tomography
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will be considered to locate faults, although the highly scat-
tering subsurface produces poor imaging in the TVZ. Shal-
low fault imaging may also include additional paleoseismic
trenching, ground-penetrating radar, and a shear wave land
streamer system (Polom et al., 2016).

Shallow drill cuttings from the Kawerau Geothermal Field
will be revisited to identify the base of the Rotoiti Ignimbrite.
Spring temperature, chemistry, and isotopes in the OVC re-
gion will be compiled. If necessary, additional fluid sam-
pling will be conducted for fluid and biosphere studies, based
on geographical distribution and altitude, fault alignments,
and surface geology, to provide a framework for interpreting
downhole fluids and the biosphere.

4.3 Data and sample management plan

The OVC lies within the rohe (territories) of multiple iwi. As
recognised by the 1840 Te Tiriti o Waitangi (Treaty of Wai-
tangi) and the United Nations Declaration on the Rights of
Indigenous Peoples (UNDRIP), this accords mana whenua
authority over data and/or samples (geological, water, bio-
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logical) collected from the OVC. Reflecting this, the data
and sample management plan applied in this research pro-
gramme will be guided by the principles of Indigenous data
governance (Kukutai et al., 2023) and will be co-designed
with mana whenua (e.g. as in Power et al., 2024). In parallel,
the data and sample management plan will also need to re-
flect the funding agencies’ requirements that increasingly re-
quire all data to be open access. For example, data generated
during drilling operations (e.g. metadata from drilling, core
and subsurface drilling, and borehole logs) will be stored on
site in the ICDP mobile Drilling Information System (mDIS).
Hence, we will apply both the F.A.LR. (findable, accessible,
interoperable, reusable) and C.A.R.E. (collective benefit, au-
thority to control, responsibility, and ethics) guiding princi-
ples (Wilkinson et al., 2016; Carroll et al., 2020) for scien-
tific data management and Indigenous data governance. This
will also provide a proof of concept for future international
drilling programmes.

5 Conclusion

The CALDERA workshop supported by the ICDP refined
the scientific goals of the project idea and confirmed that sci-
entific drilling is required to address these globally important
science and societal goals. The OVC is an excellent setting to
conduct the project, and we have articulated how findings at
the OVC would be applied elsewhere. The workshop atten-
dees reinforced the importance of studying the volcanic, tec-
tonic, hydrological, and biosphere processes in connection
rather than in isolation. Unravelling the changes through time
and particularly the response of the system to volcanic or tec-
tonic activity was deemed of high interest. It was agreed that
the multi-disciplinary objectives and the natural complexity
of the system require at least two boreholes: one shallow
(< 200m) focused on biosphere and groundwater, and one
deep (1000-1500m) focused on volcanic stratigraphy, tec-
tonics, hydrology, and physical rock properties. Long-term
monitoring provides opportunities to study the caldera—rift
system in between and during times of volcanic or seis-
mic activity. The workshop also introduced the participants
to Maori world views and interests that are integral to the
CALDERA project.

Karakia Whakawatea

Kia tau nga manaakitanga a Te Mea Ngaro

Kia toi te kupu, toi te mana, toi te whenua
Tituru whakamaua kia tina. Tina!

Haumi e, Hui e, Taiki e.
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Bestow the blessings of the unseen force

upon each and everyone

Clear our path of any obstructions

And the words, the prestige and the land flourish
Indeed let it be affirmed!

Let it be binding, together, all in agreement
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