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ABSTRACT

The Bay of Plenty Regional Council (BOPRC) is in the
process of reviewing its inventory of natural geothermal
resources of the region and their geographical extent. This
work provides the science base-knowledge for identifying
and mapping the systems for the sustainable management of
the geothermal resources through its planning framework, as
well as to inform work for other Council areas like Consents
and Compliance. This work identifies the key sources of
information publicly available and outlines the methodology
developed to identify and propose the geothermal system’
extent of the Bay of Plenty region. Two types of extents are
suggested, tailored to the level of certainty around their
geographical extent. Approximate extents are suggested
when there is a reasonable level of certainty around its
location, and inferred extents for when the level of certainty
is moderate or low. Those different levels of certainty arise
from variable levels of data availability, data quality and
appropriateness of the data available for the purpose of this
mahi. A high certainty is not considered achievable given the
intrinsic complex hydrodynamics of geothermal systems and
gradual lateral transition into cold groundwater systems,
therefore none of the systems are proposed to be mapped
with accurate extent. A distinction between geothermal
systems and geothermal occurrences is also proposed and
recommended, as well as the inclusion, exclusion and
merging of some of the geothermal systems identified in the
planning framework of the Bay of Plenty Regional Natural
Resources Plan and Regional Policy Statement. This paper
also highlights that a significant heterogeneity in the level of
knowledge and data availability exists across the various
geothermal systems of the region. Geothermal systems with
high commercial and scientific interest like Kawerau,
Rotorua and Waimangu, for example, have been extensively
studied over time, while a lower level of knowledge exists
for some of the other systems, like the offshore Moutohora
Island (Whale Island), the low-temperature systems like the
Tauranga-Mount Maunganui  (Mauao)-Papamoa-Maketi
system and, to some extent, most systems with significant
environmental constraints for development, like Tikitere.

1. INTRODUCTION

The Regional Policy Statement (RPS) identifies 17 systems
or geothermal areas in the Bay of Plenty region (Table 1).
These are mapped at a broad regional scale in the RPS and
the Regional Natural Resources Plan (RNRP).

The Plan Change 11 (PC11) of the RNRP is currently being
progressed with a draft for consultation scheduled to be
released early-2024. It is therefore timely to review how the

geothermal systems will be included in planning maps, and
to provide more guidance for consenting processes. This
paper addresses the issues below to support PC11 and is
based on Zuquim (2023):

e  Discuss whether there is scientific merit in mapping
the extent of the geothermal systems, including
potential connections between different systems.

e Develop an inventory of areas with geothermal activity
in the region and a scientific methodology to define
their extent.

e  Propose geothermal system’s extent in a geographic
information system (GIS).

e  Discuss and address uncertainty around those spatial
extents.

Note that advice on system classification for the BOPRC
RPS and/or RNRP, and a Matauranga Maori lens on system
boundaries, is beyond the scope of this paper. Seabed
hydrothermal occurrences in the coastal area (e.g. the
Calypso vents; e.g. Botz et. al., 2002) were not assessed at
this stage. Those occurrences are managed under the Bay of
Plenty Regional Coastal Environmental Plan (2019)
therefore outside the of scope of this work for PC11, but
might be assessed in further stages.

2. METHODOLOGY

The methodology to develop the system’s extent followed
the main stages below:

1) Development of a stocktake of the data and reports
available to Council that can be made publicly
available.

2) High-level discussion on:

a) Constraints of those datasets and reports.

b) Measures to mitigate those constraints.

c) Weigh the scientific value of the datasets for
setting system’s extent, based on the degree in
which the dataset reflects the extent of the
geothermal system.

3) Classification of the different types of data into
‘reasonably high’, ‘moderate’ and ‘low’ quality or
suitability for this work.

4)  For each geothermal system and occurrence, outline
the exact criteria applied to draw the system’s extent.

5) Provide a recommendation on the type of extent
(approximate or inferred) based on the resulting degree
of confidence on those geographical extents.

6) Propose potential extents for when the scientific data
or knowledge points towards potential connections
between different geothermal systems or for the
existence of a warm resource beyond the hot(ter)
areas.
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Table 1: Methods for different levels of metering requirements and production systems.

Geothermal systems included

Management Group l Group name (RPS)

1 Protected (@) Waimangu-Rotomahana-Tarawera
(b)  Whakaari (White Island)
(¢) Moutohora Island (Whale Island)
2 Rotorua (special group) Rotorua
3 Conditional development (@) Tikitere-Ruahine
(b) Taheke
(¢) Rotokawa-Mokoia Island
(d) Rotoma-Tikorangi
4 Development (@ Kawerau
(b) Lake Rotoiti
(¢) Rotoma-Puhi Puhi
5 Low-temperature (@) Tuhua (Mayor Island)
(b)  Tauranga-Mount Maunganui (Mauao)
(c) Papamoa-Maketu
(d) Matata
(e) Awakeri
(f)  Pukehinau
(9) Manaohau
6! Research None at the time of writing

Different methodologies were developed and applied for
high-temperature systems (RNRP and RPS Groups 1-4),
low-temperature systems (RNRP and RPS Group 5) and
geothermal occurrences (not in the RNRP and RPS so far).
Those methodologies are presented in sections 2.3 to 2.5.

2.1 Data

The following sources of information were used for this
work, when available:

e  Geoscience data — geology, geochemistry, geophysics.

e  Geothermal vegetation map.

e  Surface feature locations and the feature-type.

e  Current and past exploratory and production wellbore
locations and wellbore data.

e  Published peer-reviewed research.

e  Technical reports.

A summary of the sources of data and information per
geothermal system is presented in Table 1 to Table 5 of the
Appendix. The key references and publications were selected
based on the relevance of their content, the quality and
completeness of the results, as well as whether the data
obtained or compiled by the authors is validated by other
datasets (e.g. geophysics validated by wellbore data).

2.2 Data limitations and weight of the data for the
definition of the systems’ extent

All the datasets provide valuable information but also have
limitations due to a variety of reasons for the purpose of this

work (Table 2). Limitations for those datasets specific to
each geothermal system are reflected in the level of
confidence and/or ability to define potential on the system’s
extent, and are discussed in Section 3.

2.3 High-temperature systems
2.3.1 High-temperature systems extent

In New Zealand, the shallow (<1km) extent of the
geothermal systems is typically defined by apparent DC
resistivity <20-30 Q m (Stagpoole & Bibby, 1998). This
approach to define the extent of the geothermal systems is
widely adopted in Aotearoa and proved reasonably accurate,
at least at regional scale, but also is known to produce some
spurious results, therefore require validation by other
datasets (e.g. wellbore data). Those low resistivity zones are
a product of the presence of hydrothermally altered or clay-
rich rocks filled with reasonably warm (=70 °C) to hot (e.g.
> 350 °C) geothermal fluids (Ussher et. al., 2000).

The typical 2D resistivity structure of a high-temperature
geothermal system in New Zealand is presented in Figure 1.
The deeper geothermal reservoir is slightly more resistive
than the shallowest parts of the geothermal system, with
resistivities up to ~60 Q m due to propylitic alteration. A
clay cap typically overlies this reservoir, with resistivities of
the magnitude of ~10-30 Q m due to illite or interlayered
illite-smectite hydrothermal alteration assemblage. The
cooler and shallowest portion of the system is typically

1 The Group 6 in the RPS applies to systems yet to be discovered, or for when more information is required before the system can

be classified into groups 1 to 5.
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characterised by the presence of smectite clay, reflected on
the more conductive top layer of the system.

jz CLAY CAP

<10-60 O-m

RESERVOIR
(PROPYLLITIC)

Figure 1: Schematic resistivity versus clay alteration
structure of a high-temperature geothermal system.
After Johnston et. al. (1992).

An important consideration is that those broad geophysical
layers have in fact a complex 3D geometry, and temporal
changes (e.g. waning) can create further complexities (e.g.
high-temperature mineral assemblages overprinted by lower
temperature ones). The resistivity maps available are
essentially a 2D representation of the resistivity structure at
subsurface (‘slices”) for reasonably shallow depths (< 1 km),
while most geothermal systems would extend well beyond
this depth (at least a few kilometers scale).

DC resistivity is also superseded by magnetotellurics.
However, for most geothermal systems of the Bay of Plenty
region, such survey has not been carried out so far. For those
with MT data, in most cases the results are either not
available to Council, cannot be used for this work due to
confidentiality or commercial sensitivity, or do not have the
required spatial resolution for the purpose of this mahi (i.e.
regional MT survey to image the roots of the geothermal
systems).

Nonetheless, while the system’s extent could be greatly
refined with detailed MT data, DC resistivity data is
considered fit-for-purpose for this work and was widely
adopted to inform the geographical extents. This is because,
in all systems other than the ones with potential for power
generation, only the shallowest part (< 1 km) of the systems
is tapped or expected to be tapped. Therefore, the system’s
extent, which is heavily based on DC geophysics in most
cases, effectively reflects the areas where warm or hot water
is most likely to be encountered and produced from, thus
where the effects of the activities will likely happen and be
limited to.

Regional resistivity data from Stagpoole & Bibby (1998) is
used unless data from the specific system and/or area is
available and provide a more accurate picture of the
resistivity structure than the regional dataset. When
available, the DC resistivity data is used in conjunction with
other geophysical methods (e.g. interpreted gravimetry).

The extent of the geothermal systems is typically defined by
the location of the steepest resistivity gradient. Those areas
reflect the edge of the saline aquifer or reservoir and its
associated hydrothermally altered rocks. This criterion was
used to locate the likely system extent, but the actual ‘choice’
of the isoresistivity contour was defined in a case-by-case
basis, based on results from various geoscientific datasets
(e.g. wellbore data, geothermal surface features location).

Relict or waned geothermal systems often leave a gradational
rather than steep resistivity signature, therefore this steep
gradient is a distinct feature of the active systems. West Lake
Rotorua to the west of Mokoia Island, for example, is
characterised by a deep area of very low resistivity with a
smooth, rather than a steep, resistivity gradient (Bibby et. al.,
1992). This geophysical signature coupled with minor
enhanced conductive heat flow at the bottom of the lake
(Whiteford, 1992) leads to the interpretation that the deep
low resistivity anomaly is likely a waning, warm geothermal
system.

As much as possible, the mapped extents of the geothermal
systems are not tailored to any specific use (e.g. extent of the
resource suitable for electricity generation). However, the
data available is invariably biased towards the high(er)-
temperatures areas of the systems. This is because the main
drivers for the geothermal science and commercial projects
are invariably related to the ‘core’ of the geothermal system
(e.g. hot reservoir for power generation or geothermal
surface features of scientific interest). Nonetheless, where
possible, potential extents were suggested to delineate cooler
outflows/fringes.

The level of certainty on the system’s extents are reflected
on the type of extent, whether approximate or inferred. An
approximate extent is adopted when there is a reasonably
high level of certainty on its extent, while an inferred extent
is adopted for when there is a moderate to low degree of
certainty. A high certainty is not considered achievable or
realistic, given the intrinsic complex hydrodynamics of
geothermal systems and reasonably gradual lateral transition
into cold groundwater systems, therefore none of the systems
are proposed to be mapped with accurate extent.

For the geothermal systems associated with offshore
volcanoes (e.g. the active Whakaari volcano and the remnant
Moutohora volcano), the broad approach was that the
geothermal system area shall cover the edifice of the
volcano, above and below sea level. This is consistent with
the conceptual model for active volcanic field play-type
(Moeck, 2014) and the broad conceptual model for Whakaari
(Kilgour et. al., 2021).

Finally, consideration was given on whether recent MT work
by Bertrand et. al. (2022), which identified a potential blind
system underneath the Makatiti Dome, should be considered
for the purposes of this work. This is because this potential
blind system ~ 3 km depth may be viable for developments
(Kissick et. al., 2023), thus of relevance for the Bay of Plenty
Regional Council. An option to map the system from a
scientific rationale is provided, but further consideration on
the appropriateness from a policy development perspective
is beyond the scope of this paper.
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Table 2: Limitations of the different datasets used to inform this work and the high-level weight of the dataset to define the
extent of the geothermal systems’ extent and potential extents.

DC resistivity Requires interpretation of the results by a subject Use interpreted results HIGH
matter expert. from peer-reviewed
Interpretation of the data and results publicly publications.
available is biased towards the ‘hotter’ parts of the Validate with other data
geothermal system. The ‘hotter’ areas are the main from subsurface (e.g.
targets for commercial viability of development wellbore data).
projects or research projects, but this does not Augment with
reflect the RMA definition of geothermal water. MT/deeper data if
Low-resistivity zones may reflect relict alteration, available.
sediment clays or weathered tuffs for_example, Assign a lower level of
and not the extent of the currently active confidence if other
geothermal system. In most cases this would result surveys/data sources are
in extents larger than the actual size which can be not available for
mlslead!ng for determining hydrogeological validation or the survey
connections. was not ‘bespoke’ to the
The geothermal aquifer/reservoir has a complex geothermal system
3D geometry unique to each geothermal system. (regional surveys vs
The data available does not capture this complex local surveys).
resistivity structure and other hydrological
controls like topography.
In most cases is limited to the shallower ~500 m
depth which significantly constrains the method in
areas with thick recent volcanic deposits, like
around the Okataina Volcanic Centre.
Should be validated by another geophysical
method (e.g. magnetics, gravimetry) for
robustness, but often this is not the case.
Resistivity — Requires interpretation of the results by a subject Only used to understand | LOW TO
Magnetotellurics matter expert. the heat sources of the HIGH
Data available to BOPRC designed to understand geothermal systems, but
regional scale processes and the deeper parts of not for defining extent,
the crust (the ‘roots’ of the geothermal system). unless it is _the only
- . dataset available.
Limited coverage of the Bay of Plenty region.
Other Generally, the surveys do not provide enough Use the data to validate LOW
geophysical resolution for defining system’s extent, but are DC resistivity results.
meth_ods: useful for validating resistivity data.
gravmlt_atry, Requires interpretation of the results by a subject
magnetics matter expert.
Geothermal The BOPRC Geothermal surface features Cf. the data against HIGH
surface features inventory and the GNS GGW database have some other geoscientific data
databases significant issues: and conceptual model
- Location accuracy. fortthe gz\oth;arrg_al i
system. iscretion
- Generally outdated (30+ years for most of the y PPy
! . o on the surface feature
data outside Rotorua) with no or limited :
b i d-truthing after the initial type versus what it
su sequinthgrgiga-) ruthing after the initial represents in terms of
survey ot the . the current surface
The ‘expression’ of the geothermal system at expression of the
surface. However: geothermal system (e.g.
- Surface features may be offset from the old hydrothermal
geothermal aquifer/reservoir at depth. eruption craters, relict
sinter deposits).
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- The geothermal system may have little or no Apply discretion,
surface expression. particularly if outside
- Relict surface features may not necessarily the geophysical extent.
reflect current thermal activity (e.g. sinter, Undertake field
hydrothermal eruption crater). investigations to
validate and update
historical data.
Heat flow maps Requires interpretation of the results by a subject Use interpreted results HIGH
matter expert. only from peer-reviewed
publications.
Geothermal Not all areas have been ground-truthed. Cf. the data against MODERATE
vegetation map Geothermal vegetation is not exclusive to other geoscientific data
geothermal areas. and conceptual model
. . . L for the geothermal
Might contain relict vegetation in a waned system. system.
Assign a lower level of
confidence if other
surveys/data sources are
limited.
Geothermal A direct measure of the subsurface conditions. Apply discretiononthe ~ HIGH
wells The main constraints are: data available and utilise
o . the data within its
- The limited number of wells available. e e e,
- Limited data available particularly for
smaller and shallower wells, for wells in
developed systems and for exploration wells.
- Limited data quality particularly for smaller
and shallower wells.
Cold A direct measure of the subsurface conditions Apply discretion on the MODERATE
groundwater which can help to constrain the geothermal data available and utilise
bores systems. The main limitations are: the data within its
o ) intrinsic limitations.
- Limited confidence on the temperature data,
particularly for deeper bores assigned as cold
in warm areas.
- Typical shallow depth. Cooler temperatures
do not preclude the existence of the thermal
resource at a greater depth.
Geothermal Not all areas have been ground-truthed. Cf. the data against MODERATE
vegetation map Geothermal vegetation is not exclusive to other geoscientific data
geothermal areas. and conceptual model
. . . L for the geothermal
Might contain relict vegetation in a weaned system.
system. .
Assign a lower level of
confidence if other
surveys/data sources are
limited.
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2.3.1 High-temperature systems potential extent

A potential extent for the high-temperature geothermal
systems is proposed in two instances:

(i) To define areas where a low-temperature resource
associated with the high-temperature systems may
occur, particularly in the outflow/fringes of the
systems.

(i) Where there is evidence that two systems can be
hydrogeologically connected at reasonably shallow,
currently exploitable depths (up to ~ 3 km).

No potential extent has been suggested when it was
considered that there was not enough robust information to
substantiate them, or when it was not considered
scientifically justifiable or appropriate.

For (i) a low-temperature resource (warm water) likely
occurs for a substantial distance in the outflows of the high-
temperature geothermal systems, which can be reflected both
in the groundwater chemistry and temperature. For example,
warm bores occur to northeast of the Kawerau Geothermal
Field and a boron anomaly is identified in several canals,
drains and streams to north and northeast of Kawerau in the
Rangitaiki Plains (BOPRC Tarawera Catchment Regional
Plan).

Another example is a site south of Rotorua, where an
exploration well encountered bottom of hole temperature of
91 °C at 200 m depth, giving a high conductive temperature
gradient of 340 °C/km [Brown, 2010]. This well was drilled
by the isoresistivity contour of 70 Q m (AB/2 =500 m),
again highlighting how a geothermal resource is likely to be
encountered for quite a distance from the typical DC
resistivity extent of ~30-50 Q m.

For (ii), the level of hydrogeological connection in those
cases is unknown, but it is assumed that it is to a level that
there is a possibility that a reasonably large
stressor/perturbation in one system (e.g. a large power plant)
could potentially affect the neighbour system. The potential
extent, in this case, will reflect the likely subsurface area of
hydrogeological connection projected to  surface.
Additionally, within the potential extent, low-temperature
geothermal water can be, or may already be tapped into by
shallow geothermal wells, for example, for domestic or light
commercial use.

2.4 Low-temperature systems
2.4.1 Low-temperature systems extent

Four low-temperature systems are proposed to be defined for
the Bay of Plenty region: Awakeri, Tihua (Mayor Island),
Tauranga-Mount Maunganui (Mauao) + Papamoa-Maketii
and West Lake Rotorua, with the first three systems already
identified in the operational RNRP and RPS. A different
methodology was applied to each of those four systems,
given their distinct nature. The Pukehinau-Waikokopu and
Manaohau systems are proposed to be reclassified as an
occurrence rather than a system and are covered in
Section 2.5. The Matata system is proposed to be removed
from the inventory due to the lack of supporting evidence for
a thermal resource.

The Tauranga geothermal system is an extensive warm
system bounded to northeast by the Pacific Ocean and by the
Kaimai Range to west. A few warm springs are known to
occur in areas where the aquifer is known to be reasonably

warm, like in Tauranga City, Maketli and around Katikati
(Zuquim et. al., 2022; Pearson-Grant & Burnell, 2018).

The thermal structure of the Tauranga system is highly
complex laterally and vertically, and still not fully
understood. Broad areas of enhanced temperature gradients
exist (Zuquim et. al., 2022), but there is very limited data
coverage to the south and west of the system (Jankd-Céapova
et. al., 2022). Nonetheless, there is a good match between
identified areas of enhanced temperature gradient with the
location of warm bores and historic and current warm
springs.

Part of the Tauranga Geothermal System is covered by the
regional DC resistivity survey. However, saltwater and
connate water affects the resistivity results, so there is little
confidence on whether the low resistivity zone around
Maketa reflects a large zone of enhanced aquifer
temperatures indeed (Janki-Cépova et. al., 2022).

The geothermal-groundwater chemistry for the Tauranga
Geothermal System is not particularly distinct from the
chemistry of the cold groundwater (White et. al., 2008), thus
chemistry data is of limited use for outlining the system
extent.

Finally, the main datasets used to outline the extent of the
Tauranga-Mount Maunganui (Mauao) + Papamoa-Maket
system are location of the warm and cold bore occurrences
augmented by the location of warm springs and broad areas
of enhanced thermal gradient.

The Awakeri system is reasonably hotter than the Tauranga
system, with shallow wells (~60 m depth) tapping into a
~70 °C geothermal-groundwater aquifer. It also includes the
existence of a reasonably hot (55 °C) spring, the Pukaahu
Spring. More hot springs are believed to exist in the area but
were destroyed by land development (Bromley et. al., 2003).

A reasonably detailed exploratory survey was undertaken in
Awakeri in the early 2000s by Bromley et. al. (2003),
resulting in a reasonably high level of understanding of this
unique geothermal system. The system has limited lateral
extent and is strongly controlled by the extent of the Awakeri
fault and the intersection with an inferred cross fault
(Bromley et. al., 2003). The aquifer temperatures are
sufficiently high to cause clay alteration and induce a distinct
geophysical signature/response. Warm and cold bores are
used to further constrain the warm water anomaly/resource.

Tthua (Mayor Island) is a dormant volcano off the Bay of
Plenty coast (Houghton et. al., 1992). Likewise, for the
offshore volcanos of Whakaari and Moutohora (extinct), the
broad approach to define the system extent to cover the
edifice of the volcano, above and below sea level.

Finally, West Lake Rotorua, to the west of Mokoia Island, is
likely a waning, warm geothermal system, even though this
has not been tested by drilling. While a warm geothermal
system may still exist beneath the lakebed, it is unlikely to
be of significant size or extent, thus it is highly unlikely to be
economically feasible for extractive uses. Nonetheless, it is
considered that such system shall still be identified and
mapped for the purpose of this work.

2.4.2 Low-temperature systems potential extent

A scientific justification or rationale could not be identified
to inform the development of potential extents for low
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temperature systems. As such, no system’s extents are
proposed for those system-types.

2.5 Geothermal occurrences — Tectonic springs, other
warm springs and isolated warm wells

Warm springs and bores that could not be directly linked to
any known geothermal system of the Bay of Plenty region
are known to occur particularly in Te Urewera and the
volcanic lakes associated with the Okataina Volcanic Centre
(Nairn, 2002). Currently, it is considered that there is a lack
of robust supporting evidence that those isolated occurrences
are directly fed by a more extensive geothermal resource at
depth, and, as such, were classified as geothermal
occurrences in this work. Further research and exploration
could identify a linkage with a wider geothermal aquifer in
the future, and this classification might be reviewed.

Two geothermal springs in the Te Urewera fall into this
setting: Manaohau and Pukehinau-Waikokopu. The
Manaohau and Pukehinau-Waikokopu springs are likely
warm tectonic springs associated with the North Island Fault
System or North Island Dextral Fault Belt (NIFS or NIDFB;
Beanland, 1995; Litchfield et. al., 2014). The faults of the
NIFS have both strike-slip and normal components, which is
an ideal setting to create good, highly localised vertical
permeability in releasing bends or damage zones (e.g.
Rowland & Sibson, 2004).

This deeply circulating geothermal-groundwater is heated by
the naturally occurring thermal gradient which increases
with depth. As this slow-moving water intercepts permeable
vertical fluid pathways like fault zones, it ascends to surface
and discharges as warm springs. Currently, no supporting
evidence was identified that suggests that the thermal springs
at Te Urewera are the surface expression of a wider
geothermal system at depth.

Warm springs also occur in the shores of Lake Tarawera and
Okataina. Currently, no supporting strong evidence was
identified that indicates an interconnection of those springs
to the Waimangu-Rotomahana-Tarawera system to south
(other than the springs in Te Rata Bay in Lake Tarawera).

Recent work by Caratori-Tontini et. al. (2023) concluded
that the warm springs in Kanaehapa Bay and Humphries Bay
(Lake Tarawera) and in Otangimoana Bay (Lake Okataina)
are possibly a result of circulation of meteoric water through
permeable rhyolitic rocks driven by gravity, discharging at
the lakes shore where it intersects the water table, and not
associated with a wider geothermal system. Therefore, the
warm springs in Kanaehapa Bay and Humphries Bay (Lake
Tarawera) and Otangimoana Bay (Lake Okataina) are also
suggested to be classified as geothermal occurrences
(Caratoni-Tontini et. al., 2022).

Likewise, no strong evidence was identified that points
towards the existence of a plume feeding a more extensive
geothermal system underneath Mount Tarawera (Bertrand et.
al., 2022). Therefore, the area encompassing the fumaroles
and steaming ground located around the top of the maunga
are proposed to be classified as geothermal occurrences, at
least until further evidence gathered points towards a linkage
to a wider, established geothermal system.

One ‘isolated’ warm bore also occurs around 8 km to the
south of the proposed Tauranga Geothermal System extent.
This well is located 2.5 km to southwest of the Otamarakau
fault in Pongakawa and is considered an isolated occurrence.

It is possible and likely that other warm wells drilled within
the wider Central Volcanic Zone (CVZ; Wilson et. al.,
1995), like this bore, will encounter warm water given the
broadly enhanced thermal gradient of the CVZ.

3. RESULTS

Based on the analysis carried out and described in Section 2,
the results show that, from a science perspective, there is
merit in mapping system’s extent or potential extent (Section
1). This is because:

e  While there is a range in the level and quality of
information on the geothermal systems of the region,
which creates a range in the level of certainty around
their extension at depth, the data available is
confirmed of sufficient quality and coverage to inform
the system’s extent at depth projected to surface.

e  The various levels of certainty around the system’s
extent can be effectively communicated and reflected
in the type of extent (approximate or inferred). None
of the geothermal systems are proposed to have an
accurate extent.

Itis considered that the issues with data quality, quantity and
uncertainty of their location and extent have been
appropriately addressed and mitigated. Therefore, those
issues do not preclude mapping the geothermal systems and
occurrences of the Bay of Plenty region and defining their
geographical extent.

The scientific criteria applied to outline the extent and
potential extent of the geothermal systems and occurrences
of the Bay of Plenty region is summarised in Tables 6 to
Table 9 of the Appendix. The level of confidence applied to
the system extent used to inform the recommendation for an
approximate or inferred extent and rationale for the potential
extent is presented in Table 10 to Table 14 of the Appendix.
A regional map is presented in Figure 2.

4. CONCLUSIONS

This work presented and applied a consistent methodology
to identify and map the extent of the geothermal systems
identified and not yet identified in the policy framework for
the Bay of Plenty region (RPS and RNRP). It also
recommended the inclusion and reclassification of some
systems into geothermal occurrences.

The work also addressed the level of certainty on the data
used to inform the systems extent and proposed a residual
uncertainty on the systems geographical extent, after
measures to minimise issues of data uncertainty were applied
when possible. This residual uncertainty is reflected in the
type of extent: approximate or inferred, when there is a
higher or lower level of certainty, respectively.

This work also proposes the follow changes to the BOPRC
inventory of geothermal resources of the Bay of Plenty
region to better reflect the current level of understanding of
those geothermal systems/occurrences:

e Tauranga-Mount Maunganui (Mauao) and Papamoa-
Makett systems: Merge into one low-temperature
geothermal system and remove the sea drape i.e. adopt
the coastline for the system extent.
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Figure 2: Proposed extent and potential extent for the geothermal systems and occurrences of the Bay of Plenty region.
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e  Separate the RNRP and RPS low-temperature systems
into geothermal systems and geothermal occurrences,

as below:
a) Low-temperature systems:
i) Awakeri

ii) Tuhua (Mayor Island)

iii) Tauranga-Mount Maunganui (Mauao) +
Papamoa-Maketi

b) Geothermal occurrences (regardless of the

temperature):

i) Lake Tarawera - Humphries Bay

ii) Lake Tarawera - Kanaehepa Bay

iii) Lake Okataina - Otangimoana Bay

iv) Mount Tarawera

v) Manaohau, Pukehinau-Waikokopu,

Pongakawa
e Add one new high-temperature system: Makatiti
Dome.
e  Add one new low-temperature system: West Lake
Rotorua.

e  Remove Matata from the list of geothermal systems
for the Bay of Plenty region.

e Accept the location, extent and potential extent as per
Section 3 and presented in in Figure 2, from a
scientific perspective.

e Accept the type of extent and potential extent as either
approximate or inferred to reflect the level of certainty
on those areas, from a scientific perspective.

Those proposed changes might be adopted by the reviewed
Bay of Plenty Regional Natural Resources Plan through the
Plan Change 11, but further work might be required as part
of the process of building the knowledge-base for the plan
change.
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APPENDIX

Table 1: Summary of the data and information sources utilised to inform the extent of the high-temperature geothermal
system of the Bay of Plenty region identified in the RNRP and RPS.

Geothermal Geophysics Surface data
system

Wellbore data

Geochemistry

Kawerau Allis et. al. (1993). BOPRC geothermal surface Milicich et. al. Milicich et. al.
Milicich et. al. (2018). features database. (2018). (2018).
BOPRC geothermal vegetation
layer.
Lake Rotoiti — Stagpoole & Bibby BOPRC geothermal surface BOPRC wells Yang et. al. (2023).
Centre Basin (1998). features database. database.
de Ronde et. al. (2022). = de Ronde et. al. (2022).
Bertrand et. al. (2022). Yang et. al. (2023).
Moutohora N/A. BOPRC geothermal surface N/A. N/A.
Island (Whale features database.
Island) BOPRC geothermal vegetation
layer.
Bathymetry.
Rotokawa- Bibby et. al. (1992). Reeves et. al. (2014). BOPRC wells Seward et. al.
Mokoia Island Whiteford (1992). BOPRC geothermal surface database. (2018).
Bertrand et. al. (2022).  features database.
Rotorua City Bibby et. al. (1992). Reeves et. al. (2014). BOPRC wells Scott et. al. (2021).
Whiteford (1992). BOPRC geothermal surface database.
Bertrand et. al. (2022). features database.
BOPRC geothermal vegetation
layer.
Rotoma- Hochstein et. al. (1987). - BOPRC geothermal surface Cave et. al. (1993). Bromley et. al.
Tikorangi Bromley et. al. (1988). ~ features database. BOPRC wells (1988).
BOPRC geothermal vegetation database.
layer.
Bromley et. al. (1988).
Rotoma- Hochstein et. al. (1987).  BOPRC geothermal surface BOPRC wells Bromley et. al.
Puhipuhi Bromley et. al. (1988). features database. database. (1988).
Bromley et. al. (1988).
Tikitere-Ruahine = Stagpoole & Bibby BOPRC geothermal surface BOPRC wells Seward et. al.
(1998). features database. database. (2018).
Bertrand et. al. (2022). Yang et. al. (2023).
Taheke Stagpoole & Bibby BOPRC geothermal surface BOPRC wells BOPRC consents
(1998). features database. database. reports.
Yang et. al. (2023).
Waimangu- Bibby et. al. (1994). BOPRC geothermal surface Hedenquist (1991). = Simmons et. al.
Rotomahana- Seward et. al. (2022). features database. (1994)
T
arawera de Ronde et. al. (2016).
Caratoni-Tontini et. al.,
2023.
Bertrand et. al. (2022).
Whakaari N/A. BOPRC geothermal surface N/A. Kilgour et. al.
(White Island) features database. (2021).
Giggenbach et. al. (2003).
Kilgour et. al. (2021).
Bathymetry.
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Table 2: Summary of the data and information sources utilised to inform the extent of the potentially new high-temperature
geothermal system of the Bay of Plenty region not identified in the RNRP and RPS.

Geophysics Surface data Wellbore data Geochemistry
system

Makatiti Dome Bertrand et. al. (2022). N/A N/A N/A

Table 3: Summary of the data and information sources utilised to inform the extent of the low-temperature geothermal system
of the Bay of Plenty region identified in the RNRP and RPS. It also includes the geothermal occurrences.

Geophysics Surface data Wellbore data Geochemistry
system

Awakeri Bromley et. al. (2003). Bromley et. al. (2003). Bromley et. al. Awakeri

BOPRC geothermal surface (2003)
features database.

BOPRC geothermal vegetation
layer.

GNS Science active faults
database.

Manaohau N/A. Cave et. al. (1993). N/A. Manaohau

Natural Thermal Feature/Springs
of New Zealand (GNS GGW

database).
Matata N/A. White (2009) Cave et. al. 1993. Matata
GNS Science active faults
database.
Tahua (Mayor N/A. BOPRC geothermal surface N/A. Tahua (Mayor
Island) features database. Island)
Bathymetry.
Pukehinau- N/A. BOPRC Geothermal overview N/A. Pukehinau-
Waikokopu report (1991). Waikokopu

Natural Thermal Feature/Springs
of New Zealand (GNS GGW

database).
Tauranga- N/A. BOPRC geothermal vegetation BOPRC wells Tauranga-Mount
Mount layer. database. Maunganui
l\;l/launganw Leonard et. al. (2010). Pearson-Grant & g\_/la_uao)- Maketd
;53;:1?;_ Natural Thermal Feature/Springs ~ Burnell (2018). apamoa-Maketu
Maketii of New Zealand (GNS GGW Zuquim et. al.

database) + BOPRC data on (2022).

warm springs.

Table 4: Summary of the data and information sources utilised to inform the extent of the potentially new low-temperature
geothermal system, of the Bay of Plenty region not identified in the RNRP and RPS.

Geothermal Geophysics Surface data Wellbore data Geochemistry
system

West Lake Bibby et. al. (1992). West Lake Rotorua
Rotorua Whiteford (1992).
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Table 5: Summary of the data and information sources utilised to inform the extent of the potentially new geothermal

occurrences of the Bay of Plenty region not identified in the RNRP and RPS.

Geothermal Geophysics Surface data Wellbore data Geochemistry
system

Lake Tarawera - Stagpoole & Bibby, BOPRC geothermal surface Lake Tarawera -
Humphries Bay (1998). features database. Humphries Bay
Caratori-Tontini et. al. Nairn (1981).
2023. Caratori-Tontini et. al. (2023).
Lake Tarawera - = Caratori-Tontini et. al. BOPRC geothermal surface N/A Lake Tarawera -
Kanaehepa Bay (2023). features database. Kanaehepa Bay
Caratori-Tontini et. al. (2023).
Lake Okataina —  Stagpoole & Bibby Nairn (1981). N/A Lake Okataina —
Otangimoana (1998). Otangimoana Bay
Bay
Mt Tarawera Stagpoole & Bibby BOPRC geothermal surface N/A Mt Tarawera
(1998). features database.
Bertrand et. al. (2022).
Pongakawa N/A N/A BOPRC wells Pongakawa
database.
Pukehinau- Refer to Table 3 (appendix).
Waikokopu
Manaohou Refer to Table 3 (appendix).
Matata Refer to Table 3 (appendix).

Table 6: Data/criteria applied to delineate the extent and potential extent of the high-temperature geothermal systems of the
Bay of Plenty region identified in the RNRP and RPS.

Potential extent

Geothermal system

Kawerau

System extent

Regional resistivity survey — 70 Q m (AB/2 = 500 m
nominal spacing) + 30 Q m (AB/2 = 1000 m nominal
spacing) (smoothed).

Hot and warm wells (KA49 included).
Cold bores to constrain extension.
Geothermal surface features — all.
Geothermal vegetation — all.

Include system extent.

Regional resistivity survey — 70 Q m
(AB/2 =500 m nominal spacing) + 50 Q m
(AB/2 = 1000 m nominal spacing) (smoothed).

Hot and warm wells (KA49 excluded).

Moutohora Island
(Whale Island)

Bathymetry at 20 m below sea level.
Geothermal surface features - all.
Geothermal vegetation —all.

N/A.

Rotokawa-Mokoia
Island

Regional resistivity survey — 100 Q m (AB/2 = 500 m
nominal spacing) (smoothed).

Heat flow contour 0.5 W/m? (approximate).
Hot and warm wells.

Cold bores to constrain extension.
Geothermal surface features - all.

Rotorua city

Regional resistivity survey — 30 Q m (AB/2 =500 m
and AB/2 = 1000 m nominal spacing) (smoothed).

Heat flow contour 0.5 W/m? (approximate).
Hot and warm wells.

Cold hores to constrain extension.
Geothermal surface features - all.
Geothermal vegetation — all.

Include system extent.
Cover Waikare-Hinemoa Point spring.
Regional resistivity survey (smoothed):

e 150 Q m (AB/2 =500 m nominal spacing)
in Rotokawa-Mokoia Island area.

e 70Q m (AB/2 =1000 m nominal spacing)
in Rotorua area.

Heat flow contour 0.25 W/m? (approximate).
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Geothermal system System extent Potential extent
Rotoma-Tikorangi Regional resistivity survey — 50 Q m (500 m nominal = N/A

spacing) (smoothed).

System limits of Bromley et. al. (1988).

Including the area with high chloride flux between
the Tarawera Falls and the Waterfall Road bridge,
and the warm swamp.

Encompass all geothermal surface features and
mapped geothermal vegetation.

Rotoma-Puhipuhi System limits of Bromley et. al. (1988). N/A

Encompass all geothermal surface features and
mapped geothermal vegetation.

Lake Rotoiti — Heat flow anomalies. Include Tikitere-Ruahine, Taheke and Lake

Centre Basin Include areas with indication of degassing by Rotoiti - Centre Basin systems’ extent.
hydrothermal activity in the bottom of Lake Rotoiti Regional resistivity survey (smoothed) -
(moderate-high CO2 flux and pockmarks). 50 Q m (AB/2 =500 m and AB/2 = 1000 m
Surface features inventory. nominal spacing)

Include areas with indication of degassing by

Okataina Volcanic Centre boundary.
& hydrothermal activity in the bottom of Lake

Tikitere-Ruahine Regional resistivity survey - Rotoiti (low-moderate CO2 flux and
30 Q m (AB/2 = 500 m nominal spacing). pockmarks).
Hot wells. Warm wells.
Cold bores to constrain extension. Relict hydrothermal eruption occurrence.

Geothermal surface features - all.
Geothermal vegetation — all.

Taheke Regional resistivity survey -
30 Q m (AB/2 =500 m nominal spacing).
Hot wells.

Cold bores to constrain extension.
Geothermal surface features - all.
Geothermal vegetation — all.

Waimangu- Regional resistivity survey — N/A
Rotomahana- 50  m (500 m nominal spacing) (smoothed).
Tarawera Conductive heat flow >2 W/m? and > 1 W/m2 for

Lake Rotomahana.
Geothermal surface features - all.
Geothermal vegetation — all.

Whakaari (White Bathymetry at 150 m below sea level, excluding the N/A
Island) neck to NW.

Geothermal surface features - all.
Geothermal vegetation — all.

Table 7: Data/criteria applied to delineate the extent and potential extent of the high-temperature geothermal system of the
Bay of Plenty region not identified in the RNRP and RPS.

Makatiti Dome MT survey - 10 Q m at 3 km depth. N/A

Table 8: Data/criteria applied to delineate the extent and potential extent of the low-temperature geothermal system of the
Bay of Plenty region identified in the RNRP and RPS.

Geothermal system System extent Potential
extent
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Awakeri Include the resistivity low (30 Q m) of Bromley et. al. (2003) and the west limit of the = N/A
regional resistivity survey (AB/2 = 500 m nominal spacing).

Include warm wells and warm spring.

Follow the Awakeri fault trend of the active faults database and of Bromley et. al.
(2003).

Tahua (Mayor Island) Bathymetry at 70 m below sea level. N/A
Geothermal surface features - all.
Geothermal vegetation — all.

Tauranga-Mount Encompass all warm wells and springs. N/A
Maunganui (Mauao) Informed by the temperature gradient contours (Zuguim et. al., 2022)
plus Papamoa-Maketu . . _

Informed by the location of the concealed faults in Makett (Leonard et. al., 2010).

Table 9: Data/criteria applied to delineate the extent and potential extent of the low-temperature geothermal system of the
Bay of Plenty region not identified in the RNRP and RPS.

West Lake Rotorua Regional resistivity survey - 30 Q m N/A
(AB/2 =500 m nominal spacing).

Heat flow data points of 0.12 W/m?.
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Table 10: Summary of the availability and suitability of data used to inform the extent and potential extent of the high-temperature geothermal system of the Bay of Plenty region and the
resulting level of confidence on their extent. Geothermal systems identified in the RNRP and RPS only. This resulting level of uncertainty informs the recommendation of an approximate
or inferred extent, and the suitability for an associated potential extent. Green cells are for data sources assessed to have a high level of quality and appropriateness to inform system
extent. Orange cells are for when the quality/appropriateness is moderate, and red cells are for low. The resulting level of confidence for the system extent follows the same colour code.

Geothermal system Geophysics Surface expression of the | Wellbore data Level of confidence for Potential extent —
geothermal system defining an extent and rationale
recommendation for an
approximate or inferred
extent

Kawerau

Lake Rotoiti — Centre
Basin

Surface expression under the
water, with quality lake-bottom

surveys available. No data on an
inland extension identified.

Moutohora Island (Whale Geothermal surface features Not enough information to
Island) mapped but data is particularly inform a potential extent.
outdated, due to limited research
carried out in this geothermal
system. Little known about
subaquatic thermal activity.
Rotokawa- Regional resistivity data Some hot wells and cold Moderate. Limited subsurface
Mokoia Island but no local resistivity bores to constraint the information/testing and lack of local
survey. system. resistivity surveys. Recommend an

inferred extent.
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Geothermal system

Rotorua City

Rotoma-
Tikorangi

Rotoma-
Puhipuhi

Tikitere-
Ruahine

Geophysics Surface expression of the | Wellbore data Level of confidence for Potential extent —
geothermal system defining an extent and rationale
recommendation for an
approximate or inferred
extent

Only one exploration well Moderate. Limited subsurface data Not enough information to

(RM1) with presumably and the system has limited surface inform a potential extent.
quality data, but confidential ~expression. Recommend an

and not accessible. inferred extent.

Published papers indicate

high subsurface

temperatures. A reasonable
number of warm wells at the
BOPRC database. Limited
subsurface data to inform
the system extent.

Moderate. No subsurface data and Not enough information to
the system has limited surface inform a potential extent.
expression. Recommend an

inferred extent.

Regional resistivity data Geothermal surface features Deeper system not Moderate. Recommend an
but no local resistivity mapped but features-type not tested/drilled into. inferred extent.
survey available. fully representative of the deeper

geothermal reservoir/aquifer.
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Geothermal system

Waimangu-
Rotomahana-Tarawera

Whakaari (White Island)

Geophysics Surface expression of the | Wellbore data Level of confidence for Potential extent —
geothermal system defining an extent and rationale
recommendation for an
approximate or inferred
extent

Regional resistivity data Geothermal surface features Moderate. Recommend an

but no local resistivity mapped but features-type not inferred extent.
survey available to fully representative of the deeper
Council. Previous MT geothermal reservoir/aquifer.

survey confidential.

Only one exploration well. Not enough information to

inform a potential extent.

No geothermal wells drilled. Not enough information to

inform a potential extent.
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Table 11: Summary of the availability and suitability of data used to inform the extent and potential extent of the high-temperature geothermal system of the Bay of Plenty region and the
resulting level of confidence on their extent. Geothermal systems not identified in the RNRP and RPS. This resulting level of uncertainty informs the recommendation of an approximate
or inferred extent, and the suitability for an associated potential extent. Green cells are for data sources assessed to have a high level of quality and appropriateness to inform system
extent. Orange cells are for when the quality/appropriateness is moderate, and red cells are for low. The resulting level of confidence for the system extent follows the same colour code.

Geothermal Geophysics Surface expression of the Wellbore data Level of confidence for defining an extent Potential extent — rationale
system geothermal system and recommendation for an approximate or
inferred extent

Makatiti Dome Not enough information to
inform a potential extent.

Table 12: Summary of the availability and suitability of data used to inform the extent and potential extent of the low-temperature geothermal system of the Bay of Plenty region and the
resulting level of confidence on their extent. Geothermal systems identified in the RNRP and RPS only. This resulting level of uncertainty informs the recommendation of an approximate
or inferred extent, and the suitability for an associated potential extent. Green cells are for data sources assessed to have a high level of quality and appropriateness to inform system
extent. Orange cells are for when the quality/appropriateness is moderate, and red cells are for low. The resulting level of confidence for the system extent follows the same colour code.

Geothermal Geophysics Surface expression of the Wellbore data Level of confidence for defining an extent Potential extent — rationale
system geothermal system and recommendation for an approximate
or inferred extent

Awakeri Detailed local resistivity but Not enough information to
does not cover the wider inform a potential extent.
area and location of warm
wells to northeast.

Resistivity data validated by
seismic and gravimetry
surveys. Regional DC
resistivity not fit-for-
purpose.
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Geothermal
system

Island)

Tauranga-
Mount
Maunganui
(Mauao) plus
Papamoa-
Maketu

Tahua (Mayor

Geophysics Surface expression of the
geothermal system

underwater.

Warm springs reasonably
well mapped but does not
provide constraints on the
extent of the geothermal
system.

A few warm springs mapped
along the coast, but might
have some surface features

Wellbore data Level of confidence for defining an extent Potential extent — rationale
and recommendation for an approximate

or inferred extent

Not enough information to
inform a potential extent.

Moderate. Recommend an inferred extent.

Recommend remove sea drape and use the
coastline as the system limit.

Location of warm wells well
defined and cold wells
provide a constraint to the
warm aquifer area, but there
is some uncertainty on the
quality of the temperature
bore data (i.e. whether cold
bores could be warm bores).

Temperature profile data with
limited coverage to west and
south.

Not enough information to
inform a potential extent.

Table 13: Summary of the availability and suitability of data used to inform the extent and potential extent of the low-temperature geothermal system of the Bay of Plenty region and the
resulting level of confidence on their extent. Geothermal systems not identified in the RNRP and RPS. This resulting level of uncertainty informs the recommendation of an approximate
or inferred extent, and the suitability for an associated potential extent. Green cells are for data sources assessed to have a high level of quality and appropriateness to inform system
extent. Orange cells are for when the quality/appropriateness is moderate, and red cells are for low. The resulting level of confidence for the system extent follows the same colour code.

Geothermal
system

West Lake
Rotorua

Geophysics Surface expression of the
geothermal system

Regional resistivity data
and historical bottom of
lake heat flow survey.

Wellbore data Level of confidence for defining an extent Potential extent — rationale
and recommendation for an approximate

or inferred extent

Not enough information to
inform a potential extent.
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Table 14: Summary of the availability and suitability of data used to inform the extent and potential extent of the low-temperature geothermal system of the Bay of Plenty region and the
resulting level of confidence on their extent. Geothermal systems not identified in the RNRP and RPS. This resulting level of uncertainty informs the recommendation of an approximate
or inferred extent, and the suitability for an associated potential extent. Green cells are for data sources assessed to have a high level of quality and appropriateness to inform system
extent. Orange cells are for when the quality/appropriateness is moderate, and red cells are for low. The resulting level of confidence for the system extent follows the same colour code.

Level of certainty and/or error | Approach for defining the location or extent of the occurrence

Geothermal
occurrence

Lake Tarawera -
Humphries Bay

Lake Tarawera -
Kanaehepa Bay

Lake Okataina —
Otangimoana Bay

Mount Tarawera

Pukehinau-
Waikokopu

Manaohou

Matata

Summary of data used to inform the location or

extent of the occurrence

Geothermal surface features inventory and Caratori-
Tontini et. al. (2023).

Geothermal surface features inventory and Caratori-
Tontini et. al. (2023).

Nairn (2002).

Regional resistivity survey — 30 Q m (500 m nominal
spacing) from Stagpoole & Bibby 1998.

Geothermal surface features inventory.

Reports of warm seeps adjacent to Waikokopu Stream
at Pukehinau Stream confluence.

Report of a warm seep in the area.

Locals are aware of springs (White, 2009).
Geophysics affected by salt/connate/brackish water.

Report stating that exploratory well did not find
geothermal water (White, 2009), but no data available.

Set of active faults (Matata fault system).

Moderate

Moderate.

140 m coordinates error.

Moderate.

650 m coordinates error.

Location of geothermal surface features. Constraints due to the limited correlation
between the geothermal surface features’ types (steam-fed) and an underlying
geothermal system.

Recommend an inferred extent.

Geographical coordinates as per database with a circle of 140 m radius around the
location.

Recommend an inferred extent.

Geographical coordinates as per database with a circle of 650 m radius around the
location.

Recommend an inferred extent.
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Geothermal Summary of data used to inform the location or | Level of certainty and/or error | Approach for defining the location or extent of the occurrence
occurrence extent of the occurrence
Pongakawa One isolated warm well (BN20-0256).

No data to inform an area.
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