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EXECUTIVE SUMMARY 

Bay of Plenty Regional Council (BOPRC) contracted GNS Science (GNS) to build a 3-D 
geological model of the Rotorua Geothermal Field. Geoscientific datasets provided by 
BOPRC and complemented by a literature review of the district have been gathered in a 
database (Alcaraz, 2014) before being used as input data to build a model of the Rotorua 
area using 3-D modelling software Leapfrog Geothermal 2.7.1. 

The Rotorua Geothermal Field covers an area of —18 km2  in the southern part of the Rotorua 
caldera, which formed during the eruption of the Mamaku Ignimbrite. Pre-caldera domes 
surround the caldera and older ignimbrites outcrop south and west of Rotorua. The exact 
nature, extent and thickness of deposits below the Mamaku Ignimbrite are unknown. Effusive 
eruptions followed the caldera collapse and rhyolitic dome complexes formed in the 
south-west of the caldera, which is considered the area of maximum subsidence and likely 
source of the Mamaku Ignimbrite. A lake formed within the depression and an interlayered 
series of primary and re-sedimented tephra, alluvium and lacustrine sediments cover the 
ignimbrite and some domes. The Rotorua caldera is located north-west of the Taupo Fault 
Belt rift and active faults are mapped south and north-east of the caldera rim, while the 
structures within the caldera have been buried under young sedimentary and volcaniclastic 
layers. Lineaments and alignment of thermal features are used to infer the location of some 
faults within the caldera. There is little geological evidence at depth to confirm the existence 
of most of these faults. More than 1300 boreholes have been drilled in the Rotorua area but 
most wells are shallow and reliable geological data is scarce. 

The 3-D geological model extent has been set to include the Rotorua caldera. The model is 
thus referred to as the 3-0 geological model of Rotorua. A combination of borehole data, 
surface geology and structures were used to generate representative geological formations 
at depth. The formations and faults have been selected based on the factual data available 
and modelling capabilities of the software. The modelled structures and formations included 
in this model are: 

Formations 

Superficial deposits 
Okataina Pyroclastics 
Rotoiti Formation 
Earthquake Flat Breccias 
Rotorua Basin Lake Sediments 
Post-caldera Rotorua rhyolites 
Mamaku Ignimbrite 
Pre-caldera rhyolites 
Okataina rhyolites 
Pokai Formation - Pokopoko 
Formation 
Old ignimbrites (> 300ka), including 
Whakamaru Group 
Basement 

Structures 

Rotorua caldera 
Tikitere Graben 
Horohoro Fault 
Whakapoungakau Fault 
Ngakuru - Opawhero Fault 
Intra Caldera Boundary Faults 
Whakarewarewa Fault 
Puarenga Fault 
Pohaturoa Fault 

A full version of the model and a viewer file accompany this report. This model should be 
used as a foundation for future complementary studies that will help better understand the 
Rotorua Geothermal Field and provide a tool for resource assessment and management. 
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1.0 	INTRODUCTION 

Bay of Plenty Regional Council (BOPRC) contracted GNS Science (GNS) to initiate the 
building of a comprehensive 3-D model of the Rotorua Geothermal Field. This project was 
divided in two tasks. The first task involved the compilation and validation of geoscientific 
datasets provided by BOPRC and complemented by internal and external reviews, focussing 
initially on key geological, structural and hydrological information available for the Rotorua 
area. A previous report has been issued to discuss these data inventory and data validation 
processes (Alcaraz, 2014). The second task involved the creation of a 3-D geological model 
of the Rotorua area as a 3-D base platform for future complementary studies on the Rotorua 
geothermal reservoir. The present report discusses the Rotorua geological context and the 
methods used to build the 3-D geological model of the Rotorua Geothermal Field. 

The Rotorua Geothermal Field lies within the southern part of the Rotorua caldera, an almost 
circular depression created by collapse during the eruption of the Mamaku Ignimbrite. Based 
on shallow electrical resistivity maps, the Rotorua Geothermal Field covers an area of about 
18 km2, as defined within the 30 Gm resistivity contour at surface, but may extend to 20 - 
28 km2  at 500 m depth (Bibby et a!, 1992). Two smaller resistivity anomalies have been 
identified in the caldera, including a —8 km2  resistivity low towards the eastern shore of the 
lake that incorporates the thermal features of Mokoia Island, and a western anomaly below 
the lake that may represent a fossil system (Bibby et al., 1992). To capture key geological 
features likely to influence the geothermal reservoir, the model area covers the Rotorua 
caldera extent. 

The geology at depth within the caldera is poorly constrained, even though more than a 
thousand driliholes have been drilled in and near Rotorua City since the 1930s. Most wells 
do not exceed a couple hundred metres drilled depth and geological data was not recorded 
systematically before 1978. Some logs have been described from drill cuttings by geologists, 
but most available data are driller logs, with descriptions that are subject to the limitations of 
varying interpretations (Crafar, 1974; Wood, 1984; Wood, 1985b; Wood, 1992). 

The Rotorua caldera topographic margin is well-defined on all sides by fault scarps, except to 
the north-west where the Mamaku Plateau is gently dipping towards the centre of the 
caldera, without any obvious structural offset marking the caldera edges (Thompson, 1974). 
Structures within the caldera are not clearly defined at surface but it is likely that the deepest 
formations are faulted. It is believed that fault structures channel fluids to the surface from 
the deep geothermal aquifer hosted in the Mamaku Ignimbrite. Exploitation of the Rotorua 
Geothermal Field mostly targeted the shallowest aquifer hosted in the Rotorua City Rhyolite 
that forms an elongated ridge below the city centre. The lower beds of an overlying 
sedimentary sequence are largely impermeable and act as an aquitard. 

The software used for modelling the geology of Rotorua is Leapfrog Geothermal 2.7.1. The 
characteristics of the software are briefly presented in Section 2 of this report before the 
Rotorua area geological context. The techniques used to build the model are then presented 
in detail to reference and facilitate future updates to the model. The geological model and 
accompanying viewer scenes are saved on the DVD attached to this report. 
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2.0 	LEAPFROG GEOTHERMAL 

	

2.1 	HISTORY 

Leapfrog Geothermal is a 3-D modelling and visualisation software package developed by 
New Zealand based company ARANZ Geo Limited (ARANZ Geo). The company designs 
and develops a suite of 3-D geological modelling products for the mining, energy and 
environmental markets. Their first software, Leapfrog Mining, was released in 2004, followed 
a few years later by Leapfrog Hydro. In 2006, GNS and ARANZ Geo initiated a collaboration 
to develop the 3-D geological modelling capabilities of the Leapfrog suite, leading to the 
identification of a market niche for the development of a product dedicated to the geothermal 
industry. Leapfrog Geothermal was first released in 2010 and provides an innovative and 
long-overdue interface linking 3-D geological modelling with Tough2 reservoir modelling 
tools. Strengthened collaboration between ARANZ, GNS and partners Contact Energy and 
University of Auckland (Department of Engineering) allowed Leapfrog Geothermal to quickly 
become the most technically advanced Leapfrog product. In 2013, ARANZ Geo released 
Leapfrog Geo, which is now their core product, targeting a wider range of geological 
modellers. Leapfrog Geo and Leapfrog Geothermal evolve in parallel and new tools are 
being implemented as new releases become available once to twice a year. The current 
Leapfrog Geothermal version used to build the 3-D geological model of Rotorua is version 
2.7.1, released on the 25th  of November 2014. 

2.2 METHODOLOGY 

Leapfrog Geothermal supports various datasets and data formats to represent surface 
information, sub-surface data and borehole data. Using implicit modelling techniques based 
on the Fast RBF (Radial Basis Function) algorithm, Leapfrog Geothermal generates surfaces 
from any set of these data, and the generation of volumes from a set of surfaces. These 
processes are both automated, ensuring fast and consistent surface and volume generation. 

Modelling the geology of a region is a process of subdividing space into volumes from 
boundary surfaces. Each volume describes a region of space containing a particular 
geological unit. At its most basic, a geological model is a rectangular volume that covers the 
region of interest, generally constrained at surface by the topography. This forms the 
foundation from which the model is then successively refined by adding structures and 
stratigraphy: 

The structure of the model is represented by purposely built fault surfaces which are 
combined to form fault blocks; 

Within each block, the stratigraphic units are generated from surfaces using a selection 
of possible inputs such as borehole contact points, GIS lines, points or user defined 
polylines. 

The generation and combination of contact surfaces have been customised to mimic the 
underlying geological process. These are deposit, intrusion or erosion surfaces. The 
generation of the volumes depends on the process by which each surface has formed. As 
per the geological principles, deposits are formed from the accumulation of material atop 
existing surfaces without affecting any older deposits, while intrusion and erosional surfaces 
will disturb older formations and cut through them. 
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2.3 	KEY BENEFITS FOR THIS STUDY 

Leapfrog Geothermal allows direct visualisation and comparison of field-wide 
multidisciplinary data in one interface and provides powerful visualisation tools. Models are 
built from measured and observed data, which can be complemented with manual inputs 
from the modeller, particularly when the data density is sparse. Both inputs are kept 
separate, which means that the data integrity is not at risk, and the model is easily 
up-datable. Any change in the input data will be automatically reflected in the model. 

Tools have been developed in Leapfrog Geothermal to provide an interface to the Tough2 
simulation tools. The geological model, or conceptual model, built in Leapfrog Geothermal 
can be used to automatically populate the geological properties of the Tough2 reservoir 
grids, expediting a process that was traditionally done manually. The interface also includes 
support of temporally varying results and allows full comparison between the data, the 
geothermal model and the reservoir model. A reservoir model of the Rotorua Geothermal 
Field will now be able to be incorporated into Leapfrog Geothermal and related to the 
geology. 

Leapfrog Geothermal comes with a free 3-D Viewer that retains the powerful visualisation 
capabilities of the parent software and facilitates the distribution of the model between 
stakeholders without the need of commercial licences. The scenes saved in the viewer are 
created by the modeller with full licence capabilities. It is easy to up-date and customise 
depending on end-user requirements. 
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3.0 	GEOLOGY OF ROTORUA 

3.1 	SUMMARY OF HISTORY 

The most significant event in the geological history of Rotorua is a caldera collapse episode 
associated with the eruption of the Mamaku Ignimbrite 	240,000 years ago. Pre-caldera 
domes and ignimbrites surround the area, however the exact nature, distribution and 
geometry of underlying formations is unknown. The Mamaku Ignimbrite outcrops beyond the 
edges of the Rotorua caldera, extending farthest towards the north-west. Within the 
collapsed area, post-caldera rhyolite dome complexes were emplaced and a lake formed. 
The depression is infilled by a sedimentary sequence of mixed lacustrine, fluvial and volcanic 
deposits. The level of the lake varied in time as younger eruptions from the near-by Okataina 
Volcanic Centre (OVC) dammed the outlet of Lake Rotorua, resulting in the formation of 
several lake terraces within the caldera inner slopes, well beyond the shores of the modern 
Lake Rotorua. Younger pyroclastic deposits from the Okataina Volcanic Centre surface east 
of the caldera. 

3.2 	PRE-CALDERA FORMATIONS 

As described in Alcaraz (2014), the geology at depth below the Mamaku Ignimbrite is poorly 
constrained. No bores drilled within the Rotorua Caldera penetrated through the formation. 
The only constraints from drillholes data that are publicly available come from the Te Akau 
wells, drilled as part of the Kaituna River Hydro Schemes, the Kaharoa well to the north and 
one well in the Tikitere Geothermal Field. The geology at depth is thus mostly inferred from 
the surface distribution of formations older than the Mamaku Ignimbrite. 

3.2.1 	Pokai Formation 

The Pokai Formation is an ignimbrite usually tens of metres thick that crops out west of the 
Rotorua caldera, separated from the Mamaku Ignimbrite by a well-developed paleosol 
(Gravley et al., 2006) and overlying the Chimp Formation (Figure 1). The source of the 
ignimbrite may be the Kapenga area, though it remains uncertain (Leonard et al., 2010). Fall 
deposits within the Pokai Formation have been dated at c. 275 ka (Gravley et al., 2007). 

The Pokai Formation outcrops within the modelled area, immediately south of the Rotorua 
caldera boundary (Figure 2) and is also present further north towards Tauranga. It is thus 
likely that the Pokai Formation is present at depth below the Mamaku Ignimbrite in the 
southern and western part of the Rotorua Caldera. Lamarche (1992) picked a horizon from 
seismic reflection data that may represent the surface of the Pokai Formation in the 
south-east of Rotorua City, but it has not been confirmed by any drillhole in the area, or 
further to the east and north-east (from publicly available sources). 

3.2.2 	Chimp Formation 

The Chimp Formation crops out west and north of the Mamaku Ignimbrite. It underlies the 
Pokai Formation and overlies the Whakamaru Group (Figure 1), which constrain its age at 
c300 ka. It is typically less than 100 m thick (Leonard et al., 2010). The source of the 
ignimbrite is uncertain and may be related to the Kapenga Volcanic Centre. There is no 
outcropping evidence of the formation in the immediate vicinity of the Rotorua Caldera, but 
based on its distribution west and north, it is likely to be present at depth, at least in the 
western part of the modelled area. 
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3.2.3 	Pokopoko Formation 

The Pokopoko Formation, often referred to as Pokopoko Breccias (Thompson, 1964; 
Thompson, 1974) underlies the Mamaku Ignimbrite. Its source is suggested near the western 
margin of the Okataina Volcanic Centre (Cole et al., 2010). It crops out near Lake Okareka 
and on the western shores of Lake Okataina (Figure 1) and its thickness likely exceeds 120 
m (Thompson, 1974; Bellamy, 1991). It was described in the Te Akau hole 18 (AKA18) and a 
Pokopoko hole drilled north-west of the modelled area (Thompson, 1964). It is likely that the 
Pokopoko Formation is present at depth in the eastern part of the Rotorua caldera. 
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Figure 1. 	Map presenting major structures and the surface distribution of the Mamaku Ignimbrite relative to 
older formations, sourced from 1:250,000 QMAP Rotorua sheet (Leonard et aL, 2010). The active 
faults are from the GNS Active Fault Database (Jongens and Dellow, 2003). 
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3.2.4 	Matahina Formation 

The Matahina Formation is a voluminous ignimbrite erupted from the Okataina Volcanic 
Centre, dated at c322 ka (Leonard et al., 2010). It mostly outcrops to the east and north of 
Okataina (Figure 1) and ranges in thicknesses from 5 m to 150 m (Cole et al., 2010). The 
ignimbrite also outcrops on the south-eastern shore of Lake Rotomahana. It is possible, but 
unproven, that the Matahina Formation is present at depth below the Mamaku Ignimbrite and 
Pokopoko Breccias in the Rotorua Caldera area. 

3.2.5 Whakamaru Group 

The Whakamaru Group deposits (Wilson et al., 1986) represent the largest eruptive episode 
in the TVZ history and include widely distributed ignimbrites that outcrop on the western and 
eastern flanks of the Taupo Volcanic Zone (TVZ). Ignimbrites belonging to the Whakamaru 
Group have been mapped south-east of Okataina and west of Rotorua. It is thus likely that 
the ignimbrite is present at depth below the Rotorua caldera. The upper part of the 
Whakamaru Group has been dated at 347 ka (Leonard et al., 2010). 

3.2.6 	Pre-caldera Domes 

Pre-caldera rhyolitic domes outcrop on the edges of the Rotorua caldera, including 
Hamurana dome, Fryer dome, Endean dome, Pohaturoa dome (Figure 2). Hamurana, 
Fryerand Endean domes all belong to the Kaikaitahuna Group. Ashwell et al. (2013) suggest 
that they formed from isolated but related magma bodies feeding from a deeper common 
source. Older rhyolitic lavas from the Okataina Volcanic Centre, including Whakapoungakau 
dome, are located east of the Rotorua caldera. Endean Dome has been dated at 451 ka and 
Whakapoungakau dome at 531 ka (Deering et al., 2010). 

3.2.7 Basement Rocks 

The Jurassic-Cretaceous bedrock (Figure 1) consists of weakly metamorphosed sedimentary 
sequences deposited in deep marine environments. Two composite tectonostratigraphic 
terranes are present: the Waipapa (composite) terrane outcropping west of the TVZ and the 
Torlesse (composite) terrane outcropping to the east. The contact between both terranes is 
buried below the TVZ deposits (Leonard et al., 2010). For the purpose of the present study 
they have not been differentiated and are referred to as basement in the 3-D model. 

3.3 	MAMAKU IGNIMBRITE 

The Mamaku Plateau Formation, historically referred to as the Mamaku Ignimbrite, is one of 
the most widely distributed ignimbrites of the TVZ, associated with the collapse of the 
Rotorua caldera dated at c. 240 ka (Gravley et al., 2007). The ignimbrite formed during a 
single eruptive episode and can be separated in a basal tephra sequence and a main 
ignimbrite sequence itself subdivided into a lower, middle and upper unit (Milner, 2001; 
Milner et al., 2002; Milner et al., 2003). 

The Mamaku Ignimbrite outcrops mostly from the south-west to the north of the Rotorua 
caldera, capping the Mamaku Plateau, and covering an area of> 3200 km2  (Milner et al., 
2003). The ignimbrite surface dips gently (2 - 30) from the Mamaku Plateau towards Lake 
Rotorua as a result of what has been interpreted as faulting and warping (Thompson, 1974; 
Wood, 1984). Eastwards, the ignimbrite outcrops up to the western shores of Lake Tarawera. 
It does not overlie older ignimbrites east of OVC, indicating that the Mamaku Ignimbrite is not 
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as widespread to the east as it is to the west (Milner, 2001). To the south-west the ignimbrite 
deposited around the Horohoro rhyolite dome and has been reported as -150 m thick on the 
north-west side of the Horohoro fault (Gravley et al., 2007). It is downfaulted to the east of 
the fault in the Guthrie Graben where an exploratory geothermal drillhole (Dillon drill hole) 
intersected 125 m of Mamaku Ignimbrite (Milner, 2001; Milner et al., 2003; Gravley et al., 
2007). 

Within the caldera, the upper units of the Mamaku Ignimbrite have been intersected by 
several boreholes south-east of Rotorua City Centre, but none reached the base of the 
formation. Drillhole data show variation in the elevation of its top surface. It drops by -165 m 
towards the north, with the shallowest known occurrence in RR727 (210 mRL) and deepest 
known occurrence in RR889 (47 mRL). The elevation differences have been interpreted as 
evidences of step-faulting within the caldera (Crafar, 1974; Wood, 1984; Wood, 1992), which 
was confirmed by the identification of faults displacing a seismic horizon interpreted as being 
the surface of the Mamaku Ignimbrite in the seismic profiles (Lamarche, 1992). Even though 
the Mamaku Ignimbrite has not been encountered in the shallow wells beneath Rotorua City, 
it is an extensive formation and must be present below the Rotorua City rhyolite domes. 

A minimum thickness of 120 m is proven in RR864 (Wood, 1992) and c. 200 m in RR784A 
(current study based on Wood, 1983 and Wood, 1992). Seismic profiles suggest the 
Mamaku Ignimbrite thickens towards the lake to the north-west and can be up to 279 m thick 
(Lamarche, 1992). This interpretation is based on the identification of a reflector that may 
represent the Pokai ignimbrite below the Mamaku Ignimbrite but it has not been confirmed by 
any boreholes and according to Milner (2001) may be equivocal. From gravity and magnetic 
depth to basement analyses, Rogan (1982) estimates the intra-caldera infill to be at least 
1 km thick, much of it likely to be from the Mamaku Ignimbrite. 

Further away from Rotorua City, several wells provide constraints on the thickness of the 
ignimbrite: 

. 	Well AKA 18 intersected 94 m of Mamaku Ignimbrite before drilling into the underlying 
Pokopoko Breccias (Thompson 1964). 

. 	Well Kaharoa drilled through 145 m of Mamaku Ignimbrite before reaching underlying 
undefined pre-Mamaku formations (Nathan, 1975). 

. 	RSM4 drilled through 190 to 215 m of Mamaku Ignimbrite before reaching the 
Pokopoko Breccias (Nairn and Msenya, 1980). 

Well 10111, located north-west of the caldera, also known as the Dibley borehole, 
drilled through -145 m of Mamaku Ignimbrite. Some authors postulated that this well 
may have reached the base of the Ignimbrite (Kilgour and Esler, 2006), it has however 
never been confirmed and remains ambiguous (Kilgour pers. comm., 2014). 

Overall, the thickness of the Mamaku Ignimbrite varies based on the paleotopography, but it 
is generally thicker towards the caldera (Milner, 2001). 
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Figure 2. 	Geological map from 1:250,000 QMAP - Rotorua sheet in the modelled area (modified from 
Leonard etal., 2010). 

3.4 	POST CALDERA DOMES 

Following the eruption of the Mamaku Ignimbrite and collapse of the Rotorua caldera, 
rhyolitic lava domes were formed within the caldera (Figure 2). These domes include: 

Ngongotaha dome complex 	 • Rotorua City domes 
Pukehangi dome 	 • Mokoia Island dome 
Kawaha Point dome 	 • Hinemoa Point dome 
Railway dome (Crafar, 1974) 

The Rotorua City domes, also referred to as Pukeroa dome or buried dome, represent a N-S 
elongated ridge below the Rotorua City centre. It only outcrops on the eastern side of 
Pukeroa ("Hospital Hill") and is elsewhere buried beneath sediments and breccias. It was 
intersected by > 100 drillholes, thus providing enough constraints to define its geometry as 
two domes separated by a saddle (Crafar, 1974; Wood, 1984; Wood, 1985b, Wood, 1992). 
The dome outline matches a gravity high observed by Hunt (1992). The north and south 
buried domes appear to extend eastward as lobes with gently sloping surfaces, beyond 
which there is a steep eastern face. The western flanks form a steep sided embayment 
(Wood, 1992) coinciding with the eastern side of a basin that shows a residual gravity low 
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(Hunt, 1992) and may be infilled by sediments and tephras. A shallow extension beneath 
northern Kuirau Park may represent a lava flow (Cody, 1998). To the east, the northern 
dome extent, towards Motutara and the peninsula, may be an extension of the buried dome 
(Wood, 1992). To the south, the dome is absent in RR901 and must terminate steeply, 
possibly in relation to a fault structure, as suggested by Wood (1984). 

The Rotorua City domes are usually characterised by a few tens of metres of rhyolitic 
breccia, pumiceous beds and occasional bands of perlite overlying a core of dense, hard, 
spherulitic or banded lava (Wood, 1992). The base of the domes has never been intersected, 
and their total thickness is unknown. Based solely on surface expression, Ngongotaha has 
an exposed relief of 460 m (Thompson, 1974). At depth, RR918 intersected 219 m of rhyolite 
and RR892 intersected 400 m. 

From petrographic descriptions, Wood (1985b) suggests that Ngongotaha, Pukehangi 
Kawaha Point, Railway dome and Rotorua City domes are coeval. Ashwell et al. (2013) 
recently confirmed this from geochemical analyses. These domes form the Utuhina Group, 
and their age assumed at c200 ka from dating at Ngongotaha (Ashwell et al., 2013). They 
erupted in the south-west part of the caldera, in the area assumed to have undergone the 
greatest amount of subsidence (Rogan, 1982; Hunt, 1992). The connection at depth between 
the different domes is unknown, but it is likely that the rhyolite intersected in RR892 consists 
of lava from both the Rotorua City domes and Ngongotaha Dome (Wood, 1985a; Wood, 
1992). The low gravity anomaly south-west of RR892 indicates that the rhyolite is likely 
absent in this area (Rogan, 1982; Hunt, 1992). 

The Ruamata Group includes the remaining post-collapse domes of Mokoia Island and 
Hinemoa Point. Based on their relationships with Lake Terraces from Lake Rotorua, it is 
assumed that their formation occurred between 60 and 36 ka (Marx et al., 2009; Ashwell et 

al., 2013). Aeromagnetics data indicate that the Hinemoa Point dome may belong to a larger, 
mostly buried complex (Bibby et al., 1992). 

3.5 	ROTORUA BASIN SEDIMENTS 

Mamaku Ignimbrite and Rotorua City domes are buried beneath an interlayered sequence of 
primary and re-sedimented tephra, alluvium and lacustrine sediments. Lake terraces formed 
from fluctuating lake levels after the caldera formation. Lake highstands were reached when 
the northern outlet of Lake Rotorua was blocked by deposits from the erupting Okataina 
Volcanic Centre. Rotorua Lake reached its highest level after the eruption of the Rotoiti 
Formation and Earthquake Flat Formation at c. 61 ka (Wilson et al., 1984; Wilson et al., 

2007). The lake lapped and eventually overtopped steep sided lava domes with c. <60 to 36 
ka terraces seen on the sides of Ngongotaha and Pukehangi domes (Marx et al., 2009). A 
second lake highstand is inferred after the Hauparu Eruption at 36 ka (Marx et al., 2009). 

The upper few tens of metres of the sedimentary sequence generally contain much primary 
and reworked pumiceous tephra of usually high porosity. The lower sedimentary sequence is 
dominantly made of mostly impermeable muddy sands and silts that act as an aquitard for 
the geothermal aquifer (Wood, 1984). The sediment types vary across the area based on 
localised depositional environment and volcanic activity: 

. 	South and west of the southern Rotorua City dome, fine sediments are thin and gravels 
and coarse sands predominate (Wood, 1984). 

. 	West of the northern dome, a thick sequence of mostly fine-grained carbonaceous 
mudstones and diatomite prevails (Wood, 1992). 
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. 	East of both domes, sediments are characterised by a thick sequence of muddy 
sediments and likely reworked tuff from the Earthquake Flat breccia formation. 

Primary volcanic tephras from the Rotoiti Pyroclastics, Earthquake Flat Breccia deposits, 
Oruanui Formation deposits and the Rotorua Tephra are amongst deposits that have been 
recognised in the cuttings at various depths (Wood, 1984). The Rotoiti Pyroclastics would be 
good stratigraphic markers to assist in the spatial correlation but have not been 
systematically identified, and it was often impossible to determine from drill cuttings if they 
were in-situ or reworked (Wood, 1984). Crafar (1974) was the first to attempt spatial 
correlation of the sediments between boreholes. However, based on the poor quality of the 
geological data available and high vertical and horizontal variability of these sediments, it 
was believed impossible to establish a type sedimentary sequence that could be spatially 
correlated across the field (Wood, 1984; 1992). 

The maximum known thickness of sediments from drillhole data is 235 m in RR889, 
however, Hunt (1992) associates a residual gravity low in the Linton Park area to a 
considerable thickness (> 1 km) of low-density material typical of sediments, that may also 
include the Mamaku Ignimbrite and Pokai Formation. Rogan (1982) suggested a 1 km infill of 
most likely Mamaku Ignimbrite. 

Lacustrine deposits in the Rotorua caldera were included in the Huka Group by Healy et al. 
(1964). For the model purposes the QMAP classification was used and the sediments, 
belonging to the Tauranga Group, are subdivided in two units based on their respective age 
group of Middle Pleistocene and Late Pleistocene. 

3.6 	R0T0ITI FORMATION AND EARTHQUAKE FLAT FORMATION 

Rotoiti Formation, also referred to as the Rotoiti Breccias or Rotoiti Pyroclastics, is the 
product of a caldera forming eruption from the Okataina Volcanic Centre at c. 61 ka (Wilson 
et al., 2007). The eruption source is in the northern part of Okataina (Cole et al., 2010). It 
crops out from Lake Rotoiti up to the coastline. In the Tikitere Geothermal Field and Te Akau 
area, the Rotoiti Breccias rest on the Mamaku Ignimbrite. Drillhole records gathered as part 
of this study give a maximum drilled thickness of 150 m in RSM4. 
The Earthquake Flat Formation is located between Rotorua and Waiotapu. It was deposited 
immediately after the Rotoiti Formation (Nairn and Kohn, 1973) and erupted from a source 
located southwest of Okataina (Nairn, 2002; Cole et al., 2010). The formation outcrops south 
of the Rotorua caldera within the modelled area. The formation is up to 120 m thick (Cole et 
al., 2010). 

3.7 	LOCALISED HYDROTHERMAL ERUPTIONS 

Detailed work done in the Whakarewarea - Te Puia area identified hydrothermal eruption 
breccias around the Ngawha crater (Lloyd 1975) and the Te Whakawerarewa and Te 
Puhunga hills (Cody, 2003). These deposits, dated at c. 26.5 ka, were likely triggered by 
sudden drops in lake level (Cody 2003). These formations are thin and localised, and not 
correlated with borehole data. 

3.8 	SUPERFICIAL DEPOSITS 

Holocene alluvium is present throughout the area, in particular along the stream beds and 
low lying areas surrounding the lake. They are usually derived from reworked volcanic 
deposits from the surrounding in-situ formations. The Rotorua Ash, occasionally recognised 
in the cuttings, mantles the land surface and can be found at depth of 3 to 6 m (Thompson, 
1974). The limited thickness and lack of geographic correlation makes it impossible to 
include these deposits in the current geological model. 
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40 	STRUCTURES 

4.1 	ROTORUA CALDERA MARGIN 

The Rotorua caldera is a roughly circular depression of —17 km by —19 km (Figure 3) that 
collapsed with the eruption of the Mamaku Ignimbrite dated at c. 240 ka (Gravley et al., 
2007). Milner et al. (2003) demonstrate that the caldera collapse occurred throughout the 
eruption. The caldera boundary faults can be traced along the north, east and south sides of 
the Rotorua basin. Thompson (1974) presents the southern boundary of the Rotorua caldera 
as a single sinuous fault curving around the Ngongotaha-Pukehangi complex, with a shallow 
embayment through the southern edge of Whakarewarewa and continuing eastward along 
the northern edge of Pohaturoa dome which was truncated by the caldera wall. To the north 
and west, Hamurana dome, Fryer dome and Endean dome have also been truncated by the 
caldera. To the north-west, the boundary is masked by the Mamaku Ignimbrite which is 
warped downwards towards the centre of the caldera without any obvious scarps or signs of 
faults. This is the main area where interpretations on the outline of the caldera vary between 
authors, as presented in Alcaraz (2014). Milner et al. (2002) and Ashwell et al. (2013) extend 
the caldera boundary to the north-west along NW-SE alignment, coinciding with what they 
interpret as inherited basement structures. The QMAP Rotorua caldera outline differs from 
Milner et al. (2002) as no surface evidences were found to justify the embayment (G. 
Leonard, pers. comm., 2014). 

4.2 	ACTIVE FAULTS 

Rotorua caldera is located about 10 km north-west of the Taupo Fault Belt rift axis that goes 
through the Okataina Volcanic Centre (Jongens and Dellow, 2003; Leonard et al., 2010). 
Horohoro Fault marks the north-west boundary of the rift and terminates less than a 
kilometre south of the caldera wall (Figure 3). The other active faults are located further to 
the south-east. 

To the north-east, the northern boundary fault of the Tikitere Graben, which hosts the 
western Lake Rotoiti and the Ohau Chanel (Thompson, 1974), intersects the caldera outline 
(Figure 3). The southern boundary of the graben is less defined and the relationship between 
the caldera and the graben is not clear at surface. From satellite imagery analyses, Milner et 
al. (2002) suggest that the Tikitere Graben is clearly overprinting the caldera structure and 
Ashwell et al. (2013) postulate that the Tikitere Graben may have been active before the 
caldera collapse and may have had a strong influence on the caldera structure. 
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Figure 3. 	Structures from the 1:250,000 QMAP - Rotorua sheet (Leonard et aL, 2010). 

4.3 	INTRA-CALDERA FAULTS 

There are no faults mapped within the caldera in the OMAP datasets (Figure 3). Authors 
agree that while there is little evidence at surface, faults must be present within the caldera, 
concealed under young tephra and sediments. 

The lack of correlation between superficial units in the drillholes makes it difficult to identify 
any offsets related to faults from drillhole data in the shallow deposits. The Mamaku 
Ignimbrite is the only continuous deposit for which enough information from surface and 
drillhole data can be combined to identify significant offsets in the formation elevation. Wood 
(1984, 1985b) introduced the concept of the Inner Caldera Boundary Fault (ICBF) to account 
for the elevation differences in the Mamaku Ignimbrite and the southward termination of the 
Rotorua City domes. The ICBF is thought to be a buried scarp formed during caldera 
collapse and not known to have been active since (Wood, 1985b). Lamarche (1992) 
interprets the ICBF not as a single structure, but a fault zone including at least four faults with 
vertical displacement no greater than 30 m on any one fault. 

Lloyd (1975) mapped and named a number of faults within the caldera in the 
Whakarewarewa area, associated with surface thermal features. The Pohaturoa Fault is part 
of the caldera boundary and Whakarewarewa Fault is inferred from the alignment of 
geothermal features, including springs. The Puarenga Fault and Te Puia Fault are other 
faults associated with thermal expressions at surfaces. Wood (1984) suggests that the faults 
mapped by Lloyd may not extend further north than the ICBF. 
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A northern branch of Horohoro Fault, originally mapped by Nairn (1981) and Wood (1983) 
and named Roto-a-Tamaheke Fault by Simpson (1985), can be followed from the thermal 
ground in the Waipa Valley, across the Pohaturoa ridge where it crosses the caldera rim and 
goes NNE through Roto-a-Tamaheke. The northern trace inside the caldera is concealed. 
This NNE trending fault has an offset to the east, and has been interpreted by some authors 
as allowing geothermal fluid flow from the caldera towards the Waipa Valley. 

Simpson (1985) also proposed the Ngapuna Fault, striking NNE and downthrown to the 
west, coincides with an extension of the Pohaturoa Fault originally postulated by Donaldson 
and Grant (1981). Allis and Lumb (1992) consider the Ngapuna Fault as conjectural. Taylor 
and Stewart (1987) proposed a fault named T&S parallel to the Ngapuna Fault, however 
Wood (1992) opposes this by stating that there is no geological evidence to confirm its 
existence. 

Further west, Wood (1992) suggests that the combination of the sharp western boundary of 
the northern Rotorua City dome, surface geothermal activity and high temperatures at depth 
indicates the presence of a concealed fault, hereafter named Kuirau Fault. In the same area, 
Cody (1998) proposes a N-S trending fault that truncates and dissects Pukeroa dome, and 
forms the eastern shores of Ruapeka Bay in Ohinemutu and exposes silicified cliffs in the 
Waikite springs area. Cody (1998) also proposes a NW-SE fault on the western edges of the 
dome that coincide with a change in the rhyolitic lava elevation and alignment of thermal 
features. 

Milner (2001) and Milner et al. (2002) propose several NW-SE faults intersecting the 
Pukehangi dome. On its northern edge, the dome is downthrown to the north-east. This fault 
is aligned with the Milner et al. (2002) structure that forms the north-west embayment in the 
caldera outline. Ashwell et al. (2013) uses the morphologies of the post-caldera dome to 
define the likely geometry of the feeder dikes, which in turn can be used to suggest the 
location of faults across the caldera. 

4.4 	ROTORUA CALDERA DEEP STRUCTURE 

Wood (1992) suggested that evidence is strong to support the locus of the ignimbrite 
eruption and that maximum subsidence was south of the caldera, centred on the low gravity 
anomaly from Rogan (1982) and Hunt (1992). He also suggested that the caldera collapse 
must have been accompanied by subsidence of kilometre-sized blocks bounded by 
shallow-rooted faults. With more details, Milner et al. (2002) presented a combination of 
NE-SW rift related structures, in combination with inherited NW-SE basement structures, that 
allowed the caldera floor to break into a mosaic of blocks that subsided by increasing 
amounts towards a single collapse locus. They then interpret this as the likely source for the 
Mamaku Ignimbrite eruption. They demonstrate that the Rotorua caldera has characteristics 
that can be attributed to downsag, trapdoor and piecemeal collapse styles. In summary, 
Milner et al. (2002) describes the caldera as a tectonically controlled, asymmetric, multiple 
block collapse caldera with significant downsag at the caldera margin". 
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5.0 	MODELLING PROCEDURE 

5.1 	GEOLOGICAL MODEL BOUNDARY 

The Rotorua Geological model covers an area of 472.5 km2. The bounding coordinates are 
given in Table 1. The topography file prepared in Alcaraz (2014) is used as input to represent 
the terrain, and the model boundary is automatically cut by this surface (Figure 4). 

Table 1. 	Coordinates defining the extent of the Rotorua geological model bounding box (coordinate system: 
New Zealand Transverse Mercator). 

Minimum Maximum 

East(X) 1873000 1895500 

North (Y) 5767500 5788500 

Elevation (Z) -2000 1000 

North /- 	,o., 	

. 	. 

5780000 
East 

ru 
1892000 

5770000 	

1876000 
	

1888000 

Figure 4. 	Volume representing the boundary of the Rotorua 3-D geological model (x2 vertical exaggeration). 

5.2 	BOREHOLE DATA 

As described in Alcaraz (2014), a borehole database has been created and borehole data 
imported in Leapfrog Geothermal. There are 1317 wells in total, with some of them including 
validated geological data imported as either intervals (borehole segments), or point data 
(stand-alone observations at a specific depth). Figure 5 illustrates the borehole data available 
in the Rotorua Geothermal Field area. Both intervals and points can be used as direct 
borehole input when generating the surfaces. Figure 5 also includes the Rotorua City domes 
structural contours from Wood (1992), imported as GIS layers with embedded Z values. 
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Figure 5. 	Illustrations of the borehole data in the Rotorua Geothermal Field area, colour coded as per 
geological formations (x2 vertical exaggeration). 

5.3 	STRUCTURAL NETWORK 

Tools are available to build a complex structural network in Leapfrog Geothermal; however 
there are some limitations that must be considered when building a model: 

At least one fault must be continuous across the model boundary; 

Discontinuous fault segments cannot be modelled: a fault must terminate against an 
existing fault or terminate on the model boundary; 

Two faults cannot terminate against each other. 

Fault surfaces are most commonly created from GIS lines, polylines and/or structural 
measurements. Once the surfaces are built, the interactions between faults and their relative 
chronology is established to generate the fault blocks that subdivide the original model 
boundary into individual units. If many faults are created, then many fault blocks will be 
generated. If there is little borehole data to constrain the geology within each block, the 
stratigraphic surfaces have to be created manually. It is both a time-consuming and 
subjective process. Based on our understanding of the structures in the Rotorua area from 
the literature review done as part of this project, and considering the software restrictions, the 
following structures have been included (Figure 6): 

Rotorua caldera (QMAP): this is the caldera boundary from Leonard et al. (2010). It is 
assumed vertical and is modelled as a closed circular fault. 

Tikitere Graben north (QMAP) Fault: this fault marks the northern boundary of the 
Tikitere Graben that is documented by several authors. The fault dips to the south-east. 
Due to the lack of evidence on the exact relationships between the caldera and the 
Tikitere Graben, the fault is set to terminate on the outside of the Rotorua caldera, 
which means that it will not be present within the caldera, but will reappear on the other 
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side (due to the software restrictions). The Tikitere Graben north fault was 
consequently adjusted to honour an unnamed inactive fault north of the model (Figure 
2 and Figure 3). In this part of the model, this fault is set to the south-west. 

Horohoro - Whakapoungakau Fault (QMAP): this fault represents the continuation of 
the Horohoro Fault up to the caldera wall (coinciding with the southern part of the 
Roto-a-Tamaheke Fault) and continues as the Whakapoungakau Fault on the eastern 
side of the caldera. It is set to terminate on the outside of the caldera and dips to the 
south-east. The Roto-a-Tamaheke Fault segment within the caldera has not been 
included due to the lack of constraints on its location past the Roto-a-Tamaheke 
thermal area. 

Ngakuru - Opawhero Fault (QMAP): This fault represents an approximation and 
extension of the Ngakuru Fault and Opawhero Fault located south-east of the caldera. 
Adding all the faults from the Taupo rift which are located on the south-east corner of 
the model would bring too much complexity for an area with no geological constraints 
apart from the surface geology. This structure does not interact with any other fault in 
the model. 

Mimer Fault: this fault, inferred by Milner et al., (2002), marks the northern edge of the 
Pukehangi dome and cross-cuts the Rotorua caldera on a NW-SE trend, dipping to the 
north-east. It terminates inside the Rotorua caldera. This fault has been set 
sub-vertical. 

Tikitere Graben north 

Tikitere Graben south 

Figure 6. 	Structural network built in the 3-D geological model of Rotorua. 
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ICBF Fault (Wood): this fault represents the E-W structure introduced by Wood (1984, 
1 985b). It dips 850  to the north. It is set to terminate on the inside of the caldera and on 
the eastern side of Milner's fault. Faults picked-up in the seismic profiles from 
Lamarche (1992) that may represent the ICBF as a fault zone were not included in the 
structural network as they are not constrained in any other places. 

. 	ICBF North - Tikitere Graben south: it represents the northern branch of the ICBF and 
continues to the north to form the Tikitere Graben south fault. It dips 800  to the west. It 
is set to terminate on the ICBF Fault and cross-cut the caldera. 

. 	The Whakarewarewa Fault, Puarenga Fault and Pohaturoa Fault have been created to 
represent structures interpreted by Lloyd (1975) in the Whakarewarewa area. They dip 
to the north-west and terminate on the ICBF Fault and on the caldera wall. 

All faults have been created from either GIS line, or GIS lines transformed in polylines 
(polylines are easier to edit and often preferred). The surfaces have been given an estimated 
dip angle and dip direction using structural measurements or the Adjust Surface tool built-in 
the software. Table 2 summarises the fault chronology and interactions established to create 
the network illustrated in Figure 6. The chronology presented here is for the model purposes 
only, following the software requirements; it does not have any geological implication 
regarding the relative age of the faults themselves. 

Table 2. 	Summary of the fault chronology and fault interactions defined within Leapfrog Geothermal to 
create a coherent structural network. 

Fault Chronology Fault relationships 

Younger Rotorua caldera 

Horohoro - Whakapoungakau Fault Terminates outside the Rotorua caldera 

Tikitere Graben north Terminates outside the Rotorua caldera 

Milner Fault Terminates inside the Rotorua caldera 

ICBF Fault Terminates inside the Rotorua caldera 

Terminates NE of Mimer Fault 

Puarenga Fault Terminates inside the Rotorua caldera 

Terminates S of ICBF Fault 

Whakarewarewa Fault Terminates inside the Rotorua caldera 

Terminates S of ICBF Fault 

Terminates SE of Puarenga Fault 

Pohaturoa Fault Terminates inside the Rotorua caldera 

Terminates S of ICBF Fault 

Terminates SE of Whakarewarewa Fault 

ICBF North - Tikitere Graben south Crosses over the Rotorua caldera 

Terminates N of ICBF Fault 

Older Ngakuru - Opawhero Fault 

Once the structural network is built, the faults are activated to generate the faulted blocks. 
Each block is automatically given a number by the software, allowing quick navigation within 
the model from block to block (Figure 7). Faults are usually activated after all the surfaces 
representing the stratigraphic sequence are built in an initially unfaulted model. The 
sequence will then be replicated in each fault block using each surface's property. The 
surfaces are then adjusted block by block to create a geologically reasonable model. 

GNS Science Consultancy Report 2014/289 	 17 



Confidential 2014 

>/ 
7 

BLOCK 11 
BLOCK 6 	BLOCK lO LOKlZ: 

I 	 '*cK8 	 Sf 

-.5, 	 1.Itld 
/ 	 7 

.5 

BLOCK 3 
BLOCK 2 

BLOCK 5 

BLOCK 7 

I, 	• 

BLOCK I 

Figure 7. 	Faulted blocks generated in Leapfrog Geothermal after activation of the fault network. 

5.4 	CONTACT SURFACES 

5.4.1 Theory 

As mentioned in section 2.2 of this report, Leapfrog Geothermal supports several types of 
surfaces to best represent geological processes. In the present model, surfaces representing 
deposition and erosion have been used. When computing the volumes of the geological 
formations, erosive surfaces will erode through any older deposits, while deposits will lie 
conformably atop pre-existing formations. 

Surfaces representing the top or the bottom of a geological formation can be built from 
several input types or a combination of these inputs: 

Borehole contact points: the geology column of each interval table imported in the 
borehole object can be used (as long as the geology column has been imported as a 
"lithology" or a "category" type column) to generate borehole contact points. The 
software automatically identifies the contact points within the model boundary between 
the given formations in the table and uses them to create the surfaces (e.g. contact 
between the Mamaku Ignimbrite and the Rotorua Basin Sediments). 

Points: standalone points, from the borehole object (Well ID and depth) or from the 
location folder (x, y and z) can be used to constrain the surfaces. 

GIS lines: existing GIS lines, either imported or created in Leapfrog Geothermal, can 
be used to constrain a surface. 
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Polylines: straight or curved polylines, imported or created in the project, can be used 
as input. 

Structural measurements: structural measurements are like points (x, y, z) with a 
definite dip azimuth and dip angle. It is a useful input to constrain the geometry of a 
surface in a particular location. The structural measurements can be imported or 
created in the software. 

Surfaces: pIe-existing triangulated mesh can be used as input. This tool allows sharing 
surfaces between models or sharing surfaces between fault blocks. Meshes can be 
fixed if imported in Leapfrog (they will not be editable), or they can be edited if originally 
created in the mesh folder of the same project. 

Once a surface is created it can be edited by adding a trend (Adjust surface tool) which 
defines the preferred orientation of a surface and its elongation in any direction in relation to 
a 2-D plane. For example, a sedimentary deposit that has not been structurally disturbed will 
likely be sub-horizontal. The trend can be set to a horizontal plane to best represent the 
underlying geological process. Manual edits in the form of polylines, straight or curved, can 
be added locally to each surface when there is not enough surface and borehole data to 
create a geologically reasonable surface. 

Each surface has properties that can be modified: 

The resolution can be inherited from the geological model or set to a different value. 
The overall resolution of the Rotorua model has been set to 250 m, with a local 
enhanced resolution of 50 m for some surfaces. 

The surface behaviour when faults are introduced in the model can also be 
pre-defined. A surface built from borehole data will use the borehole within the model 
boundary. Once faults are activated and faulted blocks are created, the boundary will 
automatically change and be reduced to the fault block volume. A surface can be set to 
honour the input data solely located within the reduced volume, or set to use the 
original dataset within the full model boundary. This process must be done before 
activating the faults to allow the successful and rapid build of a complete model 
honouring the modeller's requirements. 

Finally, when all the surfaces have been created and their property set, the stratigraphic 
chronology is defined to allow Leapfrog Geothermal to build representative geological 
volumes for each formation. 

5.4.2 Using QMAP data 

To build the model presented in this report, GNS chose to use QMAP data from Leonard et 
al. (2010), which is the most recent and complete surface geological map. Leapfrog 
Geothermal 2.7.1 supports GIS data as points, lines and polygons, though only lines can 
currently be used as input to create a surface. The QMAP GIS polygons representing the 
surface geology from Leonard et al. (2010) have been imported in the project. These 
datasets cannot be used directly and must be transformed using ArcGIS. First, the original 
shapefile must be separated in several layers, each representing a single formation, and may 
involve grouping and merging of some units. Then, each polygon layer is transformed into a 
polyline layer. Finally, the geologist must identify which lines have to be kept to create the 
surfaces in Leapfrog Geothermal. For example, when modelling the Mamaku Ignimbrite, it is 
not necessary to keep the lines representing the boundary between the Mamaku Ignimbrite 
and the Alluvium as the Alluvium will be modelled as an erosive formation cutting through it. 
All unnecessary contacts must be deleted, and the file is then ready for import. The QMAP 
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GIS vectors do not have imbedded Z values. In Leapfrog Geothermal, the elevation of each 
line vertex is set to honour the topography layer, using the Set Elevation tool. The GIS line 
will consequently be positioned at its true location (on the topography) and can be used as 
direct input to create a geological surface. These GIS lines cannot be modified within 
Leapfrog, but they can be converted to editable polylines. Another benefit of this method is 
the option to generate structural measurements from the polylines. Leapfrog Geothermal will 
automatically compute the structural data at regular intervals along the lines. They can be 
edited and a dip angle and direction given for each. 

From the tools currently available in Leapfrog Geothermal the methodology described here is 
the fastest and most efficient way to build a geologically reasonable model from surface data. 
This technique was used to model all the formations with surface expressions in the 3-D 
geological model of Rotorua. 

5.4.3 	Rotorua model stratigraphic sequence 

Geological formations included in a model are selected to best represent the local geology 
based on our current understanding of the area. The size of the model, the resolution used 
and the amount and quality of geological data available dictates which formations can be or 
should be modelled. In an area the size of the current model, formations of limited extent 
and/or limited thickness cannot be realistically modelled. Formations at depths with unknown 
extent due to limited borehole data should not be modelled in too much detail either. 
Following these considerations and our understanding of the geology of Rotorua described 
earlier, a selection of surfaces were modelled (Table 3). As per the fault chronology, the 
surface type and surface chronology presented here is for modelling purposes, using a 
terminology compatible with Leapfrog Geothermal, and may not represent a true geological 
process (e.g., lakes are not a geological formation and are not eroding). 

Table 3. 	Summary of the formation modelled in the 3-D geological model of Rotorua. 

Formation Chronology Surface type Surface modelled 

Younger Lake Erosion Bottom of the lake 

Superficial deposits Erosion Formation base 

Okataina Pyroclastics Erosion Formation base 

Rotoiti Formation Erosion Formation base 

Earthquake Flat Breccias Erosion Formation base 

Rotorua Basin lake Sediments 

Q3 Late Pleistocene 

Q4-Q6 Middle Pleistocene  

Deposit Formation 	top 	surface 

(04-06 units only) 

Post-caldera Rotorua rhyolites Deposit Formation top surface 

Mamaku Ignimbrite Deposit Formation top surface 

Okataina rhyolites Deposit Formation top surface 

Pre-caldera rhyolites Deposit Formation top surface 

Pokai Ignimbrite - Pokopoko Formation Deposit Formation top surface 

Old 	ignimbrites 	(> 	300ka), 	including 

Whakamaru Group  

Deposit Formation top surface 

Older Basement Deposit Formation top surface 
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5.4.3.1 Basement 

There are no basement outcrops and no constraints from borehole data in the modelled area 
to create the basement top surface. The basement is assumed to be faulted so each surface 
has been manually created from polylines within each fault block. The depth of the surfaces 
and offset across each fault are estimated. The MT section from CaIdwell et al. (2014) was 
used as an indicator of the likely depth of the basement within the caldera (refer to Alcaraz, 
2014 for details). 

5.4.3.2 Old ignimbrites (> 300ka) including Whakamaru Group 

There are no outcrops and no constraints from borehole data in the modelled area to create 
the unit representing the Whakamaru Group and other deep ignimbrites of unknown 
characteristics and extents. These ignimbrites may include the Chimp Formation and 
Matahina Formation described in Section 3, but are also likely including other local and 
regional deposit not detailed here. This unit is assumed to be faulted so each surface has 
been manually created from polylines within each fault block. The depth of the surfaces and 
offset across each fault are estimated. 

5.4.3.3 Pokai ignimbrite - Pokopoko formation 

The Pokai Ignimbrite has been mapped at surface south of the model in fault block 4 and 
fault block 2. In these blocks, the surface was created from a combination of inputs including 
polylines representing the formation outline at surface (converted GIS outline), derived 
structural measurements with varying dip angles, and standard polyline edits for minor 
adjustments. 

The Pokopoko Formation was intersected in wells to the north and north-east of the model, 
providing constraints on the depth of the formation in this area. RSM4 intersected a 
pre-Mamaku formation, which may represent the Pokopoko Breccias, providing control points 
within the model boundary in block 4 (to the north-east). This group is assumed to be faulted 
and surfaces in other parts of the model were manually adjusted with polylines where the 
depth of surfaces and offset across each fault are estimated. 

5.4.3.4 Pre-caldera rhyolites 

The pre-caldera rhyolite group includes the Hamurana dome, Fryer dome, Endean dome, 
and Pohaturoa dome. A surface was created in the mesh folder from polylines representing 
the dome outlines at surface (converted GIS outline) and structural measurements with a dip 
angle set at -700. This mesh was then used as input for blocks 1, 3, 4 and 5. The domes are 
assumed to be faulted and displaced by the caldera wall and nearby faults (Whakarewarewa 
Fault, Puarenga Fault and Pohaturoa Fault). The same mesh was copied with a -200 m 
to -300 m vertical offset and used in blocks 6, 7, 8, 10, 11 and 12. 

5.4.3.5 Okataina rhyolites 

Old rhyolitic domes from OVC outcrop on the eastern side of the model. A mesh was created 
following the same methodology as the other pre-caldera rhyolitic domes. It was then used 
as input to create the top surface of the domes in blocks 1, 2 and 3. 
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5.4.3.6 Mamaku ignimbrite 

The Mamaku Ignimbrites outcrop at surface in most blocks of the model and was 
encountered in several boreholes that provide control points at depth. The Mamaku 
Ignimbrite top surface is faulted in places. Its surface was thus built using surface outlines, 
structural measurements, borehole contact points and other proven Mamaku contact points 
(refer to Alcaraz, 2014 for details). Adjustments were made in each fault block with curved 
polylines. The seismic profiles from Lamarche (1992) were used to check the depth of the 
surface. The Mamaku top surface is overall consistent with the seismic profile interpretations 
with the ICBF fault accounting for its displacement. The Mamaku Ignimbrite in this part of the 
model is thicker than interpreted by Lamarche (1992). As noted by Milner (2001), this is not 
surprising as the thickness of the ignimbrite is expected to be much thicker closer and within 
the caldera. Distally it was reported in several instances to be between 150 and > 200 m 
thick. Wells on the edges of the model to the north-east and north that intersected the base 
of the Mamaku Ignimbrite are used to estimate the thickness of the formation in the 
north-east corner of the model. 

5.4.3.7 Post-caldera Rotorua rhyolites 

This unit includes the post-caldera domes within the Rotorua caldera. No distinction was 
done between the different domes. They include Ngongotaha dome, Pukehangi dome, 
Kawaha Point dome, Railway dome, Rotorua City domes, Mokoia Island dome and Hinemoa 
Point dome. The top surface of these domes was created as a mesh in the mesh folder. It is 
modelled as unfaulted and the mesh is shared between all blocks. The input data include 
polylines representing the surface outlines of the domes, structural measurements, 
boreholes point data (PWood_1 985 Rhyolite, PWood_Rhyolite_Precise_Measurements, 
contact points from the Geology table) and local minor edits. There are enough control points 
from boreholes around the Rotorua City not to include the structural contours to the top of the 
Rotorua City domes from Wood (1992). 

Wells with no rhyolite (e.g. RR624, RR849, RR901) provide the necessary constraints to 
model the edge of the rhyolite to the east and south. 

5.4.3.8 Rotorua Basin lake sediments 

The contact between the two sedimentary units, modelled to represent the Middle 
Pleistocene and Late Pleistocene sediments as classified in QMAP, has been modelled from 
outcrop outlines at surface, structural measurements and local polylines for adjustment. 
Geologists who worked on the description of the Rotorua drillholes all agreed that, based on 
the restricted amount of data available and the high variability in the nature of the sediments, 
it was impossible to correlate the different sedimentary strata laterally (Wood 1984; 1992). 
No borehole data is thus available to provide more constraints at depth. The formation is 
unfaulted and shared between fault blocks. The exact location of the contact at depth is 
unknown. 

The top surface of the Late Pleistocene sediments did not need to be modelled. At this stage 
in the stratigraphic sequence, the technique was changed from modelling the top of a 
formation to modelling its bottom. All the remaining younger and shallower units were 
modelled using the base of the formation as erosive. The volumes generated between the 
erosive surfaces and the top of the contact between the 03 sediments and Q4-Q6 sediments 
is automatically filled in by the Q3 unit. 
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5.4.3.9 Earthquake Flat breccias 

The Earthquake Flat Formation outcrops south of the model, in block 3 and block 1. The 
surface was built from the formation outline at surface and structural measurements. 

5.4.3.10 Rotoiti formation 

The Rotoiti Formation outcrops mainly north-east of the model with limited surface 
expression to the south, south-east and north. The bottom of the Rotoiti Formation was 
mostly modelled from QMAP data complemented with local minor edits. North-east of the 
model, constraints at depth are available from the Tikitere Geothermal Field wells. 

5.4.3.11 Okataina pyroclastics 

Undifferentiated ignimbrites erupted from the OVC have been grouped to form a unit named 
Okataina Pyroclastics. It outcrops east of the model and the base of the formation has been 
created from QMAP surface data and structural measurements complemented by minor local 
edits. 

5.4.3.12 Superficial deposits 

Superficial deposits consist mostly of alluvium. There is not enough geological data within 
the borehole descriptions to correlate recent primary volcanic deposits (e.g. Rotorua Ash) 
that may be present at depth. The base of the alluvium is modelled as erosive, from surface 
outlines and structural measurements, complemented with local edits. 

5.4.3.13 Lakes 

The lake, even though not strictly geological, is a volume output. A mesh was created and 
shared between all blocks where a lake is present. Input data include the bathymetry 
contours of Lake Rotorua provided by BOPRC and the GIS outline of the others lakes. No 
bathymetry data were provided for Lakes Rotoiti, Rotokawa, Okareka and Tikitapu that fall 
entirely or partly within the model boundary. Each lake level and lake average depth was 
considered to build control points to model the lake bottoms. As the surface used to create 
the Lake unit was chosen as erosive, a regular grid of control points above the topography 
(set at +50 m) was also included to avoid any undesirable cross-cutting of the high 
topographic grounds. Local edits were necessary to refine this layer. 

5.5 	THE ROTORUA GEOLOGICAL MODEL 

The 3-D Geological model presented here results from the combination of the structural 
network and surfaces built as described in this report. Leapfrog Geothermal uses the fault 
chronology, surface chronology and surface types to generate volumes automatically for 
each formation. The resulting model can be sliced at any angle to investigate the internal 
structure of the model. Figure 8 presents a view of the final model and Figure 9 an example 
of cross-sections, automatically generated in Leapfrog Geothermal. 
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Figure 8. 	3-D view of the geological model of Rotorua, sliced on a NW-SE axis 
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Example of cross-sections generated automatically in Leapfrog Geothermal from the 3-0 geological model of Rotorua 
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The full Leapfrog Geothermal project is provided on the attached DVD for BOPRC users with 
access to a full commercial licence. A Leapfrog Viewer file is also provided for users without 
licences. The Viewer gives a true 3-D visualisation interface to navigate through the 3-D 
model and gives access to the following visualisation tools and capabilities: 

Navigation between scenes prepared by the modeller holding a full licence. 

Rotation and Zooming options. 

Turning layers on and off. Some layers may be turned off when opening a scene. 

Setting the transparency for each layer. 

Slicing plane options: cut through the model and move the slice backward or forward to 
navigate through the model. 

Moving Plane options: a 2-D plane can be drawn at any location and the dip and dip 
direction adjusted. 

Distance Measurements: a ruler is provided for measuring distances between objects. 

High quality image rendering. 

Selection tool: the user can click on any object to visualise its properties 

The viewer file provided on the DVD includes several scenes: 

Scene 1 - Topography and boreholes: this scene includes the topography with the 
topographic map (TopoMap50k) wrapped onto it, borehole locations, borehole traces, 
and the model boundary box. 

Scene 2 - Aerial Photo and Surface Features: this scene includes the aerial 
photography wrapped on the topography, mapped geothermal surface features, well 
head locations and well traces. 

Scene 3 - Geological data: this scene includes the validated geological data (layers 
turned on), Rotorua City domes structural contours (from Wood, 1992), other 
geological maps and structures taken into account while building the model (turned off). 

Scene 4 - Structural Network: this scene includes the structural network created and 
used to build the 3-D model. Layers used as guidelines to build the faults are included, 
including the active faults, inactive faults, Milner's fault, Wood's faults and Lloyd's 
faults. 

Scene 5 - Geological model: 3-D geological model of the Rotorua Geothermal Field 
sliced NW-SE. The slicer can be moved and re-positioned at any location. 

Scene 6 - Cross-sections: Examples of cross-sections generated automatically in 
Leapfrog Geothermal, centred on the Rotorua Geothermal Field. 

Scene 7 - Geology versus geophysics: Rotorua 3-0 geological model compared to the 
MT cross-sections (Caldwell et al., 2014), Seismic profiles (Lamarche, 1992) and 
gravity map (Hunt, 1992) 

Viewer files can be created and adapted easily to answer the needs of the end-users. The 
scenes saved here are examples and GNS will prepare any further views that BOPRC might 
request. 
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6.0 	SUMMARY 

The 3-D geological model of the Rotorua Geothermal Field presented here is built using 
borehole data provided by BOPRC and complemented by a thorough literature review of the 
area. All data found in the literature have been included in the borehole database created as 
part of this project and used as input to generate the model. A lot of boreholes have been 
drilled in the Rotorua area, but the amount of useable geological data is comparatively small. 
The surface geology is well documented and different authors agree on the distribution of the 
formations at surface. The QMAP dataset, which is the most recent and complete geological 
map, was processed to be used as direct input to build contact surfaces. On the other hand, 
the structural interpretations vary between authors and the model integrates information from 
various sources, taking into account the resolution of the model, data availability and the 
capabilities of the software. 

The geological data at depth is scarce, especially below 200 m. The basement depth within 
the caldera is controlled by the Caldwell et at. (2014) interpretation of the possible caldera 
floor from the MT signature west of Rotorua City. The depth of Mamaku Ignimbrite is 
controlled by borehole data to the south-east and validated using Lamarche (1992) seismic 
profiles. The thickness of the Mamaku Ignimbrite in the caldera is unknown. Larmarche 
suggested a depth of up to 279 m south-east of the city. However, the modelled ignimbrite is 
thicker than this, which is not entirely unexpected as the seismic interpretation was 
questioned by Milner (2001). The Mamaku Ignimbrite reaches thicknesses of > 200 m in 
distal locations and would be expected to be considerably thicker proximal and within the 
caldera. The post-caldera Rotorua rhyolites are well-constrained from surface data and 
drillhole data below Rotorua City. Uncertainty remains whether these surface rhyolites are 
part of a single rhyolitic body below drilled depths and, until further geological information 
comes to light, they are modelled as such. The Rotorua Basin Sediments are poorly 
constrained in this model. The borehole data quality and the high variability in the nature of 
sediments both laterally and vertically preclude lateral correlations of key sedimentary strata. 
The sediments were thus modelled as a single formation, subdivided by age in two units as 
per the QMAP classification. Further work could be done to refine the model in the future. 
Not all preliminary well reports have been digitised after evidence was found of subsequent 
geological re-interpretations. The database holding the full re-interpreted dataset could not 
be sourced. Some of these reports may still hold valuable information and time could be 
spent to import them into the database and update the model. Should drillcuttings and core 
still be available, GNS geologists could study key boreholes to better constrain many 
formations and improve the model data quality. While the hydrology of the system is overall 
well understood, the relationships between the deep Mamaku Ignimbrite aquifer and shallow 
Rotorua rhyolites aquifer could be improved. The distribution of impermeable sediments that 
act as an aquitard versus coarser sediments that may also hold useful resources would be a 
key to better understanding of the Rotorua Geothermal Field geology. The structures 
integrated in the model could also be refined. The software currently has some limitations 
regarding the geometry of the faults it can model but more details to integrate smaller 
structures could be added in the future. 

The 3-D geological model of Rotorua is a first step towards building a comprehensive model 
of the Rotorua Geothermal Field. Leapfrog Geothermal provides the capabilities to integrate 
multi-disciplinary data in one interface and this model should be the foundation for further 
data integration, including a link with reservoir models of the geothermal field. 
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