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The Taupd Volcanic Zone (TVZ) in New Zealand is a region of highly productive Quaternary volcanism and high
hydrothermal heat flux. We investigate the mid-crustal seismic velocity structure of a region within the central,
rhyolitic part of the TVZ encompassing high-temperature geothermal systems (e.g. Wairakei, Rotokawa). Using
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double-difference tomographic inversion of local earthquake data we derive 3-D models of P-wave velocity (Vp)
and Vp/Vs for the subsurface. Both high (> 6.0 km/s) and low (< 5.5 km/s) Vp heterogeneities are seen in
the mid-crust between 5 and 11 km depth. Regions with high Vp are interpreted to indicate the presence of
solidified, more mafic, material within an otherwise quartzo-feldspathic crust, while regions with low Vp values
are inferred to represent bodies of crystal-rich magma with a low melt fraction. Using the new 3-D velocity
model we then relocated ~9100 earthquakes recorded between 2009 and 2022. The relocated seismicity is
strongly clustered, including in the vicinity of some of the geothermal systems (e.g. Rotokawa) where fluid
is currently being extracted for electric-power production. Mid-crustal seismicity is also observed west of the
Wairakei geothermal field, as well as along the south-eastern margin of the Ngakuru graben and on the western
margin of the Whakamaru caldera. The depth distribution of the highest-quality hypocentres shows that 90% of
the seismicity at Rotokawa geothermal field occurs at depths shallower than 5.1 km, consistent with a shallow
brittle-ductile transition and the presence of a cooling pluton beneath Rotokawa seen in magnetotelluric data.

1. Introduction

The Taupo Volcanic Zone (TVZ) in New Zealand’s North Island,
is an active, ~2 Myr old, rifted arc formed in continental crust. At
the surface, rifting is marked by a 5-to-20 km wide band of active
extensional faulting (Fig. 1) (Villamor and Berryman, 2001; Villamor
et al., 2017). Extension rates decrease from ~15 mm/yr in the northern
part of the TVZ to less than ~5 mm/yr south of Lake Taupo (Wallace
et al., 2004). In the central part of the TVZ, volcanism is dominantly
rhyolitic with subordinate dacite, andesite and basalt (Browne et al.,
1992; Gamble et al., 1993; Wilson et al., 1995; Cole and Spinks, 2009;
Wilson et al., 2009; Barker et al., 2020). North and south of the central,
rhyolitic part of the TVZ, the volcanism is dominantly andesitic.

Caldera forming eruptions were exclusively sourced from the central
part of the TVZ, typified by the 1.6 Ma Mangakino caldera (Fig. 1a)
(the oldest recognised), the ~340 ka Whakamaru caldera (the largest
recognised), and the 25.5 ka Taupo caldera (the most recent) (Fig. 1).
These, and other caldera forming eruptions, have produced a sequence
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of voluminous ignimbrites that blanketed the regional landscape. Inter-
spersed between the caldera forming eruptions, volcanism in this part
of the TVZ is characterised by relatively minor explosive eruptions and
dome building episodes. The TVZ is one of the most active volcanic
regions on Earth and a hotspot of geothermal energy production.
Volcanic hyperactivity in this part of the TVZ is exemplified by the 28
rhyolitic eruptions at Taupo caldera since the 25.5 ka Oruanui eruption
(Wilson, 1993).

Petrologic evidence suggests that central TVZ magmas originate
from an extensive, petrologically and geochemically heterogeneous
mush zone between ~6-15 km depth (e.g. Smithies et al., 2023, 2024;
types B and C of Harmon et al., 2024b), before storage in discrete
magma bodies between ~4 and 8 km depth (Bégué et al., 2014;
Smithies et al., 2023). Mauriohooho (2023) indicates the additional
presence of ephemeral boutique magma systems possibly co-existing
alongside the larger reservoirs, while Bindeman (2024) suggests that
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Fig. 1. Left : The Taupo Volcanic Zone, in North Island, New Zealand, with the study region outlined as a box. The Tongariro Volcanic Centre (TVC) and
the Okataina Volcanic Centre (OVC) lie to the south and north of the study region, while the Mangakino caldera (MgC) lies to the north-west. The Taupo rift
axis is marked as solid red segments, following Seebeck et al. (2014), with extension directions shown as black arrows. Depth contours (km) for the Hikurangi
subduction interface are shown as dashed lines, following Williams et al. (2013). Right: Caldera boundaries for Taupo, Whakamaru, Ohakuri, Mihi and Waiora
calderas are shown in green, with solid lines when there are surface constraints, dashed lines where caldera boundaries are just inferred (following Rosenberg,
2017; Rosenberg et al., 2019; Stagpoole et al., 2020). Rift axis segments are shown as solid black lines, following Seebeck et al. (2014). Active faults are shown

in red, from the New Zealand Active Faults database (Langridge et al., 2016).

rhyolite magmas are stored in a deep crustal melt zone, with limited
stagnation in the upper crust.

Magnetotelluric (MT) data has been used to identify a widespread
zone of interconnected melt (melt fraction <~4%) beneath the central
part of TVZ at ~10 km depth (Heise et al., 2007, 2010). More localised
bodies of high electrical conductivity imaged in MT surveys at ~3-7
km depth are interpreted to represent shallower zones of partial melt
and/or interconnected saline fluid (Heise et al. 2016, Bertrand et al.,
2012, 2015).

The rhyolitic part of the TVZ is also the location of anomalously
high heat flux, ~0.7 Wm™2, discharged at the surface in 23 distinct
high-temperature geothermal systems (Bibby et al., 1995), (Fig. 2). The
high heat flow in the region is inferred to control the shallow (~6 km)
seismic—aseismic cutoff depth observed from local seismicity, indicative
of the brittle-ductile transition beneath the region (Bibby et al., 1995;
Bryan et al., 1999; Ellis et al., 2024).

The petrologic and geochemical studies, as well as the MT data,
suggest that considerable spatial heterogeneity of crustal properties is
likely in the mid-crust in this part of the TVZ. To date however, there is
only sparse information available on spatial variation of seismic proper-
ties in the mid-crust beneath the region. Interpretations of 2-D seismic
refraction surveys undertaken near Taupd (e.g. Harrison and White,
2004, 2006; Stern and Benson, 2011) suggest that quartzo-feldspathic
crust extends to 15-20 km depth. Estimates of seismic properties,
such as P-wave seismic velocity (Vp), Vp/Vs, Qp andQs derived using
previous seismic tomographic inversions of data from local and deeper
subduction-zone earthquakes provide information at regional crustal-
and upper mantle-scales (Reyners et al., 2006; Eberhart-Phillips et al.,
2020), but do not resolve finer-scale mid-crustal heterogeneity.

In this study we investigate Vp and Vp/Vs structure of the mid-
crust of the central part of the TVZ using double-difference seismic

tomography (e.g. Zhang and Thurber, 2006), based on observations
of the local shallow seismicity. Then, using the new 3-D velocity
model, we derive high-resolution locations for more than 9100 shallow
earthquakes, which allows us to compare the distribution of seismicity
to the mid-crustal Vp heterogeneities we observe and to the known
geothermal systems.

2. Seismicity detection and location
2.1. Seismic network and data

We use seismic data from earthquakes recorded between 2009
and 2023 by the permanent New Zealand GeoNet seismometer net-
work, supplemented with data recorded by temporary campaign-mode
seismometers, as well as data from privately-operated seismometers
recording around geothermal reservoirs (Fig. 2). The GeoNet seismome-
ter network (Gale et al., 2015; Petersen et al., 2011) is comprised of
permanent broadband and short-period seismometers. In the Taupo
region the GeoNet network currently has an average seismometer site
spacing of ~15-20 km.

In addition to the GeoNet network seismometers, there have also
been various temporary deployments in this region, including the
TVZ95 array in 1995 (Bryan et al., 1999; Sherburn and Bibby, 2003),
the CNIPSE array in 2001 (Reyners and Stuart, 2002; Reyners et al.,
2006; Harrison and White, 2004, 2006) and the HADES array in
2009-2011 (Bannister, 2009). During the temporary array campaigns,
the average seismometer spacing in parts of the region was reduced to
~5 km (e.g. during 2001 and 2009-2011). Seismometer site locations
for the permanent GeoNet seismometers and the temporary HADES
campaign seismometers are shown in Fig. 2. Additional specialised
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Fig. 2. GeoNet (permanent network) seismometers are shown as filled squares,
the temporary HADES campaign seismometers are shown as filled triangles,
while privately-operated seismometers around the Wairakei, Rotokawa and
Nga Tamariki geothermal fields are shown as open triangles. Red dots show
the epicentres of relocated earthquakes from this study. Solid black lines show
the 5 profile lines used for cross-sections in later figures. West Wairakei seis-
micity:'‘WW’, Southern Paeroa seismicity:‘SP’, referred to in the text. Dashed
circles show the areas used to calculate seismicity (‘d90’) depth distributions.
Background colour shows the DC apparent resistivity (Bibby et al., 1995).
Apparent resistivities < 25 Ohm-m provide an indication of the near-surface
extent of the geothermal systems (e.g. Rotokawa, Wairakei, Tauhara, Nga
Tamariki, Ohaaki, Atiamuri) in the area shown (see Bibby et al., 1995 for
details).

seismic studies have also been carried out to underpin geothermal pro-
duction field operations in the Wairakei, Rotokawa and Nga Tamariki
geothermal fields (Sherburn et al., 2015a,b; Hopp et al., 2020), some
involving borehole seismometers (e.g. Sepulveda et al., 2015).

2.2. Phase picking and initial event location

Phase arrival times of P and S phases were detected and phase-
picked using the machine-learning EQTransformer algorithm and
trained model developed by Mousavi et al. (2020). EQTransformer was
trained using more than 1 million events from a large range of tectonic
environments, but we recognise that future higher-resolution work in
our study area might benefit from using ML-models trained with a
focus on geothermal seismicity, such as the recent models developed
by Okamoto et al. (2024) using Japanese geothermal seismicity. Here
we applied EQTransformer to the continuous streams of 3-component
data recorded by GeoNet seismometers, as well as to the continuous-
stream data recorded by temporary seismometers (e.g. the 2009-2011
HADES array) and reservoir-specific seismometer data.

P and S phase arrival picks identified using EQTransformer were
subsequently associated into defined events using GaMMA (Zhu et al.,
2022), which treats the association as an unsupervised clustering prob-
lem in a probabilistic framework. The pick analysis derived a low
number of S-phase picks, as S-wave arrivals in this study area are often
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obscured by extensive P-coda. Such extended P-wave coda is likely
caused by wave scattering (e.g. Wu and Aki, 1988; Imperatori and Mai,
2015) related to the low velocity volcaniclastic deposits in this region,
which may extend to more than 2 kms thickness (e.g Stern and Benson,
2011).

Initial hypocentre locations were subsequently derived using Non-
LinLoc (Lomax et al., 2000; Lomax, 2005; Lomax et al., 2007), in-
volving a probabilistic non-linear search for hypocentres using the
equal differential time likelihood function (Lomax, 2005), based on the
approach of Tarantola and Valette (1982). At this stage events were
discarded if they had less than 6 phases or an azimuthal gap greater
than 300°; the majority of the events had azimuthal gap less than
200°(Supplementary Figure S1).

After this filtering there were 9149 events, which, after further
relocation described below, are shown in Fig. 2. Vertical uncertainties
in location, found from the projection of the 68% confidence ellipsoids,
vary depending on the proximity to nearby seismometers, and on the
number of phase-picks; the median of the vertical uncertainty was 2.1
km for the 9149 events (Figure S2), but this does not reflect additional
uncertainties due to velocity model errors (Husen and Hardebeck,
2010). Strict quality control was applied to subsequently derive a subset
of events to be used for the tomographic inversion (below); the higher
quality event subset was comprised of 3570 events.

3. Joint inversion for location and velocity structure
3.1. Inversion approach and model

We jointly solved for Vp, Vp/Vs, and earthquake hypocentre lo-
cations using the double-difference tomography algorithm tomoDDPS
(Zhang et al., 2009). This approach allows the combined use of event-
pair differential catalogue and waveform-based phase times together
with absolute phase data, which allows finer-scale velocity structure
to be resolved, as well as relocated event hypocentres (Zhang and
Thurber, 2006). Travel times between events and stations are cal-
culated using pseudo-bending raytracing (Um and Thurber, 1987),
allowing for variable station elevation and 3-D velocity structure, but
assuming a flat earth model. We calculated differential phase times for
all pairs of events separated by less than 9 km, in total involving 68731
absolute P times, 46001 absolute S times, 2285793 differential-phase
P times, and 1296058 differential-phase S times, for 3570 events and
171 stations.

During inversion we varied the relative weighting of absolute phase
arrival times and the differential phase times for different iteration
steps, following an evolving weighting scheme as described by Zhang
and Thurber (2003, 2006). In the initial iteration steps, higher weight-
ing is applied to the absolute phase information, which allows deriva-
tion of the larger scale velocity structure. The balance of subsequent
weighting is then shifted to the differential phase information in the
subsequent iteration steps, allowing derivation of finer-scale velocity
structure.

The initial starting 3-D model for inversion for Vp and Vp/Vs was
formed by interpolating the regional model of Eberhart-Phillips et al.
(2010) onto a 3-D rectilinear grid, with the Y axis oriented at N39°E,
sub-parallel to the (variable) strike of the Taupo Rift (Villamor et al.,
2017; Seebeck et al., 2014) (Fig. 1). Progressive inversions were then
carried out, starting with the initial model, and slowly decreasing the
spacing of the inversion nodes in subsequent inversion runs, following
the approach of Eberhart-Phillips and Michael (1993) for inversion
stability. Staggered gridding (e.g. Vesnaver and Bohm, 2000 was used
at intermediate stages, to test inversion ambiguities and the stability of
the response to node positions. In the final model the inversion node
spacing was 4 km for nodes close to the axis of the Taupo Rift (Figure
S3), with coarser node spacing further away from the rift axis, in areas
where the seismic path density was lower (e.g. using a variable node
spacing of 10-to-25 km at distances more than 40-km from the Y -axis,
as shown in Figure S3). The vertical nodes in the final inversion were
at-1,1,3,5,7,9, 11, 14, and 18 kms depth.
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3.2. Data density and path directionality

The derivative weighted sum (DWS) is a measure of the weighted
ray length calculated at each inversion node (Thurber, 1983), providing
a relative measure of seismic path density. We calculated DWS values
during the inversions, and subsequently used the calculated values as
an indicator for path coverage. At 5-km and 7-km depth the calculated
DWS (Figure S4) is highest beneath Wairakei and Rotokawa geother-
mal fields, and, to the north, the Orakei Korako geothermal system.
Some areas to the north-west, as well as to the east and south-east of
Wairakei, have lower path coverage. The areas with lower DWS are
due to reduced density of seismometer coverage to the north-west and
south-east, as well as lower levels of background (crustal) seismicity
— there are very few crustal earthquakes west and north-west of the
central Taupd Rift. The calculated DWS values generally drop off for
depths greater than 10 km; the majority of earthquakes in the region
are shallower than ~8 km, so event-station paths with longer distance
(~50 km or greater) are necessary for sampling greater crustal depths.

Biases can also result from path directionality. Following Kissling
(1988) we examined the path directionality by calculating ray path
density tensors on each inversion node on the 3-D inversion grid
(e.g. Figure S5 for 3, 5, 7 and 9 kms depth). The information provided
from the ray density tensors complements the information from DWS,
highlighting where the path directionality is evenly balanced or, in
contrast, where the paths are preferentially biased towards certain
directions.

3.3. Synthetic resolution tests

Synthetic sparse checkerboard tests (following terminology of
Rawlinson and Spakman, 2016) were carried out to examine how
potential features may be resolved, for our existing seismic inversion
station and existing event distribution. In these tests we calculated
synthetic travel times for our known earthquake and seismometer
locations through synthetic 3-D velocity models, before subsequent
inversion of the synthetic travel times. Synthetic checkerboard mod-
els with + 10% velocity perturbations were created using variable
block sizes, following a ‘sparse’ checkerboard pattern. Inversion results
(Fig.S6) derived using the synthetic data show reasonable recovery
of the perturbed P-wave velocities (Vp) where DWS is >~100, for
the 3-to-7 km depth range, while there was poorer recovery of the
synthetic perturbation anomalies for 9+km depth. Recovery of the
synthetic Vp/Vs perturbations was generally poor; at 3-km depth for
example Vp/Vs was only recovered in areas in the immediate vicinity of
Wairakei and Rotokawa geothermal fields, while recovery was poorer
at greater depths (Fig. S7). The limited recovery of the synthetic Vp/Vs
perturbations reflects the low DWS for Vp/Vs.

3.4. Seismicity relocation

We used the seismic velocity model derived from the tomographic
inversion for relocation of the larger earthquake dataset for the same
region, comprised of 9149 earthquakes occurring in the 2009-2021
time period. Final event locations were derived using the double-
difference algorithm tomoDDPS algorithm (Zhang et al., 2009), using
the absolute phase arrival times combined with the event-pair phase-
time differential times. We also utilised event-pair waveform-based
differential times (e.g. Zhang and Thurber, 2003; Waldhauser and
Ellsworth, 2000), which were calculated using cross-correlation of the
waveforms, after application of a 1.5 Hz to 12 Hz bandpass filter.
Travel-times for the final hypocentre location analysis were calculated
using the newly derived 3-D velocity model, which was fixed for this
final relocation analysis. Fig. 2 shows the epicentres of the relocated
earthquakes; the event distribution is discussed below.
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4. Results
4.1. Inversion results for Vp and Vp/Vs

In Fig. 3 we show iso-depth slices through the P-wave velocity (Vp)
volume derived from the tomography inversion, for 3, 5, 7 and 9 km
depth. Areas are masked light-grey where the DWS is less than 100
(where the seismic path coverage is poorer). Epicentres of the relocated
seismic events are projected onto the depth slices, only projecting
events with depths + 1 km for each depth slice.

The Vp results for 3-km depth (Fig. 3) show P-wave velocities less
than 4.5 km/s below the central axis of the Taupé rift. The band of
low velocity extends northward from Lake Taupd, tracking beneath
the surface trace of the known active faults (e.g. Whangamata fault,
Ngangiho fault, Puketarata fault), and extending at least up to the
Ngakuru graben (Villamor and Berryman, 2001), on the western side of
the Paeroa fault (Fig. 3), north-east of Atiamuri geothermal field (Fig.
2).

These low Vp velocities likely represent thick layers of rhyolitic
pyroclastics, volcaniclastic sediment layers, and andesitic sediments,
similar to that found in geothermal drill holes at Wairakei (Rosenberg
et al., 2019; Milicich et al., 2021) and Nga Tamariki geothermal fields
(Chambefort et al., 2016). Vp is also lower than 4.5 km/s inside the
boundary of the inferred Waiora (WA) caldera (Fig. 1). Calculated DWS
values (Figure S4) are lower to the south of Waiora caldera for depths
shallower than 5 km, as there are few earthquakes in this area and
seismometer coverage is limited to the east and southeast.

Vp is higher (above 4.8 km/s, darker blue in Fig. 3), between
Wairakei and Nga Tamariki geothermal fields, as well as to the east
of Rotokawa field. These higher velocities are representative of the
seismic signature of the meta-sedimentary (greywacke) basement in the
subsurface. In the geothermal fields the composite basement terrane
(described in detail by Mortimer et al., 2023) has been reached at 3.4
km depth at Nga Tamariki (Chambefort et al., 2016; Milicich et al.,
2020), as well as at 1.8-2.5 km depth in some wells at Rotokawa field
(Milicich et al., 2020; McNamara et al., 2016; Wallis et al., 2013).

High Vp/Vs (> 1.8) is observed at 2 km depth in the vicinity
of Wairakei, Rotokawa, and Nga Tamariki geothermal fields (Fig. 4).
Such Vp/Vs values are often associated with higher fluid saturation in
fractured rock. At 3-km depth, Vp/Vs decreases to less than 1.8 for
much of the region, with values less than 1.75 for the area between
Wairakei, Rotokawa and Nga Tamariki (Fig. 4).

At 5-km depth (Fig. 3) Vp ranges between ~4.9 km/s to 5.7 km/s,
with strong ~10% spatial variability. Vp is high (> 5.5 km/s) beneath
the Wairakei geothermal field, while a band of low Vp extends north
from Te Mihi (west Wairakei), beneath the known active surface faults,
to the Ngakuru graben, west of the Paeroa Fault (Fig. 3). At around this
depth a band of seismicity at the south-western end of the Paeroa fault
clearly tracks along the eastern side of the low Vp block. Low Vp is
still observed beneath the inferred Waiora (WA) caldera (north of Mt
Tauhara), as well as in the vicinity of Rotokawa (Fig. 3).

Vp/Vs at 5-km depth is predominantly less than 1.70, decreasing to
1.65 in the centre of the region (Fig. 4). Similarly low Vp/Vs values
have been observed for Kaweka terrane basement rocks in southern
North Island (Eberhart-Phillips and Reyners, 2012). The low Vp/Vs
values (corresponding to a Poisson’s ratio less than ~0.22) likely re-
flects high quartz content in the basement terrane beneath our study
region; Christensen (1996) found a nearly linear relationship between
decreasing SiO, content and increasing Poisson’s ratio, for rocks with
55 to 75 wt% SiO,.

Deeper, at 7 km depth (Fig. 3), Vp is mostly greater than 5.7
km/s, other than beneath Wairakei geothermal field, and north of the
Whakamaru caldera boundary (e.g east of Ohakuri, in the vicinity of
Te Kopia) (Fig. 3). An extensive block with high Vp (> 5.9 km/s) is
observed to the south of Mt.Tauhara (Fig. 3), south and south-east of
Wairakei, extending down the eastern shoreline of Lake Taupo.
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segmented lines.

At 9-km depth (Fig. 3) the high Vp (> 5.9 km/s) block is still
apparent south and south-east of Wairakei, while low Vp (< 5.4 km/s)
is seen beneath much of the Wairakei area, as well as to the north
and north-east of Nga Tamariki and Rotokawa. The synthetic tests
showed reasonable recovery at this depth (Figure S6) north and north-
east of Wairakei, while synthetic Vp anomalies elsewhere were spatially
smeared. The ray density tensors show a reasonable (azimuthally bal-
anced) distribution of path coverage for this depth (Figure S5). Vp/Vs at
this depth is poorly resolved across most of the region — the synthetic
reconstruction of Vp/Vs perturbations is poor and the calculated DWS
values for Vp/Vs are low for this depth.

Fig. 5 shows two NW-SE trending cross-sections of Vp, along profile-
1 and profile-2 (the locations of which are shown in Fig. 2). Profile-
1 passes through Rotokawa geothermal field, while profile-2 passes
through Wairakei geothermal field and the southern part of the Tauhara

field. Three orthogonal cross-sections of Vp, each with SW-NE orienta-
tion, are shown in Fig. 6, along profile-3, profile-4, and profile-5 (for
the profile locations shown in Fig. 2). Profile-3 passes west of Wairakei,
extending up to Te Kopia, profile-4 extends from west of Wairakei,
through Te Mihi, up to west Nga Tamariki (Fig. 2), while profile-5
passes between east-Wairakei and Nga Tamariki (Fig. 2).

On the cross-sections low Vp (less than 4 km/s) is observed down
to ~2-3 km depth, consistent with the volcaniclastic deposits, fluvial
deposits and ignimbrite layers found in the geothermal field drill holes,
and consistent with previous regional seismic refraction data (e.g. Stern
and Benson, 2011). Higher Vp (> 5 km/s) is seen below ~3-4 km depth,
although there is considerable (~10%-20%) variation of Vp along some
of the profiles. On profile-2 (Fig. 5) higher Vp (> 6 km/s) is observed
to the south-east of Wairakei geothermal field. The high Vp (> 6 km/s)
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feature also appears on the SW-NE profiles (e.g. on the SW end of
profile-4 and profile-5, labelled as HV1 on Fig. 6).

Low Vp anomalies (5.0 km/s to 5.3 km/s) are observed from ~7
to 11 km depth in some areas (Fig. 5; LVL1 and LVL2 in Fig. 6); Vp in
these anomalies is ~10% lower than in their surroundings. One such Vp
anomaly lies at ~7-10 kms depth to the north-east of the Nga Tamariki
geothermal field (LVL2 on Profile 5 in Fig. 6), while a separate anomaly
lies at ~8 to 11 km depth beneath Wairakei (LVL1 on Profile 4, Profile
5 on Fig. 6).

4.2. Seismicity distribution

Figs. 2 and 3 show the epicentres of more than 9100 earthquakes
that we relocated using the new 3-D velocity model. Most of these
epicentres show a close spatial association with known geothermal
production fields (e.g. Rotokawa, Wairakei, Nga Tamariki). Seismicity
is also observed to the west of Wairakei (‘WW’ in Fig. 2), and near the
Te Kopia and Orakei Korako geothermal systems (‘SP’ in Fig. 2), as well
as to the north, on the eastern side of the Ngakuru graben (Fig. 1).

Microseismicity previously examined beneath the Wairakei geother-
mal field (Sepulveda et al., 2015) varies spatially and temporally in
the areas used for the geothermal production and fluid reinjection
operations. The bulk of this microseismicity is confined to within the
shallow boundary of the geothermal field (Sepulveda et al., 2014),
although a deeper NW-SE trending feature was noted by Sepulveda
et al. (2013) to the west of the field. This deeper seismicity, inferred to
indicate pathways for deeper fluid upflow (Sepulveda et al., 2013), is
also apparent in our cross-sections (e.g. on Profile 4, X=10-15 km).

In the Rotokawa geothermal field, previous studies have shown
that shallow microseismicity mostly occurs in a ~1 km? area be-
tween fluid re-injection and production zones (Sherburn et al., 2015b).
This microseismicity correlates with changes in well flows, pressure
and temperature data (Sherburn et al.,, 2015b; Sewell et al., 2015),
with the rate of observed microseismicity closely matching deep fluid
re-injection rates (e.g. in early-2010, Sherburn et al., 2015b); pore-
pressure changes and poro-elastic stress transfer are thought to also
play a role (Hopp et al., 2020). Below 2 km depth event hypocentres
correlate to an area of relatively higher resistivity (Heise et al., 2008)
matching the highest drilled temperatures in the Rotokawa system
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(> 250 °C). Heise et al. (2008) inferred that this resistivity signature,
and the correlated seismicity, was associated with zones of fracture
permeability, feeding high-temperature fluid into the system. Moment
tensor solutions derived from regional seismic data by GeoNet (ac-
cessed at www.geonet.org.nz) indicate normal faulting mechanisms for
larger magnitude (M,, > 3.3) events, consistent with NE-SW striking
structures (Wallis et al., 2013) inferred from geological data from
borehole logging.

The depth distribution of our new relocated hypocentres is shown
in Fig. 7 for the Wairakei and Rotokawa geothermal fields. The depth
distribution shows that 90% of the Wairakei event depths (termed
‘D90Q’) are above 7.1 + 0.4 km, while 95% of the Wairakei event depths
(termed ‘D95’) are shallower than 7.9 + 0.5 km, with errors estimated
using bootstrap analysis. In contrast, the depth distribution of events in
the vicinity of Rotokawa shows that 90% of the Rotokawa events are
shallower than 5.1 + 0.3 km, and 95% shallower than 5.5 + 0.3 km,
~2 km shallower than for Wairakei. Seismicity cut-off depths are often
used as proxies for the depth to the top of the brittle-ductile transition
zone (e.g. Ellis et al., 2024; Tryggvason et al., 2002), marking the start
of the transition between conditionally-stable brittle (frictional) fault
behaviour (above the transition) and aseismic creep behaviour (below
the transition) (Ellis et al., 2024). The transition depth and gradient
is strongly influenced by temperature and pressure but is also affected
by mineralogy, fluid pressure and strain rate (Biirgmann and Dresen,
2008; Ellis et al., 2024).

The relocated seismicity (Fig. 2) shows events south-east of the
Paeroa Fault (SP, Fig. 2) on the south-eastern margin of the Ngakuru
section of the Taupd Rift (Villamor and Berryman, 2001). These events
lie beneath and between the Te Kopia and Orakei Korako geothermal
systems (Fig. 2), with most of the hypocentres deeper than 3 km.
Surface fault mapping in this area (https://data.gns.cri.nz/af/, last
accessed August 2025, Langridge et al., 2016) shows a multitude of
rift-fault segments with 20 km length scale (Rowland and Simmons,
2012); such complexity means that the observed seismicity is not easily
attributable to any specific surface fault.

5. Discussion

5.1. Near surface layers (0-3+kms)

The depth slice of Vp at 3 km depth (Fig. 3) illustrates ~20%
spatial heterogeneity of Vp across the region, with Vp varying from
~4 km/s (west of Wairakei geothermal field) to more than 5.0 km/s
(e.g. beneath the Wairakei, Rotokawa and Nga Tamariki geothermal
fields). At shallower depths lowerVp velocities of 2.0 to 3.2 km/s have
been estimated previously, using 2D seismic refraction data (Harri-
son and White, 2004; Stern and Benson, 2011). As mentioned, these
low velocities are consistent with the known stratigraphy observed in
geothermal field drill holes (e.g. Chambefort et al., 2014; Milicich et al.,
2021), involving volcaniclastic deposits, fluvial deposits and ignimbrite
layers.

Spatially, the Vp inversion results for 3-km and 5-km depth (Fig. 3)
show a low-Vp feature extending from the northern shoreline of Lake
Taupd, from around Kaiapo fault, then following northeast beneath the
Ngangiho Fault and the Whangamata Fault (labelled on Fig. 3). The low
Vp feature extends north up to the Ngakuru graben (Fig. 3), where, at 5
km depth, our relocated seismicity is seen to extend along the eastern
edge of the low Vp feature, close to the southern end of the Paeroa
Fault.

This north-east trending low-Vp feature follows the dense cluster of
known active faults, which mark the surface expression of the Taupo
Rift (Fig. 1). The low Vp may represent thicker volcaniclastic deposits
at 3-5 km depth, possibly linked to crustal extension on the Taupo
Rift. Alternatively, Vp may be reduced at depth here by the presence of
the dense active fault network, with higher fracture density, increased
porosity, and the presence of fault gouge (e.g. Mooney and Ginzburg,
1986; Kelly, 2014; Moos and Zoback, 1983). In addition there will also
be additional effects on Vp from fluid saturation in the faults-fractures
(e.g. Mavko et al., 2020).
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5.2. Basement heterogeneity

Higher Vp (between 5 and 5.7 km/s) is observed at 3-5 km depth
north of Wairakei and west of Rotokawa (Fig. 3), extending north up
to Orakei Korako. The higher Vp most likely represents the Mesozoic
metasedimentary (greywacke) basement; a similar range of Vp is found
for laboratory measurements of greywacke basement rocks from this
region (e.g. McNamara et al., 2014; Mielke et al., 2016; Melia et al.,
2022). Greywacke basement has been encountered in some of the
geothermal wells at Nga Tamariki (3.4 km depth, Chambefort et al.,
2016), Rotokawa field (1.8-2.8 km depth, Milicich et al., 2020; McNa-
mara et al., 2016) as well as at Ohaaki field (1.6 km depth, Milicich
et al., 2020), although not in boreholes at the Wairakei field.

Other than the greywacke meta-sedimentary terranes, it is also
likely that cooled sills and plutons are present in the mid-upper crust,
given the extensive volcanism in the study region (e.g.
Chambefort et al., 2014, 2016; Chambefort and Dilles, 2023; Harmon
et al.,, 2024a,b). The expected range of Vp for the greywacke base-
ment terranes (e.g. Melia, 2016; Melia et al., 2022; Christensen and
Okaya, 2007) overlaps that expected for intermediate to silicic plutons
(e.g. Christensen, 1979), depending on the exact mineral composition.
This expected overlap makes it difficult to distinguish the rock type on

the basis of Vp alone, as noted by Mortimer et al. (2023) and Milicich
et al. (2020).

The Vp/Vs results from the inversion (Fig. 4) suggest Vp/Vs values
less than 1.65 for depths greater than ~3 km. Such low Vp/Vs values
would be consistent with greywacke terrane with a high quartz con-
tent, such as the Torlesse Composite Terrane metasedimentary rocks
(Mortimer et al., 2023), but would also be consistent with high SiO,
granite.

Below ~5 km depth the cross-sections of Vp (Figs. 5 and 6) show
lateral heterogeneity, with ~10%-20% changes in Vp over spatial
distances of 10 km. Profile 2 (Fig. 5) for example shows a high-Vp ‘lid’
with Vp > 5.5 km/s at ~5-7 km depth, while just to the northwest Vp
decreases to ~5 km/s. Seismicity in the same location and depth range
is notably elevated at 5 to 8 kms depth on profile 2 (Fig. 5) as well as
on profiles 3 and 4, below and west of Wairakei (Fig. 6).

5.3. Mid-crustal low-Vp anomalies: magmatic mush ?

Below 5-7 km depth we observe several low Vp anomalies with Vp
less than 5.5 km/s, ~10% lower than the surroundings (Fig. 3). A clear
example is at ~8-11 km depth beneath Wairakei geothermal field (Fig.
5 profile 2, X=20 km and X=15; ‘labelled LVL1’ on profiles 3 and 4 in
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Fig. 6), while there is a slightly shallower anomaly (~7-10 km) beneath
and north of Nga Tamariki (labelled ‘LVL2’ on X=30-35 km on profiles
4 and 5), as well as at ~5-8 km depth near Rotokawa (X=35 km on
Profile 1, Fig. 5).

Changes in Vp can result from rock composition, fluid content,
fractures, and thermal effects, amongst other factors; unique interpre-
tation is not feasible without cross-comparison with other geophysical
observations (e.g. Vp/Vs, Vs, seismic attenuation, electrical conduc-
tivity, gravity). If Vp/Vs was resolvable then it would help constrain
the interpretation, as it is sensitive to rock composition, the presence
of partial melt, the presence of cracks, and the degree of pore fluid
saturation. Unfortunately, Vp/Vs is only well resolved down to ~5 km
depth with our current data.

Partial melt with less than ~4% melt fraction has previously been
inferred to lie below this region. Inversion of rift-scale magnetotel-
luric (MT) data acquired across the TVZ shows a sharp increase in
conductivity at 10 km depth (Heise et al., 2007), inferred to repre-
sent interconnected melt fraction (<~4%; (Heise et al., 2007)). More
recently, with data from extensive MT arrays, with sites spaced 2 km
apart, shallower localised zones of low resistivity (< 30 Q-m) have been
imaged at 3-7 km depth in the vicinity of Rotokawa, Ohaaki and Nga
Tamariki geothermal systems (Fig. 2) (Bertrand et al., 2012, 2015);
these localised zones are inferred to represent partial melt and/or inter-
connected saline fluid (Bertrand et al., 2015). The resistivity models of
the 2-km-spaced array MT data resolve heterogeneity in the mid-crust,
with broad zones of increased conductivity occurring at ~8 km depth,

interpreted to mark the top of the underlying magmatic systems driving
heat through the overlying brittle crust (e.g. Bertrand et al., 2022).

Matching the conductivity interpretation, we interpret the observed
low-Vp anomalies to represent bodies of crystal-rich magma mush in the
mid-crust, with a low percentage of interstitial melt. Vp is expected to
decrease if there is even a small percentage of interstitial melt present
(Paulatto et al., 2019, 2022), in part due to temperature effects linked
to the solid-melt phase transition (Lyakhovsky et al., 2021). The extent
of any changes in Vp would depend on the microscopic distribution of
the melt, melt dimensions and melt fraction, as well as on the presence
of volatile bubbles in the melt (Paulatto et al., 2019). In addition, Vp
would also be affected by any magmatically-derived saline fluids, as
well as by the fracture density in rock above the melt.

Interpreting the low-Vp anomalies e.g. ‘LVL1’ and ‘LVL2’ (Fig. 6)
as near-solidus magma mush bodies, there appears to be at least two
spatially-separated mid-lower crust bodies immediately apparent — the
first beneath Wairakei geothermal field at ~8-11 km depth (‘LVL1’ on
profiles 4 and 5, Fig. 6), and a second slightly shallower at ~7-10 km
depth beneath, and to the north of, Nga Tamariki geothermal field
(‘LVL2’ on Fig. 6). A separate shallower anomaly is also imaged at
~5-8 km depth beneath Rotokawa geothermal field (profile 1, Fig. 5).

It is difficult to reconcile the composition of magma mush at these
depths unequivocally, due to the lack of a clear connection between
moderately high conductivity, low-Vp and geochemistry. However, the
relatively deep anomalies down at ~10 km are more likely to represent
mafic to intermediate magma reservoirs, whereas shallower anomalies
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Fig. 8. Conceptual schematic of the mid-crustal structure beneath the study region.

are likely rhyolitic in composition. These shallow anomalies may repre-
sent the remnants of past explosive eruptions in this volcanically active
region.

Similar mid-crustal low Vp values observed elsewhere in other
volcanic settings are often attributed to the effect of partial melt
and magmatic systems, although Vp/Vs is required to constrain any
interpretation (Lin, 2015). Below Mt.St.Helens, Ulberg et al. (2020)
observed a ~3%—-6% Vp reduction in the mid-crust at 6-15 km depth,
which they interpreted as a signature of partial melt. Similarly a
low Vp anomaly observed at 4.2-6.2 km depth beneath Long Valley
caldera (Lin, 2015) was inferred to represent partial melt, as was a
10% reduction in Vp beneath Yellowstone caldera at 5-to-16 km depth
(Huang et al., 2015), following similar interpretations by Husen et al.
(2004).

Fig. 8 shows a schematic of our conceptual interpretation. Low
velocity volcaniclastic deposits extend down to ~2-3 km depth, over-
lying metasedimentary basement. The basement, as imaged by Vp
(darkest blue), varies considerably across the region, likely altered by
caldera volcanism. Observed seismicity includes earthquake clusters
beneath the known geothermal systems (e.g. Wairakei, Rotokawa, Nga
Tamariki), while fault-fracture networks associated with the seismicity
at 5-8 kms (e.g. west of Wairakei geothermal field) mark the perme-
ability pathways that can promote the upward migration of volatiles
from the brittle-ductile transition. In the mid-lower crust, we interpret
several distinct, spatially separated, magma mush bodies, likely with a
small percentage of interstitial melt.

6. Conclusions

We have examined the seismicity distribution and velocity structure
in the central part of the TVZ, using seismic data recorded by temporary
campaign and permanent network seismometers. We find :

+ Derived P-wave velocity (Vp) indicates that the mid-crust beneath
the region varies considerably across the region, with spatial
variations in the order of ~10-20% over distance scales of ~10
km, especially at 5-to-11 km depth. This crustal heterogeneity
may reflect the extensive past volcanic activity in the region, and
the possible presence of volcanic sills and granite bodies in the
basement.

Observed seismicity includes clusters of activity beneath the
known geothermal systems (e.g. Wairakei, Rotokawa, Nga
Tamariki), but also includes deeper events west of Wairakei field
and the Paeroa fault. This seismicity highlights the location of

10

fault networks in the basement (especially beneath Wairakei)
- permeability pathways which can promote the migration of
volatiles. The depth distribution of the highest-quality hypocen-
tres shows that 90% of the seismicity (‘D90’) beneath Wairakei
is shallower than 7.1 +/-0.4 km, while the same 90% cut-off for
seismicity below Rotokawa is shallower, at 5.1 +/—0.3 km; these
are measures of the seismicity depth cut-off, indicative of the top
of the brittle-ductile transition, varying spatially.

In the mid-lower crust (5-11 km) we image several distinct sep-
arated bodies with relatively low Vp values (< 5.5 km/s), which
we infer to represent deep-seated crystal-rich magma mush with
a low percentage of melt. The most distinct of these bodies lies
beneath and west of Wairakei geothermal field, while a second
body lies beneath and north of Nga Tamariki field, extending
beneath Orakei Korako and Te Kopia geothermal systems.

Currently, our interpretation of the low-Vp anomalies is not unique;
additional observations of other geophysical properties are needed
for improved constraint, such as body-wave seismic attenuation (Qp,
Qs) and improved Vs and Vp/Vs estimates. Seismic attenuation, for
example, is sensitive to temperature and partial melt (Jaya et al.,
2010; Sanders et al., 1995), while additional shear wave information
(derivable for example from ambient seismic noise studies) would
help to constrain Vs, and Vp/Vs. Future joint interpretation of seismic
properties together with electrical conductivity derived from magne-
totelluric studies (e.g. Heise et al., 2008; Bertrand et al., 2012, 2015)
is also expected to be informative.
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at https://doi.org/10.1016/j.jvolgeores.2025.108448.

Data availability

GeoNet continuous seismic waveform data, seismometer metadata
and moment tensor solutions are openly available through the GeoNet
website (http://www.geonet.org.nz). Seismic waveform data, as well
as seismometer metadata, are also available using FDSN services from
IRIS-DMC. Waveform data from the temporary HADES (2009-2011)
seismometers are also available from the IRIS-DMC data management
centre, under network code Z8 (Bannister, 2009). The catalog of earth-
quake relocations is available on https://github.com/nephets-b/2025_
seismic_imaging.
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