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In small-volume volcanism, pre-existing crustal structures can influence magma ascent processes. Rangitoto
volcano in the Auckland Volcanic Field, New Zealand, provides a possible example of magma-structure inter-
action as this volcano was emplaced adjacent to an outcrop of a regional-scale basement fault, the Islington Bay
Fault. In this study, we evaluated the magmatic plumbing system of Rangitoto using gravity and magnetic data
acquired over the volcano and the adjacent, non-volcanic Motutapu Island. We modelled the Rangitoto internal
architecture and magma plumbing using 2.5D forward and 3D inverse modelling methods. Both models are
constrained by petrophysical data, while drill hole logs are only used to constrain the 2.5D model. Our model
endmembers suggest that parallel magma pathways are present below the Rangitoto summit cones. In 3D
magnetic models, this is evidenced by a fault-aligned pair of high-susceptibility bodies. Interpreting our models
in conjunction with previously published geological and geophysical models allows us to hypothesise that the
fault-parallel alignment of Rangitoto magma pathways reflects the primary influence of the Islington Bay Fault
over the Rangitoto magma ascent. Magma diversion at shallow levels by other finer structures intersecting and
adjacent to the fault could explain why Rangitoto erupted 3.5 km west of the Islington Bay Fault surface trace.

1. Introduction

A volcanic eruption represents an endpoint of a magma ascent
pathway that starts from the partial melting site in the mantle (Corvec
et al., 2013; Brenna et al., 2011) or from the crustal magma reservoir
(France et al., 2016; Yu et al., 2020). Along the pathway, magma in-
trudes as dykes whose trajectory can be influenced by crustal structures
and regional or local stress fields (Rivalta et al., 2015; Marti et al., 2016).
Pre-existing crustal structures can represent a zone of local weakness
that a rising magma can utilise to travel upward (Gaffney et al., 2007).
However, the utilisation of pre-existing structures may not always
happen (e.g. in West Arabia; Duncan et al., 2016) if magma pressure is
lower than the horizontal stresses acting on the structural plane (Dela-
ney et al., 1986).

Lineaments of vents in volcanic fields are suggestive of local struc-
tural influence on magma ascent process (Corvec et al., 2013; Mazzarini,
2003; van den Hove et al., 2017). In the Michoacan-Guanajuato Vol-
canic Field (Mexico), a string of volcanoes appears along an ENE-striking
fault system (Gomez-Vasconcelos et al., 2020). The alignment of vol-
canoes in the Lassen Volcanic Region (USA) parallels the NNW-trending
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normal faults (Guffanti et al., 1990). The Chaine des Puys (France)
volcanoes are aligned parallel to the N-S trending Limagne basement
fault (Boivin and Thouret, 2013).

The Auckland Volcanic Field (AVF) in New Zealand (NZ) is among
those volcanic fields where vent lineaments have been recognised
(Bebbington, 2015; Corvec et al., 2013), and some of them are corre-
lated with mapped structures (e.g. Wiri Mountain; Foote et al., 2022).
Some other AVF vents (e.g., Maungataketake, Waitomokia, and Man-
gere) are aligned along an NNE to NE-trending line (Bebbington, 2015)
parallel to Miocene structures mapped around the volcanic field
(Edbrooke, 2001). Rangitoto, the youngest and most voluminous AVF
volcano, exhibits two N-S-aligned vents next to a surface expression of
the NNW-SSE-trending Islington Bay Fault (Kenny et al., 2012) and
proposed extensions of the Karaka and Bucklands Beach faults (Fig. 1).
Seismic tomography by Ensing et al. (2022, modelling the 0.5 km
downward) suggests that a deep crustal shear wave velocity disconti-
nuity exists under Rangitoto to ~ 10 km depth, which can be associated
with the Islington Bay Fault (Kenny et al., 2012) or older structures
derived from Mesozoic deformations of the Waipapa Terrane (Eccles
et al., 2005). From the Rangitoto vent alignment, combined with its

Received 8 February 2023; Received in revised form 7 May 2023; Accepted 14 May 2023

Available online 12 June 2023
0377-0273/© 2023 Elsevier B.V. All rights reserved.


mailto:alut525@aucklanduni.ac.nz
www.sciencedirect.com/science/journal/03770273
https://www.journals.elsevier.com/journal-of-volcanology-and-geothermal-research
https://doi.org/10.1016/j.jvolgeores.2023.107824
https://doi.org/10.1016/j.jvolgeores.2023.107824
https://doi.org/10.1016/j.jvolgeores.2023.107824
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvolgeores.2023.107824&domain=pdf

A. Luthfian et al.

Journal of Volcanology and Geothermal Research 439 (2023) 107824
. — T T Y .
A g -4%.| Legends:
w [= £ Rakino
Y N Channel
- s -9 Drillhole for modelling constraint
=4 0 1 2 km by
° Geological unit boundaries
— auraki Gulf /
B iapa souns — accurate
2 | 2 - - - approximate
(= Ao
= —— normal fault, exposed
Z g+ \ i
E 3 L g\ —— normal fault, concealed
o o
N al Motuihe - "
= L . w gy Channet "™ normal fault, inferred
Chimnet ‘
N W unknown type, inferred
8 l%‘é’
g-_ ’J;;:;:z‘:f Molu)l:'\‘orpa *%’é ;A‘:". D NZ coaStllnes
e Chan\nc;l " °F’_ & ."\. 5 5
176“1000 176&000 177&000 Geo'oglcal unlts
NZTM Easting (m) [ waipapa Terrane Basement (TIw)
i i i [ waitemata Group (Mwe)
B i [ Basaltic lava (Qva)
4 .
Wt g [ Scoria cone
Y -(10 H
b e o 3 6 km [ Quaternary sediments
R L =
3 + GPS and gravity bases
o -
S.la »
& i
N ] A AVF volcanoes
3 L. Study area
!_ 4y | TH Takapuna gravity high
— : A - rill hole locations
3 ™ | S | Drill hole locat
csl | : 5 e Motutapu i
=T .. i L) , i i
o5 4;::} - | Rangitoto ,* %, | 62 >413 Estimated basement depth (in m.)
= > '\‘ ! A %E.‘“ ‘L?% I )
< | o SIS ' 108 52 352 Actual basement depth (in m.)
z by | 3.8 e |
= St Mgy -
= Al& e T — Junction Magnetic Anomaly
g Motukorea 2 "%
VA%
é #-AUKT PO Basement outcrops
QT ol o S T
3 >660 *CGGT Aig ' Land
A 5
’ AA ol 92 Sea
t AUCKLAND# (4
L. A A K 100 Map A and B CRS:
A N : 173 New Zealand Transverse Mercator
o | >so1 B . (NZTM), EPSG:2193
8 i 7y
S+ A 352
= A
a AA . ol Auckland
- A e NORTH
A
Iy AJ a7 ISLAND
A
o SOUTH
A
& e 178 ISLAND
: : | 166
I I |
1757300 1767300 1777300 Iy
NZTM Easting (m)
2

(caption on next page)



A. Luthfian et al.

Journal of Volcanology and Geothermal Research 439 (2023) 107824

Fig. 1. (A) Geological map of Rangitoto and Motutapu Islands. (B) Structural geology map of the Auckland Isthmus and its surroundings. The extent of map A is
marked with a grey dashed line. Ticks on fault line symbols mark the downthrown side. Relevant faults for this study are named and thickened on the figures.
Geological units are according to NZL GNS 1:250 K Geology (GNS Science, 2020); volcano locations are from Leonard et al. (2017); fault lines are synthesised from
NZL GNS 1:250 K Geology (GNS Science, 2020), Kenny et al. (2012), Kenny (2013b), Kenny (2013a); drill hole logs data are from Linnell et al. (2016), PETLAB
(Strong et al., 2016), and New Zealand Geotechnical Database (NZGD; EQC, 2012); extent of the Junction Magnetic Anomaly (JMA) is interpreted from published
Tagnetic anomaly map by Eccles et al. (2005) and Hunt and Syms (1977). Basemap and shoreline data is from ESRI and Land Information New Zealand (LINZ).

close proximity to surface faults and crustal shear wave velocity
discontinuity, we hypothesise that there is a possibility of crustal
structure-dyke ascent interplay prior to the eruption and the formation
of Rangitoto.

In this study, we investigate Rangitoto’s volcanic and sub-volcanic
plumbing system using 2.5D forward and 3D inverse modelling of new
gravity and existing airborne magnetic data. Previous works have
demonstrated that simultaneous interpretation of 2.5D and 3D gravity
and magnetic models could assist in determining internal volcanic ar-
chitecture, e.g. Paoletti et al. (2009), Cocchi et al. (2017), Blaikie et al.
(2014). Creation of these new models is constrained by the available
geological, petrological, and drill hole log data. The models also allow us
to investigate relationships between crustal structure and the location of
Rangitoto vents. Insights gained from this study may be applicable to the
remainder of the AVF or other volcanic fields in the world where
structural control to magma ascent can only be inferred, e.g., the Newer
Volcanic Province in South Australia (Holt et al., 2013), Pali Aike vol-
canic field, Argentina (Ross et al., 2011), and Al Haruj Volcanic Field,
Libya (Elshaafi and Gudmundsson, 2016).

1.1. Rangitoto volcanism

The Auckland Volcanic Field (AVF) consists of 53 known small-
volume volcanoes that are uniformly basaltic in composition (Hopkins
et al., 2020; Hopkins et al., 2017, Fig. 1B). Huang et al. (1997) and
Brenna et al. (2018) interpret AVF vents to be fed by magma batches
ascending rapidly from a partial melting site estimated at 80 to 140 km
deep in the mantle. To date, the AVF has erupted a total of 1.7km® of
dense-rock equivalent (DRE) magma, creating tuff rings, maars, lava
fields, and scoria cones (Kereszturi et al., 2013). Among AVF volcanoes,
Rangitoto is the youngest, erupted at ca. 1450 and 1500 AD (Needham
et al., 2011, Fig. 1), and the most voluminous (~ 0.7 km® DRE volume;
Kereszturi et al., 2013). It erupted 3.5 km west of a topographic scarp of
a mapped NNW-SSE trending basement fault (Islington Bay Fault; Kenny
et al., 2012, Fig. 1).

Rangitoto (260 m above sea level) is an approximately circular vol-
canic shield island with diameter of ~ 5 to 6 km (Fig. 1). Lava fields
occupy 99.98% of the total Rangitoto surface area and dip seaward at 4
to 12 degrees (Needham et al., 2011). At the centre of Rangitoto is
overlapping scoria cones made of scoria and tephra successions (Ker-
eszturi and Németh, 2016, Fig. 1). The North and South Cone are defined
based on differences in observed morphology and geochemistry within
the scoria cone complex (Needham et al., 2011). The North Cone is ~
300 m north of the South Cone, and their alignment is subparallel to the
Islington Bay fault (Fig. 1A).

Drill hole logs and foraminiferal evidence suggest that the first
eruption of Rangitoto occurred in a shallow marine setting (Linnell
etal., 2016; Hayward et al., 2022). As the magma supply increased, later
phases of the Rangitoto eruption built the subaerial scoria cones and a
broad lava field (Smith and Németh, 2017). Radiocarbon dating of
Rangitoto tephras preserved in lakes and swamps on the Motutapu Is-
land suggest that the alkalic North Cone was formed ~ 1450 AD
(Needham et al., 2011). The North Cone was then modified by the
subsequent eruptions into a series of mounds and ridges which were
then partially buried by the sub-alkalic South Cone (~ 1500 AD) and the
lava field (Needham et al., 2011; Linnell et al., 2016). The South Cone
has smooth flanks and a well-defined 60 m deep, 150 m wide summit
crater (Needham et al., 2011). The lava field, giving Rangitoto its

distinctive circular shield shape, extends and thins radially ~ 2 to 3 km
from the base of central cones (e.g. ~ 128 m thick at “RBAZ” vs. ~ 17.4
m thick at “871”, Fig. 1; Linnell et al., 2016; Strong et al., 2016).
Different scenarios (e.g., Needham et al., 2011; Linnell et al., 2016;
Hayward, 2017) for the growth of the Rangitoto have been postulated
based on surface outcrops and core logs. Building from these, in this
study we present a geophysically-informed model of the Rangitoto
magma plumbing and its possible association to the crustal structures.

As Rangitoto is a conservation area and a highly important Maori
cultural site (Hall, 2013), the non-invasive geophysical exploration
techniques of gravity and magnetic surveys are utilised. Gravity and
magnetic surveys exploit the strong density and magnetic susceptibility
contrasts among, or between, volcanic and non-volcanic materials
(Hinze et al., 2013). At the AVF, gravity and magnetic surveys have been
used to interpret the subsurface geology, providing insights into the
eruption dynamics and volcanic plumbing systems (e.g., Cassidy et al.,
2007; Nunns and Hochstein, 2019; Affleck et al., 2001). Use of gravity
and magnetic surveys on other small-volume volcanic fields worldwide
is well established, e.g., Barde-Cabusson et al. (2013), Espindola et al.
(2016), Hastings et al. (2021), Blaikie et al. (2014) and Aboud et al.
(2015), where they interpret vent-structure relationship, internal vol-
canic architecture, presence of crustal magma intrusions, and the
thickness of volcanic deposits.

1.2. Subvolcanic geology and faults

Drilling on the western (“RBAZ”, Fig. 1A) and southern flanks of the
volcano (“871”, Fig. 1A) found that Rangitoto volcanic deposits overlie
unconsolidated Quaternary marine sediments (Linnell et al., 2016;
Strong et al., 2016) and highly weathered Waitemata Group (Linnell
etal., 2016). Waitemata Group outcrops at the western side of Motutapu
Island and consists of Miocene interbedded mudstone and sandstones
(Edbrooke, 2001; Hayward and Brook, 1984). The Islington Bay Fault
displaces both Waitemata Group and the underlying Waipapa Terrane
metasedimentary basement, both of which are exposed on Motutapu
Island (Edbrooke, 2001; Mayer, 1969, Fig. 1A).

To the west of Rangitoto, the Junction Magnetic anomaly (JMA,
Fig. 1) geophysically marks what is interpreted as the buried basement
transition of the Waipapa Terrane into the ultramafic Dun Mountain-
Maitai terrane (Eccles et al., 2005; Williams et al., 2006). East of Ran-
gitoto, lie the NNW-striking Islington Bay and Motutapu faults (Fig. 1;
Kenny et al., 2012; Mayer, 1968). Sporli et al. (1989) interprets NNW-
striking faults in Auckland as Cretaceous rift-related structures reac-
tivated by the Miocene extension and uplift (Sporli and Rowland, 2007;
Sporli et al., 1989). Being a product of extensional tectonic processes, it
is likely that Islington Bay and Motutapu faults are normal faults, like
other NNW-SSE striking faults in Auckland (Edbrooke, 2001), placing
Rangitoto on the hanging wall of the fault plane. Evidence from seismic
reflection sections suggests that Islington Bay and Motutapu faults
continue under the sea north of Rangitoto and Motutapu islands (B.
Davy, GNS, 2011, personal observation with Kenny et al., 2011).
Additionally, the N-S trending Bucklands Beach and Karaka Fault extend
from mainland Auckland towards the south of Rangitoto (Fig. 1; Kenny
et al., 2012). Although their offshore extents are unknown, an extrap-
olation of Buckland Beach Fault could intersect Islington Bay Fault at
northeastern Rangitoto shore, and an extension of Karaka Fault could
pass beneath Rangitoto Island (Fig. 1A).
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2. Data
2.1. Gravity data

We collected 79 new gravity measurements with LaCoste and Rom-
berg G1094 relative gravimeter on Rangitoto and Motutapu Islands
along accessible walking tracks. Ecological restrictions prevented data
collection on the trackless northern flanks of Rangitoto. Gravity data are
drift corrected using a local base station and tied to the NZ reference
gravity station at point C66T on the mainland (Fig. 1B; Stagpoole et al.,
2021), using GSolve (McCubbine et al., 2018). Precise positional data
was acquired using the Trimble RTK R10 Global Positioning System
(GPS) receiver and differentially post-processed to an accuracy of < 0.04
m in horizontal uncertainty and < 0.05 m in vertical uncertainty using
the AUKT Global Navigation Satellite System (GNSS) station operated by
GeoNet/GNS Science (GNS Science, 2022a), ~ 8 to 16 km from the
survey area (Fig. 1B). The instrumental gravity data were converted to
mGal, corrected for instrumental drift and tidal effect, and tied to the
absolute reference station value to allow integration with pre-existing
data (New Zealand land gravity database; GNS Science, 2012). Our
higher-precision measurements superseded older gravity measurements
by Milligan (1977).

The absolute gravitational acceleration values are computed to
complete Bouguer anomaly (CBA) using procedures described in Hinze
etal. (2013). The vertical reference elevation used is the GRS80 ellipsoid
with ITRF96 reference frame. Because we use the ellipsoid as vertical
datum, our CBA is technically a “gravity disturbance” (Hinze et al.,
2005), however we choose to call it “anomaly” in this article for fa-
miliarity purposes.

Our CBA is calculated using a reduction density of 2.39 g/cm?®
(Fig. 2), determined by the methods of Nettleton (1939), which search
for a density that minimises the correlation of the Bouguer anomaly with
topography. The reduction density is calculated using west-east Rangi-
toto-Motutapu profile data (Fig. 2), which passes four different geolog-
ical units with different densities (basalt, scoria, Waitemata Group, and
Waipapa metasediments; Fig. 1A). Hence, the reduction density repre-
sents a composite of these rock types. Using only the Rangitoto portion
of the west-east profile, we calculate the density of surface volcanic
material (vesicular basalt and scoria) to be 2.22 g/cm®. Meanwhile, the
Motutapu portion of the west-east profile yields 2.49 g/cm® as the
calculated density of near-surface lithology (Waipapa metasediment
covered by < ~ 90 m of Waitemata Group). Therefore, the use of 2.39 g/

cm?® over the entire profile underestimates the resultant gravity over
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Rangitoto and overestimates that over Motutapu.

We calculated terrain corrections using Geosoft Oasis Montaj
implementation of Kane (1962) and Nagy (1966) algorithms. The
gravitational effect of the terrain was computed for four different
correction radii (0.4, 5, 22, and 167 km). LIDAR data, with one-metre
horizontal resolution and 0.2 m vertical uncertainty (LINZ, 2016a),
was used for the 0.4 km correction radius. Other radii used combined
DEM-bathymetric files with resolutions ranging from 5 m (0.5 m
assumed vertical uncertainty) to 250 m (1 m assumed vertical uncer-
tainty; LINZ, 2016b; Mackay et al., 2012).

The uncertainty of the final Bouguer gravity anomaly (Fig. 3A) is <
0.10 mGal, except at point D2-15, where it is 0.51 mGal due to poor GPS
reception in dense vegetation (see Fig. 3A and C for location, Supple-
mentary Material 1). Omitting point D2-15, the terrain correction is the
largest contributor of data uncertainty (Supplementary Material 1).
Terrain correction uncertainty is calculated as the difference between
terrain correction values produced by the DEM plus and minus their
elevation uncertainties. Finally, data from the New Zealand Land gravity
database were given an uncertainty value of 0.5 mGal since their posi-
tioning was done in the pre-GPS era but with comparable gravimeters
(GNS Science, 2012).

The complete Bouguer anomaly (CBA) map of Rangitoto and Motu-
tapu (Fig. 3A) shows a gravity low on the eastern part of Rangitoto
bordered by two highs, one to the east on Motutapu and the other on the
western shore of Rangitoto. This gravity low is spatially correlated with
the basaltic lava field and appears west of the Islington Bay fault which
correlates to a steep gradient (cf. Figs. 3A and 1A). On the other hand,
the Motutapu Fault is not distinguishable in the gravity anomaly maps
(Fig. 3). The steep eastern boundary of Rangitoto low stands in contrast
to its western boundary, spatially correlated to a proposed extension of
Karaka fault, where CBA rises gradually toward the west (Fig. 3A).
Within this gravity low is a small elongate gravity high observed at the
location of Rangitoto scoria cones (cf. Figs. 3A and 1A). The gravity high
over Motutapu Island corresponds to shallow basement or basement
outcrops (Fig. 1A).

2.2. Magnetic data

We compiled a magnetic anomaly dataset from two aeromagnetic
surveys acquired in July 2000 and January 2001 (Supplementary Ma-
terial 2; Eccles, 2003). The aeromagnetic surveys were flown at a
nominal altitude of ~ 430 m above sea level with a general bearing of
60° E (Fig. 4B), perpendicular to the trend of JMA (Eccles et al., 2005;
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Fig. 3. (A) Complete Bouguer anomaly of the Rangitoto-Motutapu Islands, contour lines every 1 mGal. (B) Regional gravity anomaly of the Auckland Region
extracted from (A), data from the New Zealand land gravity database excluding our new dataset (GNS Science, 2012; Stagpoole et al., 2021). Contour lines every 2
mGal, “TH” marks the Takapuna gravity high. (C) Residual gravity anomaly of the Rangitoto-Motutapu Islands, extracted from (A), with 1 mGal contour interval. In

(A) and (C), BBF means “Bucklands Beach Fault.”.

Cassidy and Locke, 2010). Flight line spacing varied between 250 and
1000 m (Eccles et al., 2005). Eccles et al. (2005) converted the raw
aeromagnetic data to the total magnetic anomaly (or intensity, TMI) by
removing the effects of diurnal variation, geomagnetic reference field,
and random instrumental noise. Due to the lack of tie lines, no levelling
correction was performed. Eccles (2003) estimated that the maximum
uncertainty of magnetic data is ~ 8 nT, based on known instrumental
and flight elevation uncertainties. Horizontal positioning uncertainty of
the aeromagnetic survey is estimated to be ~ 3 —5 m (Eccles et al., 2005;
Cassidy et al., 2007), which results in additional ~ 2 —4 nT uncertainty
close to the centre of the Rangitoto magnetic anomaly.

The magnetic anomaly map (Fig. 4A) shows the influence of both
Rangitoto volcano and eastern edge of the JMA to the southwest. The
alignment of the Rangitoto magnetic anomaly dipole is NNE-SSW

(~ 6°), within the range for Rangitoto basalt paleomagnetic declina-
tion (~ 350° to 13°; Shibuya et al., 1992; Robertson, 1986) and
modelled 1450-1500 AD Rangitoto geomagnetic declination (~ 357° to
8°; Korte and Constable, 2011, Fig. 4C). Within the positive area of
Rangitoto magnetic anomaly dipole are two peaks that align parallel to
the Islington Bay Fault and nearby proposed Karaka Fault extension
(Fig. 4A). The direction of 2001 AD geomagnetic field (DGRF epoch
2000; Alken et al., 2021, Fig. 4C) is still within the uncertainty ellipses of
Rangitoto basalt paleomagnetic data (Fig. 4C). In the southern part of
the map, a high magnetic anomaly is associated with Motukorea volcano
(Fig. 4A).
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2.3. Regional and residual anomalies

A potential field anomaly can be separated into regional anomalies,
typically having long spatial wavelength from deep-seated bodies, and
residual anomalies which have short spatial wavelength sourced from
bodies at or close to the surface. Thus, isolation of residual anomaly
should be attempted for the investigation of Rangitoto volcanism. We
computed the regional gravity anomaly from the New Zealand land
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gravity database covering the broader Auckland region (GNS Science,
2012, Fig. 3B), using a reduction density of 2.39 g/cm® with omission of
data points located on Rangitoto and the western side of Motutapu. We
gridded these data points with a 2 km cell spacing to produce a smoothly
varying regional field. We acknowledge that absence of marine data
points reduces the definition of regional gravity anomaly offshore. The
regional gravity anomaly map generally shows gradually increasing
anomaly values toward the east, connected by a low anomaly saddle
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with the Takapuna High (marked by “TH”, Fig. 3B) on the northern part
of the map. Rangitoto volcano is located at the southern side of this
saddle (Fig. 3B). While higher regional gravity values in the eastern part
of the map (Fig. 3B) are associated with basement outcrops, borehole
data suggests depth to the basement near the Takapuna High is > 400 m
(Fig. 1B) implying potential basement density heterogeneity (Williams
et al., 2006).

We subtracted the regional map from the CBA to produce a residual
gravity anomaly. The residual gravity anomaly map (Fig. 3C) shows a
gravity high in the southwestern part of the map gradually changing into
a broad area of low anomaly with troughs on the northern and southern
part of Rangitoto. Moving east toward Motutapu, the broad low anomaly
changes to a gravity high with a steep anomaly gradient at the inferred
location of Islington Bay Fault (Kenny et al., 2012, Fig. 3C). Just like the
CBA map (Fig. 3A), the residual map (Fig. 3C) shows a faint low gravity
anomaly “ring” surrounding the elongate Rangitoto summit residual
gravity high.

For the magnetic anomaly, we unsuccessfully experimented with
regional-residual separation using various methods (upward continua-
tion, moving average, gridding using equivalent sources/layers; Blakely,
1995). However, the similar spatial wavelength between the Rangitoto
magnetic anomaly and the basement-sourced Junction Magnetic
Anomaly to the west (Fig. 4A) proved challenging to separate. Hence, we
analyse the total magnetic anomaly as shown in Fig. 4A and model both
deep and shallow structures as required to fit the data.

2.4. Petrophysical data

Petrophysical data (rock density, magnetic susceptibilities, and
remanent magnetisation) provides constraints for the modelling and
interpretation of anomalies. Table 1 documents petrophysical data
associated with samples of geological units that are exposed on, around,
or hypothesised (Edbrooke, 2001; Linnell et al., 2016; Eccles et al., 2005;
Ensing et al., 2022) to be present beneath Rangitoto. Units from the Dun
Mountain-Maitai terrane are included as the probable source of the JMA
seen in the southwestern corner of the study area (Figs. 1A and 4A).

All values in Table 1 came from laboratory measurements (PETLAB;
Strong et al., 2016; Milligan, 1977; Robertson, 1986; Robertson, 1983,
in SI). Eq. (1) below calculates the apparent susceptibility (¢, in SD
from the measured magnetic susceptibility (y, in SI) and remanent
magnetisation (Mg, in A/m) to make the units comparable for inversion
modelling (Section 3). In calculating apparent susceptibility, we assume
the direction of remanent magnetisation is close or similar to the
inducing field H. Although Rangitoto basalt has a significant remanence
(Konigsberger ratio > 1; Robertson, 1986), this assumption is valid
because the directional difference between the Rangitoto basalt paleo-
magnetic and 2001 AD geomagnetic fields is within the uncertainty el-
lipse (Fig. 4C; Robertson, 1986; Shibuya et al., 1992). Thus, in Eq. (1),
we can gain the ‘remanent’ component of the apparent susceptibility by
dividing Mg with |H|, the magnitude of the ambient magnetising field.

Table 1
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According to DGRF epoch 2000 (Alken et al., 2021), |H| equals ~ 43.36
A/m at Rangitoto sea level in 2001 AD.

Xapp :)H-[‘%R' 1)

The ultramafics of the Dun Mountain-Maitai terrane is another main
main magnetic units that may present in our study area (Table 1; Eccles
et al., 2005), which are Permian in age, significantly deformed, but are
not exposed in situ in the AVF to constrain the unit’s magnetic properties
(Sporli et al., 2015). In this study, we assume that the Dun Mountain-
Maitai Terrane is magnetised in the direction of the ambient geomag-
netic field for simplicity. We define the “ambient geomagnetic field” as
the DGRF epoch 2000 geomagnetic field 430 m above Rangitoto (total
field 54354 nT, inclination —63°, declination 20°; Alken et al., 2021,
Fig. 4C).

3. Modelling the subsurface structure of Rangitoto
3.1. Modelling approach

We implement 2.5D and 3D modelling techniques to investigate the
location of crustal heterogeneities and structures within Rangitoto vol-
cano and the basement using the gravity and magnetic data. We un-
dertake forward 2.5D modelling (Talwani et al., 1959; Talwani and
Heirtzler, 1964) implemented in the GM-SYS module of Oasis Montaj
(Seequent Limited, 2020), for an west-east transect across Rangitoto and
Motutapu Islands and a north-south transect through the Rangitoto
summit. Independent 3D inverse modelling using SimPEG is also per-
formed (Cockett et al., 2015). Overall model fit is expressed as a root
mean square error (RMSE) value.

In 2.5D modelling, 2D geophysical bodies extend a defined distance
(2.5 km, the approximate radius of Rangitoto Island) in and out of the
model plane, and each model unit has homogeneous magnetisation and
density properties. Physical property and topographic variations in the
direction perpendicular to the profile line are not accounted for in 2.5D
models, and this is expected to lead to two issues: overestimation of the
modelled gravity and magnetic effects or underestimation of the density
contrast, and issues with making an exact match between perpendicular
profiles using the same DC shift. This shortcoming is addressed by the 3D
modelling.

Potential field modelling is well known for its non-uniqueness
problem, where multiple different models can reproduce the same
anomaly (e.g., Skeels, 1947; Rosas-Carbajal et al., 2017). We mitigate
this problem through the incorporation of physical properties and geo-
metric constraints in the modelling process. Physical property limits in
both modelling procedures honour the petrophysical data shown in
Table 1. Independent geometric constraints from surface geology and
drill hole logs are also used to reduce ambiguity in the gravity and
magnetic data modelling. The surface geology is informed by published
geological maps (Kermode, 1992; Edbrooke, 2001; GNS Science, 2020,

Petrophysical properties of samples from relevant geological units. Superscripts refer to: 1. PETLAB database (Strong et al., 2016), 2. Milligan (1977), and 3. Robertson
(1983), Robertson (1986). Number of samples is given by N. When calculating the apparent magnetic susceptibility column, absent magnetic susceptibility data is
assumed to be zero. See Supplementary Material 3 for individual sample information.

Geological Units Wet Density (g/cm?)

Measured Susceptibility
(SD

Remanent Magnetisation (A/  Apparent Magnetic Susceptibility
m) (SD

Rangitoto basalt®> 2.535+0.207; N =
59

Rangitoto tephra and scoria® 1.630-2.400; N =7

Waitemata Group sandstone and mudstone!-2 2.255+0.201; N =
17

Waipapa Terrane greywackel’2 2.655+0.094; N =
50

Dun Mountain-Maitai terrane peridotite (partly 3.081 £0.254; N =
serpentinised)’ 76

0.002-0.038; N = 25

Data not available
<0.01;N =11

< 0.004; N =19

0.001-0.062; N = 44

2.440-46.88; N = 58 0.064-1.085; N = 58

1.020-37.14; N =5
Not measured

0.024-0.860; N =5
Not calculated
Not measured Not calculated

0.060-4.770; N =7 0.001-0.113; N =44
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Fig. 1A). Drill hole logs are lodged in PETLAB (Strong et al., 2016) and
the New Zealand Geotechnical Database (EQC, 2012, see their locations
in Fig. 1B). The thickness and physical properties of known geological
units are respected and tied together at the point where the west-east
and north-south transects cross. As the north-south profile is parallel
to the basement-offsetting Islington Bay Fault and JMA, a differential
static shift is allowed as the 2.5D modelling cannot account for their
expected regional gravitational and magnetic effects. Remaining model
uncertainties are acknowledged by demonstrating two geologically
possible model endmembers with closely similar fits to the data.

For total magnetic anomaly modelling, we assumed that all model
units are magnetised in the direction of the ambient geomagnetic field.
As such, we modelled the magnetic anomaly using apparent suscepti-
bility instead of solving for full magnetic vectors. The full vector
modelling of magnetic anomaly data increases model ambiguity and
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requires additional regularisation compared with a simple susceptibility
modelling where the magnetisation direction is fixed (e.g., Fournier
et al., 2020).

3.2. 2.5D models of Rangitoto

We applied some geological simplifications in making the 2.5D
models. For example, drill hole logs (Linnell et al., 2016; Strong et al.,
2016) indicate that local Quaternary sediment thickness is volumetri-
cally insignificant (< 100 m thick) to cause a resolvable gravity anom-
aly. Thus, we combine the unit with Waitemata Group into one Cenozoic
sediment unit in 2.5D gravity models. In 2.5D magnetic models, we
further combine the Cenozoic sediment and the Waipapa metasedi-
mentary basement into one magnetic unit, assigned with 0 SI apparent
susceptibility value. We base this decision on the negligible

2.0 A ® :Observed data 1 N-S model :Calculated from model B
2 J 1 location RMSE 0.33 mGal °
o 0.0 !
g - I L4 %
ET 203 :
© o ] 1
ZE -4.0]WEST ' EAST
>~ 3
© -6.0 4 %km 1.6 32 l
QO . : :Calculated from model C
-8.03 0.8 2.4km | RMSE 0.33 mGal
400 B ! Rangitoto Motutapu
— T Soluth Cone
£ 7 Y.
c 0 - v ey |
o e
= -
g | Islington Bay
u;‘j -400 Fault
1
N 1
b 0.28 :
= 1
-800 -
400 - C RBAZ : Rangitoto Motutapu
4 ! 876
South Cone
~ E 29 i
3 N
c 0
©
-
o Islington Bay
L _400 Fault
w

-800

T T T T I T T
1762069 1763999

: Rangitoto
lava field

1760139

v : Gravity data locations

: Rangitoto
pyroclastic debris

1765929
NZTM Easting (m)

871 . Drill hole name

T I T T T T I T T T T I T T T T I T T

1767858 1769788 1771718

Model Location
NORTH

]

: Dense
body A

: Cenozoic
sediments

: Waipapa
greywacke

: Dense
body B

: Drill hole location
(projected)
Qa : End of hole

with geological unit code
encountered at that depth

Geological Unit Codes
Qva: volcanic deposit

Mwe: Waitemata sediments
TIw: Waipapa greywacke

<
“%s, SOUTH ave
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susceptibility values of both the Waitemata Group and Waipapa Terrane
greywacke (Table 1).

3.2.1. West-east Rangitoto to Motutapu Island transect

In this transect, the broad residual gravity low over Rangitoto can be
fitted with lower density material associated with the scoria cone
overlying thick (~ 500 m) Cenozoic sediments (Fig. 5). Increasing
gravity to the West is potentially from an imperfect regional field
removal and can be linked to a shallowing basement or, to be consistent
with sediment thickness from boreholes west of Rangitoto (Fig. 1B, also
see par. 1 in Section 2.3), a deeper high density basement body (“dense
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body B”, Fig. 5C).

Fitting the small gravity high at Rangitoto summit requires a dense
body within the cone complex (“dense body A”, Fig. 5). We modelled the
sub-cone dense body to have a density contrast of 0.41 —0.61 g/cm®
(Fig. 5), which corresponds to an absolute density of 2.8 —3.0 g/cm?,
possibly consistent with low-vesicularity basalts (e.g., Johannes and
Smilde, 2009) but relatively denser compared to the measured density of
surficial Rangitoto basalt (Table 1). When the sub-cone dense body has
lower density contrast (0.41 g /cm3), it will be deeper (~ 150 m below
summit) and larger (~ 600 m width, 480 m high, Fig. 5C). At higher
density contrast (0.61 g/cm?®), the sub-cone dense body will be shallower
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(~ 70 m below summit) and smaller (e.g. ~ 800 m width, 160 m high,
Fig. 5B).

Modelling the Islington Bay Fault as a step in Cenozoic sedimentary
thickness fits the rapidly increasing gravity anomaly east of Rangitoto
(Fig. 5). The step can take the form of a reverse (Fig. 5B) or a more
geologically likely (Edbrooke, 2001) normal fault (Fig. 5C), both are
steeply dipping (> 60°) and fit the data equally. The shallow basement
east of the Islington Bay Fault is consistent with the MBAZ drillhole logs
showing only 90 m of Waitemata Group. The Cenozoic sediments then
continue to thin across Motutapu Island, as shown by basement outcrops
in valleys on the island (Edbrooke, 2001). Our 2.5D west-east gravity
models (Fig. 5) do not require step-like features associated with the
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potential extensions of the Karaka and Buckland Beach faults (see Fig. 3
for locations) although such basement topography could trade-off with
near-surface volcanic structures.

Magnetic anomaly data on the west-east Rangitoto-Motutapu tran-
sect (Fig. 6A) show a prominent dipole anomaly associated with Ran-
gitoto volcano. The majority of the magnetic anomaly can be fitted using
apparent magnetic susceptibilities of 0.26 to 0.33 SI for the Rangitoto
lava field on the volcano flanks (Fig. 6). However, to account for the
central magnetic anomaly peak, a concealed magnetic body (“magnetic
body A”) is required in or beneath the low susceptibility (0.11 SI) scoria
cone (Fig. 6). This magnetic body occupies a similar location to the high
density body in gravity models (Fig. 5). Like the sub-cone high-density
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“body A” in the W-E gravity model (Fig. 5), higher susceptibility requires
the sub-cone magnetic body to have smaller geometry coupled with
shallower depth (cf. Fig. 6B & C). The depth of the sub-cone magnetic
body ranges from ~ 70 m to 200 m below topographic surface, with
shape ranging from a 1250 m wide, 100 m high sill-like body up to 800
m wide, 380 m high vertically elongate body (Fig. 6). On the western
side of the profile, “magnetic body B” with 0.072 SI apparent suscepti-
bility is needed to fit the anomaly data (Fig. 6).
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3.2.2. North-south Rangitoto transect

The north-south Rangitoto transect, covered by gravity anomaly
data only from the South Cone southward (Fig. 7A), shows a 0.7 km-
wide, 1 mGal negative anomaly just south of the South Cone. This
location does not correlate with the mapped low density scoria cones (c.
f. Figs. 7 & 1A; Table 1); instead, we can consider two flanking highs as
the cause of the ‘relative’ low. To the north, a dense body with density
contrast of 0.41 —0.61 g/cm?® (“dense body A”, Fig. 7) is required inside
or beneath the cones, and to the south is the basaltic lava field with
0.15 g/cm® density contrast. Similar to the west-east transect, a higher
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density sub-cone body will make its depth shallower and size smaller
(Fig. 7A). The depth of the sub-cone dense body can range from ~ 50 to
~ 200 m below the topography, with shapes either thin and horizontal
or thicker and vertically oriented (Fig. 7B & C). The northern limit of the
sub-cone dense body can not be fully constrained from the current
gravity data coverage.

The Rangitoto magnetic anomaly (Fig. 8A) captured on the north-
—south transect exhibits a dipolar nature. Most of the anomaly is
accounted for by a 0.3-SI unit on the flanks for the volcano (Fig. 8). To fit
the anomaly peak correlated with what we interpret as less magnetic
(0.11 SI) scoria cones, a concealed high susceptibility body is required
(Fig. 8B-C). With a lower susceptibility value, this body will be larger
and buried (Fig. 8C). The high susceptibility body can be a 500-m high,
470-m wide 0.2 SI rectangular body (Fig. 8C), or a 160-m thick, 1.2-km
wide 0.4 SI sill-like body (Fig. 8B).

Just north of the central scoria cone, over the lava field, is the highest
amplitude magnetic anomaly peak (Fig. 8A). Absence of independent
geological or gravity data in that area causes us to model conservatively
with thickened magnetic material (0.3 SI; equal to the lava field) with a
V-shape, width of ~ 410 m and thickness approximately 170 to 220 m.

3.3. Three dimensional models of Rangitoto

Two-and-a-half dimensional modelling indicates that the presence of
a dense, magnetic body beneath Rangitoto scoria cones is required,
assuming the scoria cones are homogeneously low density and suscep-
tibility. The 2.5D gravity model also indicates a step in Cenozoic sedi-
ment thickness at the location of the Islington Bay Fault, however the
Motutapu Fault is not associated with a discernible gravity signature. In
this section, we test the robustness of these structures in 3D gravity and
magnetic models.

In 3D gravity and magnetic inverse modelling with SimPEG (Cockett
et al., 2015), the earth is divided into volume elements, or voxels.
Accepting that the gravity data distribution is still approximately 2D
along two perpendicular transects, and realising that the 3D model is
most reliable along these transects, the gravity model voxel size has been
chosen and tested, scaled based on the gravity station spacing (e.g.,
Trevino et al., 2021; Miller et al., 2017). Meanwhile, aeromagnetic data
provides better coverage over the entire islands, and the voxel size is
scaled based on the flight-line spacing (e.g., Miller et al., 2020) and
tested. All voxels in the model are embedded within an octree mesh,
which allows refinement of the mesh around topography and data
points, called the core mesh. This core mesh extends to 1000 m depth
and is padded with increasingly larger cells out to 6 km from the edge of
the data to capture long wavelength and edge effects.

In the inversion set up we pre-set the data uncertainty, physical
property bounds, and regularisation norms to tailor the inversion to our
requirements. Optimum data uncertainty is chosen by visual inspection
of models and convergence curves so the inversion will not underfit or
overfit the data. At higher uncertainty values, the inversion underfits the
data evident from the large difference between observed and modelled
data, or high residuals (UBC-GIF, 2018a). Lower uncertainty value leads
to overfitting, leading to spurious, small scale structures in the model
(UBC-GIF, 2018a). Property bounds are the limits of magnetic suscep-
tibility and density property value that can be taken by the voxels, and
are determined based on Table 1. The regularisation controls the dis-
tribution of the amplitude and gradient of physical property in the
voxels, creating smoother or more compact models (UBC-GIF, 2018b).
Stopping criterion for the inversion process is determined by the mini-
mum misfit parameter as well as a minimum change (< 10~4) in the
objective function between successive iterations. The inversion sets the
minimum misfit parameter to half the number of data points, assuming
that the misfit follows a chi-square distribution with chi-factor equals 1.

For this study, we vary the model norm regularisation parameter to
produce the smooth and compact endmembers of the model. The model
norm is expressed as a mixed 7, —norm(p, qyyz), Where the p-norm
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controls the physical property amplitude and g-norm controls the
physical property gradient in x, y, and z directions (Fournier and Old-
enburg, 2019). The value of p-norm and q-norm spans from zero to two
(Fournier and Oldenburg, 2019). Atp,qyxyz = 0, the inversion produces
a compact sparse model where most model values are set to 0 and the
minimum number of model cells are set to a high contrast value (Miller
et al., 2020; Trevino et al., 2021). Meanwhile at p, gx,, = 2, the
inversion attempts to have minimum change between cells, resulting in
generally smooth models with lower amplitude cell values across the
model space (Miller et al., 2020; Trevino et al., 2021). The inversion
starts with a homogeneous half-space of 10~* model units.

3.3.1. Gravity model

The 3D gravity model of Rangitoto (Fig. 9) is constructed on an
octree mesh with a core cell size of 50 x 50 x 10 m. By visual inspection
of a range of models, with different uncertainty values, we choose 0.2
mGal as our preferred uncertainty value. Next, we set the density
contrast bounds at —0.3 g/cm® (lower bound) and 0.6 g/cm® (upper
bound) respectively, relative to the reduction density (2.39 g/cm?3).
These bounds cover the limits of our petrophysical samples (Table 1)
and the density used by 2.5D models (Figs. 5 and 7). We then run the
inversion for compact and smooth endmembers, represented by (0,2, 2,
2) and (2,2,2,2) model norms, respectively. The inversion runs for a
maximum of 30 iterations, which the compact endmember (Fig. 9A,C,E)
used up to completion. On the other hand, the smooth endmember
(norm = 2,2,2 2; Fig. 9B,D,F) stopped at iteration 20 as it reached the
minimum permissible change in objective function value.

Both endmember 3D gravity models show the presence of a high-
density body (density contrast >~ 0.1 g/cm®) below the South Cone,
surrounded by a lower density (density contrast < —0.05 g/cm®) body to
its west and east (Fig. 9A and B). The north—south section shows that this
high density body is wider in this orientation (Fig. 9C-D), and vertical
slices at 79 m below sea level (Fig. 9E-F) also indicates that body is
elongated NW-SE, parallel to the Islington Bay fault and hypothetical
Karaka Fault extension. East of Rangitoto, only the Islington Bay Fault is
resolved unambiguously by both model endmembers (Fig. 9A & B). No
discernible density contrasts associated with the Motutapu Fault, or
extensions of Karaka and Bucklands Beach Fault can be identified in the
3D gravity model slices (Fig. 9).

3.3.2. Magnetic model

Because of differences in data acquisition characteristics, we use a
different mesh for the 3D Rangitoto magnetic models. The magnetic
models (Fig. 10) use an octree mesh with core cell size of 100 x 100 x
25 m. Visually inspecting models produced by various data uncertainty
values (from 8-20 nT) led us to choose 10 nT as the optimum uncer-
tainty value, close to the total uncertainty of magnetic data from all
accountable sources (see Section 2.2). Physical property bounds are set
between 0 and 0.5 SI to match our petrophysical data and 2.5D model
physical property limits. Endmember models are created using (0,1,1,
1) and (2,2,2,2)¢,-norms. We choose a more compact endmember (0, 1,
1,1) compared to the gravity data (0, 2, 2, 2) because of better magnetic
data coverage allowing us to exploit the data a little further. We allow 60
iterations for 3D magnetic modelling since magnetic inversions may
converge slower than the gravity ones, which again used up by the
compact endmember (Fig. 10A,C,E) to completion. Meanwhile, the
smooth (2,2,2,2) endmember (Fig. 10B,D,F) stopped at iteration 15 as
it reached the minimum permissible change in objective function value.

The 3D magnetic models from the compact (Fig. 10E) and smooth
(Fig. 10B, D, F) endmembers are consistent with each other. The general
feature is a central, vertically elongated magnetic body below the
Rangitoto summit that branches into two at depths shallower than ~
250 m (Fig. 10A-D). In the horizontal depth slice made at 81 m below
sea level (Fig. 10E-F), it becomes clear that those branches are parts of
high (> 0.1 SI) apparent susceptibility zones at the South Cone (labelled
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‘S‘ in Fig. 10F) and just north of the North Cone (labelled “N” in
Fig. 10E-F). These localised high apparent susceptibility zones are
aligned parallel to the Islington Bay Fault and nearby hypothetical
extension of Karaka Fault (Fig. 10E-F). Below the South Cone, the
location of high susceptibility voxels coincides with the high density
voxels in the 3D gravity model (Fig. 10C-F). That high-density body also
extends out toward the low susceptibility region in smooth model end-
member (Fig. 10B, D, F) which may be due to the effect of the smooth
model regularisation, poor gravity data coverage at the northern flank of
Rangitoto, or both.

4. Discussion

The analysis and modelling performed have enabled us to gain three
main insights into the subsurface density and magnetisation structure of
Rangitoto and Motutapu. First, gravity and magnetic models show that a
dense and high susceptibility body is required beneath the Rangitoto
scoria cones to account for the observed anomalies. The second is that
the gravity models (Figs. 5 & 9) also provide an estimate on the geom-
etry of the Islington Bay Fault, a major basement structure. However,
other mapped basement structures like Motutapu Fault are not resolved,
maybe due to limited vertical offset of contrasting materials and low
gravity resolution from a reduced number of stations in this area. Po-
tential northward extensions of Karaka and Bucklands Beach faults are
also not resolved (Fig. 9A-B) either because the offsets of contrasting
materials at these faults are too small to generate resolvable gravity
signals, or that they do not continue below the model profile (Fig. 9E-F).
Previously, the role those faults play in the formation of Rangitoto can
only be inferred from topographic and vent lineament (Hayward, 2019).
Now, new magnetic models (Fig. 10) provide the third insight that
another high-susceptibility body exists north of the North Cone. This
body is in a N-S alignment with both the North and South Cones of
Rangitoto, supporting our hypothesis of structural control on Rangitoto
eruption even further.

Although 2.5D and 3D models used for estimating the subsurface
Rangitoto structure are broadly in agreement, they have their strengths
and limitations. Two-and-a-half dimension forward models (Figs. 5-8)
are excellent for detailed exploration of possible subsurface geology,
allowing precise placement of bodies and boundaries not affected by
model cell size or regularisation. However, their geometrical assumption
(see Section 3.1) is only valid for regional structures that extend beyond
the study area with offsets exceeding topographic variations, such as the
Islington Bay Fault. This assumption is less suitable for evaluating
Rangitoto volcanism-related bodies, which are bounded in three di-
mensions. The unsuitability of the 2.5D modelling assumption is evident
in the high geometrical uncertainty of dense, high susceptibility body
under the South Cone in 2.5D models (Figs. 5-8), which is very sensitive
to change in the physical property value. In 3D models, the geometrical
extent of the same body is stable across endmembers (Figs. 9 and 10),
despite the inversion being set to fill the voxels with any physical
property value within the limits similar to the 2.5D models (see Section
3.3). However, without additional constraints, 3D inversion tends to fit
high-frequency anomalies with high physical property values in voxels
close to the surface (UBC-GIF, 2018c). This can be seen in the north-
—south transect, where the 3D models shows a dense, high-susceptibility
body directly under the southern flank of South Cone (Figs. 9 and 10)
compared to the 2.5D models, where we put this body deeper to match
the mapped geology (Figs. 7 and 8).

4.1. The plumbing system of Rangitoto

A number of studies have proposed how the Rangitoto eruption
progressed (Needham et al., 2011; Hayward, 2017; Linnell et al., 2016)
to construct the present-day landform. Hayward (2017) conceptualises
Rangitoto as composed of central, multilayered scoria cones standing
above an older tuff ring, both surrounded by a lava field. However,

15

Journal of Volcanology and Geothermal Research 439 (2023) 107824

modelling of gravity and magnetic data (Figs. 5-10) found that a high-
density magnetic body is required within or below the low-density,
low-magnetic susceptibility scoria cones, which was not present in any
prior model. We interpret this body to consist of low vesicularity and
solidified basaltic intrusion.

Three-dimensional gravity and magnetic models consistently show
that a dense, high susceptibility body, interpreted as a basaltic mass is
present under the South Cone at < 300 m depths, although with a
slightly different horizontal extent (Figs. 9 and 10). In vertical cross-
sections, the shape of the South Cone dense body is more elongate and
fault-parallel (Fig. 9E and F) than the South Cone high-susceptibility
body, which is more circular (Fig. 10E and F). Differences in density,
distribution, and acquisition elevation between gravity and magnetic
data, and model cell size likely account for small differences in the mass
geometry. In the 2.5D models (Figs. 5-8) this feature is resolved as a
dense, magnetic body A below the Rangitoto scoria cones.

In 3D gravity models (Fig. 9), the elongate shape and shallow depth
of the South Cone basaltic mass suggest that it might be a solidified
intra-cone feeder dyke (Fig. 11) instead of a feeder pipe or bulb-shaped
lava lake. The feeder pipe interpretation, deduced from the vertical
slices of 3D magnetic models (Fig. 10E-F), is weaker since the magnetic
method is less sensitive than the gravity method in differentiating the
denser feeder dyke from the more porous Rangitoto volcanic material,
both can be magnetised equally strongly (see Table 1). Moreover, the
circular shape of the South Cone high-susceptibility body could come
from the blurring of the magnetic anomaly signal effected by the
acquisition elevation (~ 430 m; Eccles et al., 2005). Interpreting the
South Cone basaltic mass as a feeder dyke instead of a bulb-shaped lava
lake, represented by the shallow, dense, magnetic body under the scoria
cones in 2.5D models (panel B of Figs. 5-7), is also preferable because a
bulb-shaped lava lake would give a circular-shaped Rangitoto summit
gravity high instead of an elongate one like in Fig. 3. Intra-cone feeder
dykes have been observed in outcrops from small-volume volcanic fields
worldwide (e.g., Houghton and Schmincke, 1989; Petronis et al., 2013;
Carracedo-Sanchez et al., 2017). Nevertheless, the modelled width of
the South Cone basaltic mass (Fig. 9) is up to 2 orders of magnitude
wider than intra-cone dyke outcrops associated with small-volume
volcanic fields (Petronis et al., 2013; Houghton and Schmincke, 1989),
which we attribute to modelling resolution (50 x 50 x 10 m cell size)
and regularisation effects.

Three dimensional magnetic models (Fig. 10) also suggest that
another high susceptibility body exists north of the North Cone. In the
2.5D model (Fig. 8) this body correlates to the V-shaped body north of
the North Cone. Absence of additional geological and gravity informa-
tion north of the North Cone makes it harder to interpret the volcano-
logical significance of this body. We hypothesise that the high-
susceptibility body beneath the lava field north of the North Cone
might be associated with a buried conduit or thickened lava pile
(Fig. 11A). The northern and South Cone high-susceptibility bodies of
Rangitoto are separated by a zone of low susceptibility (~ 0 SI) associ-
ated with the North Cone tephra (Fig. 10).

North-south vertical slices of 3D magnetic models (Fig. 10C-D)
shows that at > 250 m depth, the northern and South Cone high (>0.065
SI) susceptibility bodies merge into a single body of ~ 0.065 —0.070 SI
apparent susceptibility. In the 2.5D models, this body is relevant to the
elongate, deeper seated dense, magnetic body under the scoria cones in
the panel C of Figs. 5-8. While the elongate high susceptibility (>>0.065
SI) bodies in this slice can be interpreted as a solidified basalt magma
pathway (see Table 1), the merger itself can be interpreted in two ways.
First is that a single magma conduit has actually bifurcated in the near-
surface from a single pathway, or secondly that the models simply fail to
resolve closely-separated parallel magma pathways due to decreased
model resolution with depth. The first interpretation implies that there
was magma pathway reuse during Rangitoto lifetime. We consider this
less likely since the ~ 30 —60 years gap between individual Rangitoto
eruptions is long enough for subvolcanic feeder dykes to solidify
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Fig. 11. A conceptual model of Rangitoto showing
the geological and volcanological relevance of the
models presented in this study. Figure (A) displays a
schematic drawing of Rangitoto shallow subsurface
volcanic features, interpreted from the north-south
section of the 3D magnetic model, the compact end-
member [0,1,1,1]. Magnetic model cross-section is
made using Geoscience ANALYST software. (B) West-
east cross section of Rangitoto showing the magma
captured by the a crustal structure at ~ 9 km deep,
then diverted to another intersecting fracture at ~ 6
km depth and shallower, before it erupted as Rangi-
toto volcano. Magma diversion depth figures are
indicative only. White contours show the crustal
shear wave speed (in km/s) variation modelled for >
500 m depths extracted from Ensing et al. (2022).
Geological map and lithology colours in this figure
follow from Fig. 1.
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(Supplementary Material 4). This left the second interpretation, shown
in Fig. 11A, that the model fails to resolve closely-separated individual
magma pathways at greater depth, as the likelier explanation for the
apparent bifurcation in the model. Resolution experiments with parallel
pathways models, presented in the Supplementary Material 5, supports
this argument.
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4.2. Crustal structures and its relationship to Rangitoto

The Islington Bay Fault is mapped as a major NNW-SSE-trending
basement fault with Rangitoto volcano on the downthrown block (Mil-
ligan, 1977; Kenny et al., 2012). Other large-scale faults, shear zones,
and lithological heterogeneities may also be present within the base-
ment, developed during the Permian to late Mesozoic accretionary
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tectonic regime (Eccles et al., 2005). Westward-dipping shear wave
speed discontinuity at > 6 km depth under Rangitoto (Ensing et al.,
2022) is associated with these NNW-SSE-trending structures.

In our 2.5D models, the Islington Bay Fault can be portrayed either as
a steeply-dipping (> 60°) reverse (Fig. 5B) or normal fault (Fig. 5C). We
prefer a steeply westward-dipping normal fault model (Fig. 5C), for it is
more consistent with the local geological context (Edbrooke, 2001;
Kenny et al., 2012). In our preferred Islington Bay Fault model (Fig. 5C),
we estimate that the fault has ~ 300 + 50 m of vertical displacement,
similar to that (~ 270 m; EQC, 2012) from a set of NE-SW trending
faults at the eastern end of Whangaparaoa Peninsula (Fig. 1B), 20 km
north of Rangitoto. Extrapolation to depth of both the Islington Bay and
Whangaparaoa faults could be associated with the same shear wave
speed discontinuity in Ensing et al. (2022), signifying a potential linkage
to deeper crustal structures. These deep crustal structures might still act
as significant local weakness zones and, where reactivated, have
generated several shallow (5-10 km deep) earthquakes since 2010 (GNS
Science, 2022b).

Using our 2.5D gravity models, we can estimate that a planar, steeply
westward-dipping Islington Bay would pass under the Rangitoto crater
at > 6 km depth (Fig. 11), which coincides with the start of Ensing et al.
(2022) velocity discontinuity. However, this planar extrapolation as-
sumes geological continuity between the upper and lower parts of the
crust, which may not be the case. A connection, or association between
the Islington Bay Fault to older faults, shear zones, or lithological het-
erogeneities in the lower crusts inherited from the Mesozoic (Eccles
et al.,, 2005) is also possible. Rising Rangitoto magma encountering
those structures within the brittle crust (< 15 —20 km depth; Sherburn
et al., 2007) could either open the structures and utilise them to further
propagate upward, or bypass them and keep opening its own pathway.
The latter scenario is theoretically preferred when the structures become
very stiff due to inactivity (Drymoni et al., 2021), which seismic cata-
logue (GNS Science, 2022b) indicates otherwise, or when the magma
pressure fails to overcome normal stresses working on the structural
plane (Marti et al., 2016). However, the latter scenario is also unlikely
since the overpressure required by Rangitoto magma to pierce the crust
will reach several hundred MPa (e.g. 500 MPa estimated for Pupuke
Maar in the AVF; Brenna et al., 2018). Thus, the prospect of ascending
Rangitoto magma opening up the deep crustal structure as a part of its
pathway is still likely (Fig. 11B).

However, if deep crustal structures associated or connected with the
Islington Bay Fault were a part of Rangitoto magma pathway, then why
did the volcano erupt 3.5 km west of it (Fig. 1)? Magma flowing inside a
structure can escape if the structure intersects another structure or the
hanging wall becomes heavily fractured, especially at shallower depths
(Gaffney et al., 2007, Supplementary Material 6). The hypothetical
extension of Karaka Fault, which would pass directly beneath Rangitoto
(Figs. 1, 9, 10), could locally intensify the fracture formation process in
the already jointed Waipapa Group greywacke (Mayer, 1968; Edbrooke,
2001; Kermode, 1992). Joints of Waipapa Group greywacke are
observable via Google Earth over Motutapu Island on the scale of tens of
metres (Supplementary Material 6). This locally intensive fracture zone
could provide an escape route for magma flowing inside the deep crustal
structures associated or connected with the Islington Bay Fault
(Fig. 11B). The role of fracture zone inside the Waipapa Group grey-
wacke becomes more important if the hypothetical Karaka Fault
extension does not exist, since it provides the only way for the magma to
escape from deep crustal structure in the near-surface. In all cases,
escape will be favourable at < ~ 6 km depths (Fig. 11B), where hanging
wall fracture length required for magma escape is < ~ 1 m for most
cases (Gaffney et al., 2007, Supplementary Material 6).

The dominance of structural control in directing the Rangitoto
magma pathway in the shallow, brittle crust is reflected in the fault-
parallel alignment of the northern and South Cone high susceptibility
bodies (Fig. 10). Besides fractures, other local crustal weaknesses that
might have also been exploited by ascending Rangitoto magma are shear
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zones and contacts between lithological heterogeneities in and around
terrane boundaries indicated by the JMA (Fig. 1; Eccles et al., 2005;
Hopkins et al., 2020).

5. Conclusion

Gravity and magnetic models reveal the shallow plumbing systems of
Rangitoto and add new insight on the interaction between crustal
structure and Rangitoto magma pathway. A presence of a shallow
(< 300 m deep) basaltic body under the South Cone edifice is indicated
by gravity and magnetic models. We interpret this body as a solidified
feeder dyke. In the 3D magnetic models, another high susceptibility
body exists north of this South Cone basaltic mass, which we interpret as
a second possible conduit or lava pile.

Three-dimensional magnetic modelling of Rangitoto suggests the
presence of two parallel, closely spaced magma pathways connected to
the South Cone basaltic mass and northern high-susceptibility body. The
fault-parallel alignment of the South Cone basaltic mass and northern
high-susceptibility body suggests crustal structures have had a control
on Rangitoto magma ascent pathways. We propose that as magma
ascended through the upper crust it was captured by a structure before
escaping through hanging wall fractures possibly provided by an inter-
section with the hypothetical northward extension of Karaka Fault or
any other shallow (< 6 km depth) crustal fractures of sufficient length.
This mechanism could explain why Rangitoto erupted ~ 3.5 km from
the topographic expression of the Islington Bay Fault.

We recommend that further work be undertaken to map the locations
and characteristics of basement faults concealed beneath the Miocene
sediments in Auckland. In a more global context, the Rangitoto case
indicates that (1) basement faults may influence the locations of future
eruptions in the small-volume volcanic field, and (2) their eruptions may
not happen along the fault trace, but offset from it. Hence, knowing the
location and characteristics of concealed basement faults and intensity
of fracturing are important in determining their role in future eruptions
and establishing a possible buffer zone around them as high likelihood
eruption locations.
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