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ABSTRACT

Rangitoto volcano is the most recent (~0.6 kya) and voluminous volcano in New Zealand's Auckland Volcanic Field (AVF). In
this study, we investigate the status of its hydrothermal system using a combination of self-potential (SP) and CO, gas flux
measurements along the west-east Rangitoto—Motutapu main road. SP data revealed a “W"-shaped signal near the main crater,
indicating an active hydrothermal system. In contrast, the CO, flux data showed diffuse emissions peaking 620 m east of the SP
anomaly peak, suggesting they originated from different sources. The SP anomaly is likely due to a hydrothermal system heated
by a shallow, cooling basalt body, and CO, emission is from deeper crustal or mantle sources. An SP electric potential offset
was also detected at the Islington Bay Fault under the Rangitoto—Motutapu bridge without a corresponding CO, flux anomaly.

RESUME

Le volcan Rangitoto est le plus récent (~0,6 ka) et le plus volumineux du champ volcanique d'Auckland (AVF) en Nouvelle-
Zélande. Dans cette étude, nous avons évalué I'activité de son systeme hydrothermal en combinant mesures de polarisation
spontanée (PS) et de flux de CO, dans le sol le long de la route principale ouest-est Rangitoto-Motutapu. Les données PS ont
révélé une forme en « W » a proximité du cratere principal, indiquant la présence d'un systeme hydrothermal actif. En revanche,
les données de flux de CO, ont montré des émissions diffuses dont I'intensité maximum se situe a environ 620 m a I'est du pic
de I'anomalie SP, suggérant qu’elles proviendraient de sources différentes. Lanomalie PS est probablement liée a un systeme
hydrothermal chauffé par un corps basaltique peu profond se refroidissant, et les émissions de CO, proviendraient de sources
crustales ou mantelliques plus profondes. Un décalage du potentiel électrique PS a également été observé au niveau de la faille
d'Islington Bay sous le pont Rangitoto-Motutapu sans anomalie de flux de CO, correspondante.

KeywoRrbs: Auckland Volcanic Field; Rangitoto volcano; Thermal remanence; Hydrothermal system; Self-potential; Carbon
dioxide.

1 INTRODUCTION ual heat released from the cooling feeder dyke [e.g. Connor
et al. 1997; Bolds et al. 2020]. When enough heat is avail-
able, this hydrothermal system may exhibit surface geother-
mal features such as fumaroles and steaming ground [Connor
et al. 1997; Bol6s et al. 2020] or trigger other hydrothermal
eruptions that destroy the cone [Browne and Lawless 2001,
Riggs and Duffield 2008; Lube et al. 2014; Stix and de Moor
2018} However, once the hydrothermal system has cooled
down and vegetation reoccupies any sites of past geothermal
surface expressions, or if a hydrothermal system has always
been a “blind” system, its existence is best detected geophys-
ically [e.g. Aizawa et al. 2009; Hanson et al. 2014; Maza et al.
2018; Revil et al. 2023].

A hydrothermal system comprises advective processes that
transport fluid from the heat source to the near surface [Nor-
ton and Knight 1977; Driesner and Geiger 2007]. The driver
of a hydrothermal system can be cooling subsurface magma
in a volcanic environment [Norton and Knight 1977; Norton
1984; Cathles et al. 1997] or fault-focused deep crustal flu-
ids heated by the ambient geothermal gradient [Kihn and
Stofen 2005; Umeda et al. 2009]. Hence, hydrothermal sys-
tems can be found in diverse geological settings, e.g. calderas
and polygenetic stratovolcanoes [Wohletz and Heiken 1992],
small-volume volcanic fields [Aggarwal et al. 2003; Bolés et al.
2020; Revil et al. 2021], non-volcanic fore-arc domains [Umeda

et al. 2009], or even tectonically stable intraplate regions [Kithn
and Stofen 2005].

Following the conclusion of a small-volume volcanic erup-
tion, a hydrothermal system with meteoric recharge may be
maintained on the newly formed volcanic edifice by the resid-
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Fluid flow within the crust transports ions carrying electric
charges, generating zones with varying ground electric poten-
tials. The charge of the transported ions depends on the fluid’s
pH and the rock’s zeta potential. Protons are generally trans-
ported when the fluid’s pH exceeds ~4 and the rocks have
negative zeta potentials [Wang and Revil 2010; Revil and Jar-
dani 2013} In contrast, negative ions are transported when
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the fluid is highly acidic and the rocks have positive zeta po-
tentials [Ishido and Mizutani 1981; Revil and Jardani 2013;
Gresse et al. 2017]. However, the latter’s situation is rarely
found in geologically recent volcanoes [Aizawa 2008; Aizawa
et al. 2008].

When the subsurface fluid’s pH is neutral to basic and
the rocks have negative zeta potentials, as groundwater flows
down the flank of a volcano and the water table is further
from the surface upslope, a decrease in ground electric po-
tential will be observed with increasing elevation [Zlotnicki
et al. 1998; Finizola et al. 2004; Linde et al. 2007; Onizawa
et al. 2009; Revil et al. 2023]. In hydrothermal systems, ther-
mally driven upflows [Zlotnicki et al. 1998; Ishido 2004; Revil
et al. 2023] beneath the volcano can counter this trend and
produce a localised zone of higher ground electric potential.
Gravity-driven fluid flow through shallow conductive bodies
beneath the volcano, such as clays from significant hydrother-
mal alteration, may also increase the ground electric potential
[Ishido 2004; Onizawa et al. 2009]. If a volcano hosts, or ever
hosted, a hydrothermal system, the ground electric potential
curve may take a ‘W’ shape [Zlotnicki et al. 1998; Ishido 2004;
Revil et al. 2023]. This shape comes from the superposition of
‘V’-shaped topography-mirroring electrical potential variation
due to downslope groundwater flow and localised ‘A’-shaped
area of higher electrical potential associated with thermally
driven fluid upflows or shallow conductive bodies [Zlotnicki
et al. 1998; Ishido 2004; Revil et al. 2023].

CO; gas comes from geologic and organic sources [Bennati
et al. 2011]. Geologic sources include high-temperature 400—
800 °C) reactions of carbonate minerals [Valley 1986; Harris
et al. 1997; Bond et al. 2017], mantle sources [Weinlich et al.
1999, and degassing magma [Bennati et al. 2011]. Ascending
CO; gas can follow a similar permeability pathway as hy-
drothermal fluids [Bennati et al. 2011]. Thus, a combination of
self-potential and CO, flux explorations can provide informa-
tion about high permeability zones atop a gas source at depth
[Bennati et al. 2011].

Coupled self-potential and soil CO, gas flux measurements
have been used to identify hydrothermal systems globally
to reduce ambiguity. Its application to volcano-related hy-
drothermal systems has been presented, e.g. by Finizola et
al. [2002] and Finizola et al. [2006, 2010] for Stromboli (Italy),
Lewicki et al. [2003] for Masaya (Central America), and Byr-
dina et al. [2014] for Solfatara (Italy). This study presents the
first-ever application of coupled self-potential and soil CO, gas
flux measurements on Rangitoto volcano, a small-volume vol-
cano within the Auckland Volcanic Field, to gain insight into
the current state of its hydrothermal system. Despite their
relatively small size, small-volume volcanoes may host hy-
drothermal systems for at least several decades following their
formation (e.g. Jorullo [Hobson 1907] and Paricutin [Bolds et
al. 2020], both in Mexico).

Rangitoto is the youngest (ca. 0.6 kya) and largest volcano in
the intraplate Auckland Volcanic Field (AVF) in New Zealand
[Figure 1; Needham et al. 2011; Hopkins et al. 2020]. This
6 X 5 km volcano rises to ~260 masl with a central group of
scoria cones surrounded by a 2-3 km radius lava field [Need-
ham et al. 2011]. Although Rangitoto scoria cones are highly
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oxidised [Kereszturi and Németh 2016}, there is no systematic
depth-related increase in alteration level [Linnell et al. 2016].
Next to Rangitoto to the east is the non-volcanic, 4 X 7 km
Motutapu Island, rising to ~120 masl [Figure 1B; Kermode
1992; Edbrooke 2001]. A small canal separated the islands
(Figure 1B).

2 GEOLOGY OF THE STUDY AREA

Located at the Pacific and Indo-Australian tectonic plate
boundary, New Zealand is a geologically dynamic area of vol-
canism and seismicity [Figure 1A, Sporli 1980]. The North Is-
land’s Quaternary volcanism can be divided into two groups:
(1) arc volcanism related to the Hikurangi subduction margin,
which includes large silicic calderas in the Taupo Volcanic
Zone and voluminous stratovolcanoes such as Taranaki and
Ruapehu [Figure 1A; Price et al. 1999], (2) small-volume in-
traplate volcanism distributed along the axis of the curvilin-
ear Junction Magnetic Anomaly in the northern part of North
Island [Figure 1A; Hopkins et al. 2020].

Intraplate small-volume volcanism in North Island com-
menced at ~10Mpa in the Northland Volcanic Fields [Fig-
ure 1A; Smith et al. 1993; Huang et al. 2000]. However, the
locus of Northland Volcanic Fields activity is relatively fixed
throughout its long lifetime [~10 Mya—40 kya; Smith et al. 1993;
Hopkins et al. 2020] compared with the northward-migrating
centres of intraplate volcanic fields south of it. These mi-
grating centres were initiated at Ngatutura and Okete [~2.7—
1.5Mya; Hopkins et al. 2020}, then continued to South Auck-
land [~1.6-0.5Mya; Briggs et al. 1994; Hopkins et al. 2020,
and since ~0.2 Mya is situated in the Auckland Volcanic Field
[Figure 1A; Sporli and Fastwood 1997; Leonard et al. 2017,
Hopkins et al. 2020].

2.1 Auckland Volcanic Field

The Auckland Volcanic Field (AVF) is a collection of 53
small-volume volcanoes distributed within the boundaries of
Auckland’s urban area, the major population centre of New
Zealand [Figure 1B; Hopkins et al. 2020]. Volcanism in AVF
commenced at ~193kya and continued sporadically until the
~0.6 kya [Needham et al. 2011] Rangitoto eruption [Figure 1B;
Leonard et al. 2017; Hopkins et al. 2020]. AVF rock composi-
tion varies from nephelinite to sub-alkaline basalt [McGee and
Smith 2016; Hopkins et al. 2020] sourced from the upper man-
tle [Huang et al. 1997; McGee et al. 2013] and geochemically
unrelated to the currently active Hikurangi subduction margin
~500 km east of AVF [Huang et al. 1997; 2000].

AVF volcanoes erupted over the surface of Plio-Quaternary
unconsolidated sediments and Miocene Waitemata Group
sandstone and mudstone sequences [Figure 1B; Kermode 1992;
Edbrooke 2001]. These sedimentary units have been mapped
to unconformably overlie the Mesozoic Waipapa metasedi-
mentary basement, which outcrops outside the eastern bound-
ary of AVF [Figure 1B; Kermode 1992; Edbrooke 2001]. In the
central part of AVF, data from a 592 m-deep drill hole and
seismic surveys [Edbrooke et al. 1998; Davy 2008] suggest the
presence of the Focene—Oligocene Te Ruiti Group sediments
between the Waitemata Group sediments and the basement.
Te Ruiti Group consists of calcareous sandstone, mudstone,
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and siltstone atop carbonaceous mudstone and coal lagers [Ed-
brooke et al. 1998; Edbrooke 2001]. The combined sediment
thickness under the AVF varies from ~0.9km under the har-
bour near Auckland CBD to ~0.5 km in the west and east and
0.3km in the southwest [Edbrooke et al. 1998; Kenny et al.
2012; Luthfian et al. 2023).

Statistical analyses found that AVF volcanic vents are
aligned in NE-SW direction [e.g. Kear 1964; Von Veh and
Németh 2009; Le Corvec et al. 2013; Bebbington 2015], ap-
proximately perpendicular to the dominant NW-SE strike of
the mapped fault system [Figure 1B; Sporli and Kear 1989;
Kenny et al. 2012; Le Corvec et al. 2013]. The general NE-
SW trend of AVF vents may indicate structural influence on
magma ascent by concealed ENE- to NE-trending faults cut-
ting the basement and the overlying Miocene and older sedi-
ments [Giba et al. 2010; Jennings et al. 2023]. Another cause
for the deviation of AVF vent alignment from the general fault
trend is magma pathway modification by joints within the
sedimentary units [Irwin 2009; Kenny et al. 2012].

While the Northland Volcanic Fields [Figure 1A Aggarwal
et al. 2003] and some other global intraplate volcanic fields
maintain the presence of surface thermal manifestations [e.g.
Poblete Piedrabuena et al. 2016; Zhao et al. 2022}, to date, no
studies report such features associated with the AVF. CO; gas
flux measurements over several discrete transects in the AVF
and the subsequent analyses of AVF carbon dioxide gas sam-
ples show that AVF CO; gas emissions are biogenic and as-
sociated with urban land use, and values up to 203gm2d !
were attributed to a non-volcanic source [Smid and Mazot
2012; Mazot et al. 2013]. The closest hydrothermal manifes-
tation to the AVF is a non-volcanic hot spring at Waiwera,
35km north of AVF, fed by ascending crustal fluids heated by
the ambient geothermal gradient [Kithn and Stofen 2005].

2.2 Rangitoto Volcano

Rangitoto is located 10 km east of Auckland’s central business
district in the Hauraki Gulf (Figure 2A). Its most recent known
eruption was dated at ~1450 CE [Needham et al. 2011] and
disrupted the life of local Maori [Figure 2B; Lowe et al. 2002].
Tephra from this eruption buried a Maori village on the north-
ern shore of the neighbouring Motutapu Island, preserving
cultural artefacts and footprints [Figure 2B; Nichol 1992; Lowe
et al. 2002]. Rangitoto’s duration of (non-continuous) eruptive
activity is estimated to range from 30-60yr [Needham et al.
2011], 150-450 yr [Allington et al. 2023], to 1000 yr [Shane et
al. 2013]. Rangitoto has erupted at least ~0.7 km® of material,
comprising 41 % of the total erupted volume in the AVF [dense-
rock equivalent volumes; Kereszturi et al. 2013]. This volume
is divided into a ~0.05km?> central steep side complex of sco-
ria cones and a ~0.65km? lava field [Figure 2C; Kereszturi et
al. 2013]. The lava field radiates 2-3km from the scoria cone
complex like a shield and dips seaward at 4°~12° [Figure 2C;
Needham et al. 2011].

Evidence from a 148 m-deep drill hole (RANG in Figure 2)
and foraminiferal fossils hint that the first eruptions of Rangi-
toto occurred in a shallow marine setting [Linnell et al. 2016;
Hagward et al. 2022]. The latter phases of the eruption saw an
increasing magma supply, with which the volcano could build
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a subaerial scoria cone and an extensive lava field [Figure 2;
Smith and Németh 2017]. Gravity and magnetic modelling of
Rangitoto indicates a potential shallow (<300 m) basaltic body
beneath the Rangitoto scoria cone [Luthfian et al. 2023]. Cur-
rently, no active hydrothermal manifestations are observed on
the island.

2.3 Motutapu Island

To the east of the Rangitoto volcano is the non-volcanic Mo-
tutapu Island (Figure 3C, 3D). The western part of this is-
land is covered by 90m thick Waitemata Group sediments,
which thins eastward to reveal the Waipapa metasedimen-
tary basement [Figure 2C; Luthfian et al. 2023]. Several base-
ment faults have been mapped on Motutapu Island, with the
NW-trending Motutapu Fault and Islington Bay Fault as the
most prominent ones [Figure 2C; Mager 1968; Kenny et al.
2012; Luthfian et al. 2023]. The Motutapu Fault is estimated
to have at least ~90m vertical displacement [Mayer 1968].
Gravity modelling estimated that the Islington Bay Fault has a
300 + 50 m vertical displacement [Luthfian et al. 2023]. Extrap-
olation of Islington Bay Fault to depth could link this structure
with a collocated shear wave speed discontinuity at 2—10km
depth described by Ensing et al. [2022], signifying a potential
linkage to deeper crustal structures. Several shallow (<10km
deep) earthquakes have been generated under Motutapu Is-
land [GNS Science 1970, updated], suggesting that these crustal
structures can still be reactivated. No evidence of hydrother-
mal manifestations on Motutapu has been reported. Neverthe-
less, we can investigate permeability contrasts and the pres-
ence of hydrothermal fluids and understand how crustal struc-
tures contribute to the fluid flow under Motutapu Island using
the self-potential and gas flux measurements, as in Bond et al.
[2017] and Revil et al. [2023].

3 METHODOLOGY

3.1 Self-potential method

The self-potential (SP) geophysical method indirectly mea-
sures ground electric potential by looping a series of electric
potential difference data to an equipotential surface or any
other point [Revil et al. 2023} Our work measured electric po-
tential differences every 20m along the Rangitoto-Motutapu
main road (Figure 3) by a roving electrode connected to a
fixed reference station spaced every 100m. The electrodes
are a pair of non-polarising Cu—CuSQy electrodes assembled
according to Revil et al. [2023] Ground contact during the
survey (28-30 July 2023) was good as the surface of Rangitoto
and Motutapu was still wet from several rainy days previously
(25-27 July 2023). Electric potential difference is measured
with a calibrated high-impedance (100 M) voltmeter with an
uncertainty of 0.5mV. Horizontal data position is recorded
by a handheld GPS with 1-2m horizontal uncertainty, while
the data elevation is sampled from the Auckland LiDAR 1 m
horizontal resolution with 0.2 m vertical uncertainty [Land In-
formation New Zealand 2018].

We convert the potential difference into the SP electric po-
tential values (Vsp, in millivolts) using the following formula
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Figure 2: [A] Rangitoto Island seen from the Sky Tower, Auckland CBD. Motutapu Island is located behind Rangitoto. [B] Artistic
rendering of the Rangitoto eruption affecting a local Maori fishing village on Motutapu Island. Painting by Chris Gaskin [1990]. [C]
Rangitoto geological map [adapted from Kenny et al. 2012; Heron 2023] draped over the shaded relief map from NIWA [Mackay et
al. 2012], with the self-potential and gas flux measurement transect (yellow line). Abbreviations indicate the surface geological
unit associations (TJw: Mesozoic Waipapa metasedimentary basement, Mwe: Waitemata Group sediments, Qva: basaltic lava
field). Location of drill hole “RANG” [Linnell et al. 2016] is indicated with “+”.
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[after Revil et al. 2023].

(1)

In the equation above, Vineas is the measured potential differ-
ence, Vier is the potential difference between the roving and
a reference station, and Vigopcor is the loop correction gained
by closing the SP transect to the sea surface. The reference
station (0 mV) reading was taken a few m (horizontal distance)
from the sea at McRenzie Bay, where the first fixed electrodes
were located (first point). The loop correction was performed
at Islington Bay, where the potential was measured a few m
(horizontal distance) from the sea. Due to algebraic operation,
the uncertainty of the SP electric potential values is I mV.

Vsp = Vmeas + Vret — Vloopcor

3.2 CO0, gas flux measurement

We measure the soil CO, flux using the accumulation cham-
ber technique, a passive geochemical method for measur-
ing the flux of diffuse CO, emission from soil [Chiodini et
al. 1998]. We use a portable gas flux meter developed by
West Systems S, fitted with an infrared (IR) spectrometer
(LICOR 850 COy detector, with a full scale of the detector
used of 20000 ppm, with an accuracy <1.5% of reading and
zero drift <0.15ppm °C 1), a Type-B accumulation chamber
(internal volume 0.006m?), and a smartphone for real-time
data visualisation and quality control. The IR spectrometer
was calibrated with gas standards before fieldwork. To start
the measurement, we secure the accumulation chamber on
top of the soil to allow gases to collect in the accumulation
chamber. The gas-air mixture in the accumulation chamber
is continuously pumped and analysed by the IR spectrometer.
Data from the spectrometer is then sent to the smartphone,
which plots the concentration-time curve. Wherever the soil
emits CO; gas, the concentration-time curve will show a clear
linear trend with a positive slope. The slope of concentration-
time curve (g—f, in ppms~!) is proportional to and can be con-
verted to daily soil COy flux (Fco,, in gm~2d!) using the
following equation [Mazot et al. 2013].

dc

T, P
Fco, = kX — I

X — X — X (2)
AT P
In Equation 2, k is a constant to convert parts per million per
second (ppms~!) to gm?d ! and is equal to 155.87m 3, V
is the accumulation chamber volume (in m3), A is the area of
the accumulation chamber base (in mz), T, and Pg are stan-
dard temperature and pressure (298 K and 101.3kPa, respec-
tively), T is the measured temperature (in K), P is the measured
air pressure in kPa [Smid and Mazot 2012; Mazot et al. 2013].
A gas flux measurement is stopped when a linear and
unambiguous trend appears in the concentration-time curve,
which usually happens 1 to 2 minutes after the measurement
starts. The sensitivity limit of our portable gas flux meter is
0.4ppms—! [West Systems 2020}, and any measurement with
a concentration—time curve slope of <0.4 ppms ™! is recorded
as zero. At the start of every measurement, we ensure that the
gas flux meter system cleans itself of gas remnants from the
last measurement, which usually takes the first 10s of the next
measurement. To ensure we acquire geological CO; gas flux
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anomalies, we strive to measure gas flux away from organic
remains and plants to minimise ambiguity. This was possible
for most of the transect, but there is a segment on Motutapu
Island where we could not avoid grass and a muddy road,
and we recorded this accordingly (Figure 3). Weather con-
ditions during the three days of CO; flux measurement were
stable, and no weather event influenced the acquired CO; flux
data. Although rainy days occurred before the fieldwork—
potentially increasing soil water content, which may reduce
measured CO; flux [Hashimoto and Komatsu 2006]—this is
less of a concern since we are primarily focused on CO; flux
anomalies arising from structural features, determined by lo-
cating flux intensity changes and looking at the overall pattern
of the anomaly across different parts of the transect rather than
individual absolute values.

We are aware that self-potential and gas flux signals may
change through time [e.g. Laiolo et al. 2016; MacAllister et
al. 2016], and to guarantee that the two data can be inter-
preted jointly, we conducted the gas flux measurements in
tandem with the self-potential work (Figure 3). A total of 463
self-potential and 463 CO, degassing measurements were per-
formed contemporaneously, each 20m along a profile 9240 m
long, from McRenzie Bay to the west on Rangitoto Island up
to the middle of Motutapu Island to the east (Figure 3C).

4 ResuLTs

4.1 SP and CO, gas flux curves of Rangitoto and Motutapu

The SP electric potential curve (Figure 4) of Rangitoto-
Motutapu is ‘W’-shaped over Rangitoto Island, while it is
nearly flat over Motutapu Island. The ‘W’-shaped SP curve
over Rangitoto is similar to those observed on volcanoes with
a hydrothermal system, whether manifesting at the surface
[e.g. Zlotnicki et al. 1998; Finizola et al. 2004; Onizawa et al.
2009] or concealed [e.g. Aizawa et al. 2005; Aizawa 2008; Re-
vil et al. 2011; Gresse et al. 2021]. The west (segment A) and
east (segments D—F) arms of Rangitoto’s ‘W’-shaped SP curve
correlate negatively to the topography (Figure 4). Meanwhile,
the central ‘A’ peak of the Rangitoto SP curve (segment B) has
slopes positively correlated with the topography (Figure 4). A
section with a relatively constant SP value is observed in seg-
ment C (Figure 4).

Due to the differences in geology and vegetation between
Rangitoto and Motutapu, we divided the analyses of the CO,
flux data for the 9240 m long profile into two parts: (1) the
Rangitoto section from 0-6780m and (2) the Motutapu sec-
tion from 6800-9240m. On the Rangitoto section of the pro-
file, from the 340 CO, flux measurements, 263 (77.4%) are
below the detection limit, and the average on the measur-
able CO, flux values is 6.6gm 2d !, with the highest value
of 243gm2d~'. On the Motutapu section of the profile,
from the 123 CO, flux measurements, 93 (73.2%) are be-
low the detection limit, and the average on the measurable
CO, flux values is 10.0gm 2d !, with the highest value of
345gm 2d ! These statistical descriptions are consistent
with the 5-data moving average window in Figure 4, show-
ing a generally higher CO, amplitude anomaly on Motutapu
Island than on Rangitoto Island. It is important to note that
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Figure 3: [A] A joint self-potential (SP) and CO, measurement site over the aa lava flow on Rangitoto Island. [B] A section on
Motutapu Island where a high CO, gas flux is detected associated with grasses, mud, and other organic matter. [C] The location
of along-road (yellow and orange lines) and on-grass (green line) measurement transect on the Rangitoto and Motutapu islands
satellite imagery. While the tone suggests extensive vegetation on Rangitoto, field observations reveal a mix of open black
lava field and mature and regenerating vegetations. Red stars near the Rangitoto summit mark the transition between negative
to positive SP/elevation gradient (the two minima of the “W” shape SP signal; see text). [D] Rangitoto and Motutapu Islands
elevation variation viewed from the southeast.
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Figure 4: Profile of the Rangitoto-Motutapu elevation (topmost), SP electric potential (middle, blue), and CO, gas flux (bottom,

red)

over the measurement transect. Segments (or sections) are marked by letters and colours. Segments A and C-F are on

Rangitoto volcano flanks, and section B is on Rangitoto scoria cone where the maximum SP anomaly occurs. A significant CO,
gas flux anomaly is observed on segments B-C-D. Red stars near the Rangitoto summit mark the transition between negative to
positive correlation of SP and topography (the two minima of the “W” shape SP signal; same symbol as in Figure 3). Segments
F and H-J are parts where the horizontal gradient of the SP curve becomes gentler and are termed “blocks”. Rangitoto Block
(segment F) is separated from Motutapu Block (segments H-J) by a ~60 mV offset (segment G) associated with the Islington
Bay Fault (IBF). Grassy (segment I) and muddy road (segment J) sections on Motutapu Island is indicated and correlate to CO,
anomalies. MF: Motutapu Fault. Black diamond: location of the Islington Bay Fault below the topography.
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the maxima of CO, flux values encountered on both islands
are a few orders of magnitude lower than that on active vol-
canoes such as La Fossa of Vulcano [up to 14 OOOgm’2 a1
Revil et al. 2008], Vesuvius [up to 1500gm—2d~!; Granieri
et al. 2010}, Solfatara [up to 20000gm—2d~!; Granieri et al.
2010}, or even the recently erupted Paricutin scoria cone [up
to 180gm*2 d~!: Jacome-Paz et al. 2022).

On Rangitoto island, although the CO, flux displays high-
frequency spatial variations, the general shape of the anomaly
approximates the Gaussian bell curve (see the 5-data window
moving average in Figure 4). The central part of the anomaly,
from 2860 m up to 3780m (920 m long), is characterised by a
succession of COj flux values between 1.5 and 24.3 ¢ m 241,
without any data below the detection limit. The maximum lat-
eral extension of this CO, flux anomalous area encompasses
the Rangitoto’s summit area and the upper eastern flank. The
western and eastern flanks of this peak feature a gradual de-
crease of CO; flux values with increasing frequency of data
below detection limits for 360 m and 520 m, respectively, be-
fore entering zones of dominantly flat CO; flux signal before
the 2500 m and after the 4300m (segments B-D, Figure 4).
Vegetation covers the Rangitoto flank unevenly (Figure 3) and
uncorrelated with the CO; gas flux anomaly peaks. The cen-
tre of this CO, gas flux anomaly is shifted ~620 m to the east
of the SP curve central ‘A’ peak (Figure 4). Thus, the west-
ern part of the elevated CO; gas flux zone overlaps with the
central peak of the SP curve (segment B) and flat segment C,
while its eastern part overlaps with the east arm of Rangitoto’s
‘W’-shaped SP curve (segment D, Figure 4). Localised (<50 m)
areas with <20gm 2 d~! CO, gas flux were also observed in
segments A and E (Figure 4).

The gradient of the SP curve with horizontal distance over
Rangitoto is generally steep, except on the easternmost 1km
of Rangitoto Island, where it becomes gentler and matches
a nearly flat SP gradient over Motutapu Island (Figure 4).
The parts with a gentler SP horizontal gradient are arbitrarily
termed Rangitoto (segment F) and Motutapu (segments H-J)
blocks to distinguish them from parts with a steeper horizon-
tal SP gradient, which forms the bulk of the ‘W’-shaped curve
over the Rangitoto edifice (Figure 4). Motutapu Block is off-
set by about +60mV from the Rangitoto Block in segment G
without any corresponding increase in CO, gas flux (Figure 4).
However, a relatively high CO, gas flux (up to ~20gm—2d 1)
is detected over a grassy section on Motutapu without an ac-
companying SP signature (segment I; Figure 4). This value is
consistent with CO, gas flux rate observed over grasslands
in other parts of the world [Raich and Tufekgioglu 2000; Hu
et al. 2001]. Immediately east of this grassy section is a seg-
ment located on a muddy road with a noisy SP signal and up
to~5gm 2d ! CO, gas flux (segment J; Figure 4).

4.2 Analysis of the Rangitoto SP curve

Suppose we have elevation Z and SP electric potential V' at
several x points. We can fit the following linear model (Equa-
tion 3, with the € as an arbitrary fitting intercept) to a set of x
points in a segment with a constant C, [Finizola et al. 2004].

Z(x) =[CexV(x)] +€ (3)

Ss

Presses universitaires de Strasbourg

With this concept, we can segment the Rangitoto SP curve ac-
cording to their C,, as in Figure 5. C.-based segmentation of
the Rangitoto SP curve shows mirroring western and eastern
flanks’ C, segments. Each mirrored segment has the same C,
signs and is indicated with matching colours in Figure 5 (e.g.
W2 versus E2, W4 versus E4, W7 versus E7).

Segments with <0mVm ! C, on the western (W1-W4)
and eastern (E1-E4) flanks of Rangitoto represent its hydroge-
ological zones, where the groundwater flows down the flank,
and the water table is potentially further from the surface ups-
lope [Figure 5A; Linde et al. 2007; Richards et al. 2010]. The C,
values within Rangitoto’s hydrogeological zones W1-W3 and
E1-E3 range between —1.7 and —6.1mV m ! (Figure 5A, 5B).
However, the hydrogeological zones closest to the Rangitoto
summit, W4 and E4, have a C, of ~0mV m ! before chang-
ing their sign to positive C, values in zones W5 and E5 (Fig-
ure 5A, 5B). As we enter segments W5 and E5 toward the
Rangitoto summit, two short (<~100m) segments with nega-
tive C, values, W6 and E6, interrupt this summit-ward posi-
tive C, value trend at the base of the Rangitoto scoria cones
(Figure 5A, 5B). Then, C, values become positive again be-
fore they flatten (C, ~ 0mVm™') on the highest segments
(W8 and E8; Figure 5A, 5B).

5 DiscussION
5.1 Rangitoto Hydrothermal System

Although ~0.6kya has passed since the Rangitoto eruption
[Needham et al. 2011], SP data collected over the volcano dis-
plays a signature ‘W’-shaped curve with the ‘A’ part encom-
passing and slightly exceeding the scoria cone region (Fig-
ures 4 and 5). The ‘W’ arms with C, < 0mVm™! over
the western and eastern Rangitoto flanks (segments A, D-
E; Figure 4) are associated with hydrogeological zones where
the aquifer is replenished by meteoric water and possibly sits
deeper as elevation increases. Meanwhile, the ‘A’ section of
the Rangitoto SP curve (segment B; Figure 4) is a potential hy-
drothermal zone associated with a shallow hydrothermal fluid
upflow under the Rangitoto cone.

Materials with high electrical conductivity, e.g. clays, could
produce a high SP value. Two potential alternatives exist:
(1) the Rangitoto eruption substrate made of shallow marine
muds or pre-Rangitoto tuff ring/maar [Hayward et al. 2022]
and (2) Rangitoto scoria cone alteration products. The former
are unlikely since the pre-eruptive strata would be broadly
distributed at depth rather than spatially localised within the
central Rangitoto edifice [Hayward 2022; Hayward et al. 2022].
Regarding mineral alteration of the Rangitoto scoria, although
the Rangitoto cone is highly oxidised, none of the quarried
AVF scoria cones, all significantly older than Rangitoto, has
been known to develop an intra-cone thick clay layer [e.q.
~30kya Three Kings and ~20 kya Mt Smart scoria cones; Hay-
ward and Jamieson 2019; Hopkins et al. 2020]. Volcanic ma-
terials encountered in the Rangitoto drill hole also lack alter-
ation [Linnell et al. 2016]. Thus, the hydrothermal system hy-
pothesis is the most plausible explanation for the observed
‘W’-shaped SP curve on Rangitoto (Figure 4). With this un-
derstanding in mind, we can now interpret the near-surface
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Figure 5: Segmenting the Rangitoto SP curve based on the SP to elevation gradient (C.) to differentiate the hydrogeological
(negative C.) and hydrothermal (positive C.) zones on the western [A] and eastern [B] sides of Rangitoto. The segments are
labelled with W/E[number], with W and E denoting the sides (western/eastern) where the segments are located. Colours em-
phasise pairs of mirroring W and E segments. Red stars near the Rangitoto summit mark the transition between negative to
positive SP/elevation gradient (the two minima of the “W” shape SP signal; same symbol as in Figures 4 and 5). [C] Location
of the segments described in [A] and [B] laid over the Rangitoto shaded relief map. The extent of the Rangitoto hydrothermal
system (red dashed circle) encompasses and exceeds the Rangitoto scoria cone. The sea is coloured with shades of blue, with
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aspects of a Rangitoto hydrothermal system indicated by the
pattern of SP and C, values inside the hydrothermal zone.

Inside the Rangitoto hydrothermal zone, at the western and
eastern base of Rangitoto scoria cones, a short downward
bend in the SP curve can be observed within segment B (Fig-
ure 4), correlated with short (<100 m) negative C, segments,
W6 and E6 (Figure 5). We can decompose this bent SP curve
into two independent, single-amplitude SP curves of different
wavelengths: one is shorter (~1 km wavelength) with a nega-
tive amplitude, and the other is longer (~1.4km wavelength)
with a positive amplitude (Figure 6B). The longer, positive-
amplitude SP curve is associated with the upward hydrother-
mal fluid flow, whilst the shorter, negative-amplitude SP wave
is most likely associated with near-surface, downward mete-
oric fluids percolation influenced by the highest permeable
medium constituting the scoria cones [similar superimposi-
tion of short wavelength negative SP minima on higher wave-
length positive anomalies have been already observed on the
summit part of Stromboli volcano; Finizola et al. 2003]. The
downward bends in the hydrothermal zone SP curve reflect
segments where the meteoric fluid flow signature overprints
on the deeper potential difference induced by the hydrother-
mal upflow (Figure 6B). Short negative C, segments (W6 and
E6), which coincide with the SP curve bends at the base of
Rangitoto scoria cones, are expected as they are located close
to contacts between scoria and lava (Figure 6A), two litholo-
gies that have a contrasting permeability [>50 % for scoria ver-
sus <50% for lava; Saar and Manga 1999], porosity [greater
for scoria cones; Kereszturi et al. 2013] and thus electrokinetic
properties [Lénat 2007].

There are two possible drivers for the Rangitoto scoria
cones’ hydrothermal system: a shallow heat source under the
Rangitoto scoria cone (Figure 7) or deep crustal fluids [as in
Waiwera; Kithn and Stofen 2005] seeping through the path-
way opened or exploited by Rangitoto magma. From the more
localised spatial extent of the SP central peak compared to the
COy gas flux one, both scenarios seem possible since the CO,
gas is expected to be capable of percolating through the less
permeable lava than water (Figure 4). However, if this was the
case, the spread of the CO; central peak should be symmetric
about the axis of the more restricted SP peak since the CO,
gas will also utilise the same more permeable pathway as the
hydrothermal water [e.g. Finizola et al. 2003} Even if the SP
peak were "'muted” atop the lava field, the C, value would help
indicate the centre of subsurface fluid upflow [e.g. Lénat 2007].
All these are not observed on Rangitoto, where the SP and C,
peaks are offset ~620 m west of the CO, gas flux peak (Fig-
ure 4), suggesting that the driver of hydrothermal processes
associated with the central Rangitoto SP peak differs from the
one associated with the CO; gas flux anomaly. The Rangitoto
SP central peak is confined within the Rangitoto scoria cones,
suggesting a hydrothermal heat source likely linked with the
latest [~0.6 kya; Needham et al. 2011] Rangitoto activities, e.g.
a cooling basalt body at <300 m depth [Figures 4 and 7; Luth-
fian et al. 2023]. Cooling near-surface igneous bodies have
also been proposed for several hydrothermal systems associ-
ated with small-volume volcanic fields globally, e.g. Surtsey
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[Jakobsson and Moore 1986] and Paricutin [Jacome-Paz et al.
2022].

5.2 Source of Rangitoto diffuse CO, emission

The range of Rangitoto CO; gas flux anomaly at its central
peak is relatively low (1.5-24.3gm 2d~!; Figure 4) com-
pared to elsewhere in the Auckland Volcanic Field [up to
203gm—2d~!; Mazot et al. 2013), recently active Paricutin sco-
ria cone [up to 180 gm—2 d—!; Jacome-Paz et al. 2022], or other
volcanic regions globally [e.g. Vesuvius, up to 1.500gm 2d "~ !;
Granieri et al. 2010]. While high CO; flux values often sug-
gest a stronger source, it is essential to note that in volcanic
contexts, the origin of a CO, anomaly cannot be directly in-
ferred from flux intensity alone. Rather, the observed flux
depends on a combination of factors, including the strength
of the degassing source, the permeability of subsurface struc-
tures linking the source to the surface, and any sealing effects
within hydrothermal systems [Finizola et al. 2003; 2004; Revil
et al. 2004; 2019].

To address the possibility of a biogenic source, we exam-
ined the distribution and type of vegetation across Rangitoto
Island using satellite imagery (Figure 3C) and a map from
Julian [1992] CO, measurements were taken along a clean
gravel road that passes through varied vegetation zones, in-
cluding forest patches on the lava field and scrubland on the
scoria cone [see Figure 3A and Julian 1992]. If a shallow, bio-
genic source were responsible for the observed CO, anoma-
lies, we would expect multiple CO, anomaly peaks due to
forest patches. However, our data show a localised, con-
sistent CO; gas flux increase restricted to the scoria cone
and its upper eastern flank, with random, transient (one to
two data points) low-level flux increases (<20 gm—2 d~!) else-
where along the transect (Figure 4). Furthermore, the CO,
flux profile is not symmetric about the scoria cone (segment B
in Figure 4), which does not match the distribution expected
if organic litter from the scrubland were the primary carbon
dioxide source.

Statistical analysis of the anomalous Rangitoto CO, flux
data (Figure 8) provides additional evidence against a biogenic
origin. Cumulative probability analysis (Figure 8, following
Chiodini et al. [1998] and Sinclair [1974, 1976)) indicates that
anomalous flux measurements from all parts of the Rangi-
toto transect belong to a single population, as evidenced by
their excellent fit (R? = 0.99) to a unique cumulative distribu-
tion function. This statistical uniformity, combined with the
spatial distribution of CO, fluxes that do not correlate with
surface vegetation patterns, suggests that the Rangitoto CO,
anomaly originates from a deeper source rather than biogenic
processes.

It is unlikely that the Rangitoto CO, gas emissions come
from the cooling shallow (<300 m deep) basaltic body mod-
elled under the Rangitoto scoria cone [Figure 7; Luthfian et al.
2023], which is thought to have solidified and can no longer
degas CO; |[cf. temporal evolution of CO, degassing from
the similar composition and larger volume 1886 Tarawera
magma; Hughes et al. 2019]. The bottom depth of this mag-
matic body is not well constrained by gravity and magnetic
anomaly modelling [Luthfian et al. 2023] and might be in con-
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Figure 6: [A] SP measurements near the contact of Rangitoto scoria cones and lava fields where general positive and local
negative SP/elevation gradient (C,) are observed. Data points are coloured based on the order of their segments (5-7, see data
label; same colour as in Figure 5), with the W/E prefix on the data label denoting the western or eastern side and the LiDAR
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scheme of the interplay between meteoric fluid infiltration and hydrothermal fluid upflow under the Rangitoto scoria cones,
with SP data points on the topography marked and labelled as in [A]. Subsurface geological sketch (not to scale) after Linnell
et al. [2016]. The scoria cone’s higher permeability (indicated by the orange arrow) promotes preferential rainwater infiltration.
Bottom: SP signals from the rainwater infiltration (blue line) and hydrothermal fluid upflow (red line) add up to make the observed

SP signal (black line).

tact with or very close to the Te Ruiti sediment at depths
>320m [e.g. the depth to Te Kuiti Group in drill hole #82630;
Figure 1B; MBIE 2020]. However, considering the ~0.6kya
period elapsed since the last magmatic event, the tempera-
ture of hydrothermal fluids under Rangitoto circulating from
a shallow intrusive body might be too cold [<400°C; Valley
1986; Harris et al. 1997] to produce CO; from reactions with
Te Ruiti group carbonate minerals. Plausible sources of these
CO; emissions are deeper crustal intrusions, remobilisation of
CO, from calcite veins within the basement [Melia et al. 2022)],
or mantle fluids seeping through a permeable pathway under
Rangitoto (Figure 7), like Kamo and Ngawha springs near the
Northland Volcanic Fields [Figure 1A; Giggenbach et al. 1993].

The deep origin of central Rangitoto CO, gas emission
is also suggested by the relatively long wavelength of the
anomaly (nearly 1km; Figure 4) comparable to other active
volcanoes (e.g. La Fossa of Vulcano; Revil et al. [2008]; Strom-
boli; Revil et al. [2011]). From structural geology vantage, we
view that a network of fractures at depth can transport deep
crustal COy gas under Rangitoto to the surface. Potential
fractures permeable for the rising CO, gas are near-surface
joints, a continuation of westward-dipping Islington Bay Fault
at depth, or extension of faults mapped south of Rangitoto
volcano [e.g. Karaka Bay Fault and Bucklands Beach Fault;
Figure 1B; Luthfian et al. 2023).

5.3 The Islington Bay and Motutapu faults

Near the Rangitoto-Motutapu bridge, a ~+60mV offset sepa-
rated the lower Rangitoto SP Block from the higher Motutapu
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SP Block (Figures 4 and 7). This step-like SP signal closely
mimics the step-like gravity anomaly observed at the same
location by Luthfian et al. [2023], indicating a common cause.
Gravity anomaly modelling [Luthfian et al. 2023], supported by
inference from topographic and remote sensing data [Kenny
et al. 2012], suggests a buried Islington Bay Fault near the
Rangitoto-Motutapu bridge (Figures 1, 2, 4, and 7). The step-
like SP curve separating the Rangitoto and Motutapu blocks
(Figures 4 and 7) may reflect the offsetting of near-surface
aquifers or lithologies with different electrical properties by
the Islington Bay Fault, similar to the one observed near the
Eight-Mile Fault in Colorado, US [Revil et al. 2015]. The ab-
sence of deep-sourced CO; emission associated with the Is-
lington Bay Fault (IBF in Figure 4) could be attributed to fault
blockage from sealing, an underdeveloped damage zone, or
a complex fault core and damage zone structure [Caine et
al. 1996; Rowland and Sibson 2004]. Thus, the CO, may
have been diverted/captured by other more permeable sub-
Rangitoto pathways.

In contrast to the Islington Bay Fault, the Motutapu Fault
~800m east of it is an exposed basement fault [Figures 1 and
2; Heron 2023]. The Motutapu Fault does not displace the
outcropping Miocene Waitemata Group [Heron 2023]. The
absence of SP and CO; gas flux signals associated with the
Motutapu Fault (MF in Figure 4) suggests this structure might
not be permeable.
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Figure 7: A Rangitoto-Motutapu hydrogeological system conceptual model (below) inferred from the SP-CO, gas flux data; only
the SP electric potential curve is shown (above the model) for clarity. This model does not imply actual vertical depth. Cenozoic
sediments (green) under Rangitoto comprise the Eocene Te Kuiti to recent sediments. We propose that the CO, gas comes
from the basement or mantle sources and seeps through a permeable pathway under the Rangitoto edifice. Meanwhile, a heat
source associated with the latest Rangitoto activity, e.g. cooling solidified magma body with a poorly constrained vertical extent
(indicated by a “?"), warms the aquifer replenished by percolating meteoric water, creating an upward thermally driven upflow
constituting the hydrothermal system revealed by the SP data. The Islington Bay Fault is associated with the Rangitoto—Motutapu
SP shift, but no similar shift is associated with the Motutapu Fault.
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Population A with a mean of 0.70gm™2d™" and a variance of 0.10gm™2d™". [B] The unscaled CDF of Population A is plotted
against the Rangitoto anomalous gas flux's cumulative probability scatter (following Chiodini et al. [1998] and Sinclair [1974,

1976)).

6 CONCLUSIONS AND FUTURE WORK

A combined SP-CO, gas flux study was carried out over the
Rangitoto—Motutapu main road to explore signatures of hy-
drothermal activity associated with Rangitoto volcanism. The
SP electric potential curve over Rangitoto indicates the pres-
ence of a hydrothermal system associated with the Rangitoto
scoria cone. This hydrothermal system is likely heated by a
source, e.g. a cooling basalt body, related to the latest Rangi-
toto volcanic activity at ~0.6 kya. The hydrothermal system is
about 900 m in diameter. Inside this hydrothermal system, the
corresponding positive SP/elevation gradient is disrupted by a
short negative/elevation gradient associated with the litholog-
ical changes between the less permeable lava flow units and
the very highly permeable Rangitoto scoria cone. Preferential
water infiltration on the scoria cone is probably involved in
this local SP decrease.

An elevated level of CO, gas flux is observed at the Ran-
gitoto scoria cone, the upper part of the eastern flanks, and
several small patches on the Rangitoto flanks. The Rangitoto
sub-scoria cone basalt body has likely solidified and no longer
degasses. At the same time, the sub-Rangitoto hydrothermal
water temperature might be too cold to react with Te Ruiti car-
bonate rocks to produce CO,. Therefore, we attribute these
CO, emissions to deep crustal or mantle sources. This hy-
pothesis is also supported by the ~620 m offset between SP and
CO, peaks, suggesting a different origin for these two anoma-
lies. A permeable pathway under Rangitoto might have cap-
tured and diverted rising CO; gas from other nearby basement
faults, explaining the non-detection of CO, gas emissions over
the Islington Bay and Motutapu faults.

This work illustrates the capability of SP and CO, gas
flux explorations to qualitatively understand the hydrother-
mal and hydrological situation of a small-volume volcanic is-
land. Nevertheless, as our COy gas flux measurements were
conducted following periods of rainfall when water-saturated
near-surface materials can impede the upward migration of
deep-sourced CO; gas [Viveiros et al. 2008], additional mea-
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surements during dry conditions would likely yield stronger
deep-sourced CO, emission signals. Isotopic studies should
also be done on Rangitoto diffuse COy emission samples to
validate our hypotheses regarding their origins. We also sug-
gest that future electrical resistivity or induced polarisation
tomography, which image near-surface resistivity or conduc-
tivity distribution under Rangitoto and Motutapu, will signifi-
cantly improve the quantitative interpretation of SP and CO,
gas flux data presented here.
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