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CO» flux measurements are often used to monitor volcanic systems, understand
the cause of volcanic unrest, and map sub-surface structures. Currently, such
measurements are incomplete at Tarawera (New Zealand), which erupted with little
warning in 1886 and produced a ~17 km long fissure. We combine new soil CO»
flux and C isotope measurements of Tarawera with previous data from Rotomahana
and Waimangu (regions also along the 1886 fissure) to fingerprint the CO» source,
understand the current pathways for degassing, quantify the CO» released along the
entire fissure, and provide a baseline survey. The total CO, emissions from the fissure
are 1227 t.d=' (742-3398 t-d~' 90 % confidence interval), similar to other regions in
the Taupd Volcanic Zone. The CO» flux from Waimangu and Rotomahana is far higher
than from Tarawera (>549 vs. ~4 t-d~! CO»), likely influenced by a shallow silicic body
at depth and Okataina caldera rim faults increasing permeability at the southern end
of the fissure. Highly localized regions of elevated CO», flux occur along the fissure
and are likely caused by cross-cutting faults that focus the flow. One of these areas
occurs on Tarawera, which is emitting ~1 t-d~" CO, with a §'3CO, of —5.5 + 0.5 %y,
and comparison with previous observations shows that activity is declining over time.
This region highlights the spatial and temporal complexity of degassing pathways at
volcanoes and that sub-surface structures exert a primary control on the magnitude of
CO» flux in comparison to the surface mechanism (i.e., CO» released through the soil or
lake surface).

Keywords: Tarawera, Waimangu, Rotomahana, CO, flux, carbon isotopes, volcanic degassing, gas permeability

INTRODUCTION

Carbon dioxide (CO,) is the second most abundant gas emitted from magma and, due to its low
solubility, exsolves at relatively high pressures (mid-crust to potentially upper mantle) (e.g., Mysen
et al., 1975; Blank and Brooker, 1994; Ni and Keppler, 2013; Edmonds and Wallace, 2017). CO,
emerges at the surface both actively during eruption and passively during quiescent periods, either
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through advection in volcanic plumes and fumaroles or
diffusively through lakes and soils (e.g., Baubron et al., 1990;
Allard et al., 1991; Burton et al., 2013). Areas of elevated
CO; flux can be mapped to elucidate the magmatic and
hydrothermal system, such as the occurrence of deep-seated
structures or other preferential pathways, for instance dikes,
faults, or variable geological units (e.g., Herndndez et al., 2001;
Werner and Cardellini, 2006; Carapezza et al., 2009; Mazot
et al, 2011; Hutchison et al., 2015; Cardellini et al., 2017).
Moreover, repeat measurements of CO, degassing in a volcanic
area can be integrated over time to monitor changes, allowing
for the discernment of potential causes of volcanic unrest (e.g.,
Baubron et al., 1991; Diliberto et al., 2002; Granieri et al., 2003;
Badalamenti et al., 2004; Carapezza et al., 2008; Inguaggiato et al.,
2011; Jacome Paz et al., 2016).

Here, we examine the CO; flux along the ~17 km long fissure
produced by the 10 June 1886 eruption of Tarawera volcano,
New Zealand (e.g., Thomas, 1888; Cole, 1970; Nairn, 1979). In
this explosive basaltic eruption, a fissure sliced through the pre-
existing rhyolite domes (Tarawera Volcanic Complex) in the
north-east, whilst in the south-west, the fissure intersected an
active hydrothermal system. After The 1886 eruption, the craters
from the fissure filled with water forming Lake Rotomahana and
the Waimangu Geothermal System became established. Previous
work has shown that the Waimangu-Rotomahana portion of the
fissure has high CO; emissions (Hurst et al., 2006; Mazot et al.,
2014), but there was no quantification for the Tarawera portion
of the fissure. Hence, we present new soil CO, flux and isotope
measurements collected on Tarawera, along the fissure created by
the 1886 eruption. These data are combined with measurements
of soil CO; flux at Waimangu (Hurst et al., 2006) and the surface
CO; flux of Lake Rotomahana (Mazot et al., 2014). We use these
data to understand the source of CO,, investigate the controls
on degassing pathways along the 1886 fissure, and calculate the
total CO, emissions. Further, our baseline survey can now be
compared to future measurements, especially during times of
volcanic unrest.

GEOLOGICAL AND VOLCANOLOGICAL
SETTING

The Tarawera Linear Vent Zone is one of two linear vent
zones in the Okataina Volcanic Centre, which is the most
recently active rhyolitic centre in the Taupd Volcanic Zone,
New Zealand (Figures 1A,B; Healy, 1962; Nairn, 2002). The most
recent domes in the Tarawera Volcanic Complex were produced
in the ~1314 Kaharoa eruption, namely: Crater, Wahanga,
Ruawahia, and Tarawera (Figure 1C; Nairn et al., 2001). The
most recent eruption occurred on 10 June 1886, which was a
basaltic Plinian eruption resulting in a ~17 km long fissure and
caused New Zealand’s largest number of fatalities from a volcanic
eruption at 108 people (Walker et al., 1984; Keam, 1988). The
eruption lasted for 5 h with the fissure extending from Tarawera
south-westwards to the area now occupied by Lake Rotomahana
and the Waimangu Geothermal System (Figure 1C; Walker
et al., 1984; Keam, 1988; Simmons et al., 1993). Pre-eruption,

FIGURE 1 | (A) North island of New Zealand with the location of the Taupd
Volcanic Zone (TVZ), where the black square shows the area covered in (B)
caldera systems (black, dotted lines: Rt = Rotorua, O = Okataina,

Kp = Kapenga, Rp = Reporoa, Mg = Mangakino, W = Whakamaru, and

T = Taupo) and lakes (blue) within the Taupo Volcanic Zone, where the black
square shows the area covered in (C) Waimangu Geothermal System (WGS),
Lake Rotomahana (LR), and Tarawera Volcanic Complex (TVC, dark gray with
black, solid outline), including the recent domes (light gray with black, solid
outline: T = Tarawera, C = Crater, R = Ruawahia, K = Kanakana, and

W = Wahanga) and 1886 fissure (white with black, solid outline), where lakes
are in blue (LT = Lake Tarawera), red regions are areas of geothermal activity
from Nairn (2002), and the black, dashed line indicates the Okataina caldera
rim.

the Rotomahana area contained two smaller lakes (Rotomahana
and Rotomakariri) and the sinter deposits of the Pink and White
Terraces (Nairn, 1979). Phreatomagmatic eruptions occurred in
the Waimangu-Rotomahana region and at the beginning and
end of the eruption at Tarawera, whereas magmatic eruptions
(Strombolian to Plinian in intensity) occurred on Tarawera itself
during the main eruptive phase (Nairn, 1979; Walker et al,,
1984; Sable et al., 2006, 2009). There was no thermal activity
reported at Tarawera prior to the 1886 eruption and the eruption
was preceded by little warning (Nairn, 2002). Since the 1886
eruption, most activity has been concentrated in Waimangu and
Rotomahana (Figure 1C). Geothermal activity has been well-
studied at Rotomahana, consisting of fumaroles, hot springs
and geysers, as well as bubbling areas within the lake (e.g.,
Walker et al., 2015; Stucker et al., 2016). Waimangu consists
of hot springs, crater lakes (such as Frying Pan and Inferno),
steaming and altered ground, minor silica deposits, and has
had hydrothermal eruptions since 1886 (e.g., Mongillo, 1994;
Vandemeulebrouck et al., 2008).

For many months after the 1886 eruption, steam continued to
be emitted from the fissure walls on Tarawera (Cole, 1970), but
in more recent times activity has been relatively minor. Nairn
(2002) describes five localities in Crater and Tarawera domes
where steam rose from regions of warm ground and two low-
pressure fumaroles, with temperatures of 55°C (1973) and 70°C
(1980) for the Crater dome fumaroles (Figure 1C). These features
are closely associated with outcrops of the 1886 basaltic dike and
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their location and intensity remained constant over time (Nairn,
2002). In 1985, there were two small active steam vents in the
deep crater between Ruawahia and Tarawera domes, although
activity was reported to be waning (Nairn, 2002). Giggenbach
et al. (1993) reported the temperature and gas compositions
for a fumarole (Tarawera forest, 98°C) and spring (Tarawera
swamp, 20°C) sampled in 1987/89, but the exact locations of the
features are not given. These gas compositions suggest mixing
between a MOR-type mantle component [Ry/Rp = 5.92-6.63,
where R is the *He/*He of the sample (M) and the present-
day Earth’s atmosphere (A)] and a CO;-enriched component
(CO, = 970-980 mmol/mol dry gas) from subducted marine
sediments, which is consistent with other volcanic features in the
Taupd Volcanic Zone (Giggenbach et al., 1993). The GNS Science
Geothermal and Groundwater Database' lists three features in
Tarawera consisting of two regions of steaming ground and one
weakly steaming fumarole, which are all located in Crater J. There
are also hot water seepages on the southern edge of Lake Tarawera
consisting of warm springs (25-30 °C), gas bubbles, elevated
lake floor temperatures, and a low resistivity region (Figure 1C;
Bennie and Stagpoole, 1985; Whiteford et al., 1996; Nairn, 2002).
This suggests that there is currently an ongoing heat and gas
source beneath Tarawera (Nairn, 2002).

MATERIALS AND METHODS

Soil CO, Flux Measurements

Soil CO; flux measurements at Tarawera were made using the
accumulation chamber method with a portable non-dispersive
Infra-Red system (WS-LI820-CO2: West Systems © S.rl,
Pontedera (PI), Italy; Chiodini et al., 1998). Soil temperatures
(~15 cm below the surface) were made concurrently at each
location. The ambient air pressure and temperature were
measured at least at the beginning and end of each day, and
linearly interpolated for each measurement. Measurements were
conducted at least one day after any rainfall, as rain can influence
the porosity and the CO, degassing to the surface (e.g., Reimer,
1980; Hinkle, 1994).

The 1886 fissure in Tarawera was surveyed during two
field campaigns (a total of three days in February-April 2016
and nine days in February-March 2017), where 339 locations
were measured (361 measurements in total, including repeats)
covering Craters D-K (Figure 2). Crater floors, septa, and
rims (apart from the northern rim of Wahanga dome, which
is sacred to Ngati Rangitihi iwi) were measured, whilst some
areas were inaccessible (although these areas showed no visual
indications of degassing). The ground tended to be covered in
small scoria (which sometimes made creating a good seal around
the chamber difficult) or thin soils (sufficiently deep to create a
good seal around the chamber). The steep crater walls and survey
scale prevented GPS from accurately recording measurement
locations. Therefore, most localities were recorded by annotating
and then digitizing Google Earth Images and high-resolution
orthophotos, which were generated from a DEM created using

Thttp://ggw.gns.cri.nz/ggwdata/

1 km

1 1
176.52 176.54 °E
FIGURE 2 | Locations of CO» flux measurements at Tarawera with craters
(white, solid outline) labeled after Sable et al. (2006). Stars indicate location of
isotope samples (Tarawera-1 and Tarawera-2). Image from Google Maps.

a DJI Phantom 4 and Agisoft photoscan. These were combined
with differential GPS to locate the measurements. Copies of the
annotated maps are included in the Supplementary Material to
show exact measurement locations. Craters A, B, C, and M were
not surveyed as they are highly vegetated and outside the domes
themselves. Crater ] was surveyed in both 2016 and 2017.

Soil CO; flux (¢co, in grm~2-d"!) was calculated at each
location using:

\% T() P dc

$Co = LT By dt

where dc/dt is the change in CO; concentration over time as CO;
accumulates in the chamber during the measurement (ppm-s~!),
k is a constant to convert to g-m~2.d~! (155.87 g-d~!), P is the
pressure (kPa), T is the temperature (K), V is the net global
volume of the chamber (6.23 x 1073 m?), A is the area of
the base of the chamber (3.14 x 10~2 m?), T, is 298 K, and
Py is 101.3 kPa. Where repeat measurements were taken, the
average for that location was calculated. The detection limit
for this system is ~1 g-m~2.d~!. All data are available in the
Supplementary Material.

Soil Gas §'3C0O, Measurements

Gas samples for 3'°CO, isotope analysis were collected by
extracting gas from the accumulation chamber using a syringe
at the beginning and end of a CO, flux measurement (Chiodini
et al., 2008). One set of samples was collected where the highest
CO; flux was measured on Tarawera (Tarawera-1), along with
samples of ambient air, and one set of samples was collected over
vegetation (Tarawera-2) (Figure 2). The samples were introduced
into evacuated tubes filled with Helium. A Europa Geo 20-20 dual
inlet at the National Isotope Centre, GNS Science, New Zealand,
was used to measure the 813CO, (reported in %o variation relative
to VPDB), with a precision of 0.1 %o.

Additional CO, Flux Data

We combine the Tarawera CO;, flux data with previous
surveys of Rotomahana (Mazot et al., 2014) and Waimangu
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(Hurst et al., 2006). The survey of Rotomahana consisted of
484 measurements covering the entire lake surface in 2010-
2011, including 3'3CO, measurements of the gas in bubble
plumes (Mazot et al., 2014). The CO; flux was measured at the
lake surface using the same accumulation chamber method as
described in the section “Soil CO, Flux Measurements”, except
the chamber was floating on the lake surface (Mazot, 2005).
The survey also measured the chemical and physical properties
of the lake water in two vertical profiles and used an echo
sounder to locate bubble plumes (Mazot et al., 2014). The survey
of Waimangu consisted of 101 locations (102 measurements,
including repeats) along two transects using the accumulation
chamber method conducted in February 2006 (Hurst et al., 2006).
These measurements were collected in conjunction with electrical
resistivity measurements and 1 m depth ground temperatures
(Hurst et al., 2006).

Data Processing

Graphical statistical analysis was used to separate the
CO, flux data (excluding data below detection limit)
into different log-normal distributions for Tarawera
(this study) and Waimangu (Hurst et al, 2006) data
separately (graphical statistical analysis for Rotomahana
was calculated by Mazot et al, 2014) and the fissure as a
whole (Fissure = Waimangu + Rotomahana + Tarawera). The
proportion (x), arithmetic mean (), and 90 % confidence
interval (calculated using the Sichel T-test) of each population
are estimated using Sinclair (1974; Table 1). The areas of
Waimangu and Tarawera were calculated from the minimum
bounding rectangle for the measurement locations using the
getMinBBox function in the shotGroups package for R (R Core
Team, 2018; Wollschlaeger, 2018) and the area of Rotomahana
was the lake surface taken from Mazot et al. (2014; Table 2). The
total CO, flux (77602) was calculated using:

n
i=A

where j refers to Waimangu or Tarawera with area A, and i is the
population with proportion x and ¢ mean CO; flux (Tables 1
and 2). The CO, flux range is calculated using the lower and
upper 90 % confidence interval for CO, flux instead of the mean.
As the Tarawera data contained data below detection limit, the
population proportions were recalculated to include data below
detection limit. CO, flux measurements below detection limit
were assumed to have 0-1 g-m~2.d~! CO, flux. As the surveys
were conducted at different spatial resolutions, and hence each
measurement does not represent the same area in each region, the
total CO; flux (and range) for the whole fissure was calculated by
summing the individual total (and range) CO; fluxes.

Two methods were used to estimate the spatial distribution
and total CO; flux for the Tarawera data. WinGslib was used to
estimate the CO; flux for all Tarawera data (Deutsch and Journel,
1998). A variogram quantifies the spatial correlation of the CO,
flux by comparing the CO, flux value at one location to those
at other locations at set distances (defined by the lag spacing,
which should be similar to the data spacing) and directions

TABLE 1 | Results from graphical statistical analysis.

Population Proportion (%) Mean CO, flux CO; flux range
(g-m-2.d") (g:m-2.d7")
Waimangu-A 7 449 364-684
Waimangu-B 8 119 99-171
Waimangu-C 85 22 20-26
Rotomahana-A' 5 1297 670-4343
Rotomahana-B' 94 25 23-28
Rotomahana-C'’ 1 0.1 0.06-0.26
Tarawera-A 3 611 246-1138
Tarawera-B 3 67 35-228
Tarawera-C 10 7 6-9
Tarawera-D 9 1 1-2
Tarawera-E 75 bdl 0-1
Fissure-A 3 4586 1600-29759
Fissure-B 8 161 124-201
Fissure-C 52 25 24-27
Fissure-D 3 4 4-5
Fissure-E 3 1 1-2
Fissure-F 30 bdl 0-1

Range is the 90 % confidence interval. ' Rotomahana data from Mazot et al. (2014).
bdl = below detection limit (<1 g-m~2.d~" COy flux).

TABLE 2 | Total CO» flux using graphical statistical analysis, sequential Gaussian
simulations, and ordinary kriging.

Total CO; flux (range) (t-d~ )

Graphical Sequential Ordinary
statistical Gaussian kriging
Region Area (km?) analysis simulations
Waimangu 1.10 66 (52-92)
Rotomahana’ 9.63 1113 (667-3211) 549 + 72
Tarawera 212 48 (20-95) 4.2 +£24(0.7-13.5)
Crater J (all) 11
Crater J (2016) 0.5
Crater J (2017) 1.2
Fissure 12.85 1227 (742-3398) >553 £ 72

Range is 90 % confidence interval. Error is one standard deviation. 'Rotomahana
data from Mazot et al. (2014). Fissure is calculated using the combined data from
Waimangu, Rotomahana, and Tarawera.

(defined by the azimuth and total azimuth for the range of angles
considered) (Figure 3). For the Tarawera data, a variogram was
produced using 65 lags, a lag spacing of 12 m, and an azimuth
of 30° with a total azimuth of 30° (Figure 3). The variogram
was fitted using an azimuth of 30°, a sill of 0.82 (value the
variogram plateaus at), nugget of 0.30 (in the ideal case this would
be 0 but measurement error elevates this value), and a range
of 100 m (value where the data become spatially uncorrelated)
(Figure 3). This variogram was used in the sequential Gaussian
simulations, which were produced using simple kriging, a grid
size of 34 x 34 m, a search radius of 40 m, and by averaging 100
simulations. Total CO, flux was calculated from the average of
the simulations and the error was calculated from the variation
between simulations. Only one area at Tarawera was found to
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FIGURE 3 | Experimental (65 lags, a lag spacing of 12 m, and an azimuth of
30° with a total azimuth of 30°; white circles) and model (azimuth of 30°, a sill
of 0.82, nugget of 0.30, and a range of 100 m; black line) semi-variogram (y is
the variogram value, where higher values indicate the data are more
correlated) of Tarawera CO» flux normal scores used in the sequential
Gaussian simulations. The inset illustrates how the variogram is calculated:
the circles represent data points at different spatial locations. The spatial
correlation of the blue data point to other data points (variogram) can be
calculated considering the red data points which are at azimuth a and within
total azimuth ar. The lag number (n) is indicated in black (1, 2, 3, 4) and
correlates to distances of L-n, where L is the lag spacing. This procedure was
carried out for all data points to calculate the variogram.

be significantly emitting CO, (Crater J), and the region over
which degassing occurred was much smaller than the grid size
required to model the entire Tarawera dataset. Therefore, data
from Crater ] were interpolated using ordinary kriging with a
3 x 3 m grid spacing, to estimate the spatial variation and CO,
flux for all, 2016, and 2017 data. The spatial distribution of the
Waimangu data does not make interpolation appropriate (Hurst
et al., 2006) and sequential Gaussian simulations were applied to
the Rotomahana data by Mazot et al. (2014).

RESULTS

We observed no visual hydrothermal activity, such as
fumaroles or steaming ground, at Tarawera. Our survey
was in summer/spring when it would be less likely to observe low
temperature, steaming ground but others (e.g., tour guides, iwi
members) who visit the mountain regularly throughout the year
have also not observed steaming ground in recent years. 75 %
of Tarawera CO, flux measurements are below detection limit
(bdl, <1 g~m_2~d_1 CO; flux) (Table 1). Repeat measurements
in Tarawera at the same location have a range in their variability
(flux/mean flux) of +2-146 % (8 locations) when measured
on the same day and +5-100 % (7 locations) when measured
in consecutive years. The 8'3CO, from the highest CO, flux
area in Tarawera (within Crater J) is —5.5 £ 0.5 %o (Table 3).
Soil temperatures range from 10-44°C at Tarawera, and soil
temperatures do not correlate with CO, flux at Waimangu and
weakly correlate at Tarawera (Figure 4).

Tarawera CO; flux can be described by four log-normal
distributions (in order of decreasing mean CO, flux): Tarawera-
A, Tarawera-B, Tarawera-C, and Tarawera-D, with an additional

TABLE 3 | 3'3CO, isotopic data.

Location Description No. samples CO, flux 313C0,
(gm-2.d7") (%0)
Waimangu Pools —3.6to —3.1
Rotomahana?® Bubbles —2.88t0 —2.39
Tarawera-1 Soil 3681 —55+05
Tarawera-1 Air 112+ 141
Tarawera-2 Vegetation 4 7.8 —13.8+ 1.6

Errors are one standard deviation of the repeat measurements for Tarawera data
from this study, and other data are from Giggenbach (1995) and 2Mazot et al.
(2014).

T T R or T T Al
) 3r ° ° 4
J‘? q)c:oo % A A AA
N o
€ o A A
o 2F . o 8 AAA A A i
5 A A
= ° VSN
o 1+ A AA A ]
C »gKs 8 “
2 > 4
3 of ® 2 aWaimangu -
bdl o Tarawera
0 20 40 60 90 100

Soil temperature (°C)

FIGURE 4 | Soil CO; flux against soil temperature at ~1 m depth for
Waimangu (red triangles) and ~15 cm depth for Tarawera (blue circles). Data
in the box are below detection limit (bdl, < 1 g-m=2.d"1 CO, flux).

group to include data below detection limit (Tarawera-E)
(Table 1 and Figures 5B,E). The total Tarawera CO, flux
using graphical statistical analysis is 48 t-d~! using an area
of 2.12 km? for Craters D-K (20-95 t-d~! 90 % confidence
interval, Table 2). Waimangu CO; flux can be described using
three log-normal distributions (in order of decreasing mean CO;
flux): Waimangu-A, Waimangu-B, and Waimangu-C (Table 1
and Figures 5A,D). The total Waimangu CO; flux is 66 t-d~!
using an area of 1.10 km? (52-92 t-d~! 90 % confidence
interval) (Table 2).

Alternatively, we can apply graphical statistical analysis to the
entire fissure (Fissure; Figure 5C), including the Rotomahana
data from Mazot et al. (2014). As the individual surveys
(i.e., for Waimangu, Rotomahana, and Tarawera) have different
spatial resolutions, each measurement does not represent the
same area and hence the proportions are incorrect. These
data are described by six groups (including a group for
data below detection limit), compared to 11 required to
describe Waimangu, Rotomahana, and Tarawera separately
(Table 1 and Figure 5F). By combining all the data, Fissure-A
(highest mean CO, flux) consists of Waimangu-A, Rotomahana-
A, and Tarawera-A; and Fissure-B consists of Waimangu-
B and Tarawera-B (Table 1 and Figures 5D-F). Fissure-C
has similar characteristics to Waimangu-C and Rotomahana-B;
whilst Fissure-D is Tarawera-C, Fissure-E is Tarawera-D, and
Fissure-F (data below detection limit) includes Rotomahana-C
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and Tarawera-E (Table 1 and Figures 5D-F). The total CO,
flux from the whole fissure is 1227 t-d~! (742-3398 t-d~' 90 %
confidence interval) (Table 2).

The CO, flux distribution generated using sequential
Gaussian simulations for Tarawera is shown in Figure 6 and
the total Tarawera CO, flux is 4.2 + 2.4 t-d~ 1, with a range
of 0.7-13.5 t-d~! (Table 2). All high CO, flux (Tarawera-A
and Tarawera-B, Table 1 and Figure 5E) is found in Crater
J (Figures 6, 7), where soil temperatures reach 44°C. Within
Crater J, CO, degassing is highly localized reaching a maximum
of 3200 g¢m~2.d~! and decreasing in intensity away from the
septum between Craters I and ], where there is an outcrop of
basaltic dike from the 1886 eruption (Figures 6, 7). The total
CO, flux from Crater J is 1.1 t-d~! for all data, 0.5 t-d™! for
2016 data, and 1.2 t-d~! for 2017 data (Table 2). Other areas of
1886 dike outcrop do not show elevated CO, flux (Figure 6).

Combining the total CO, flux estimate for Rotomahana from
Mazot et al. (2014) with Tarawera gives a minimum value of
553 4 72 t-d~! for the north-eastern section of the whole fissure
(Table 2). Evaluating the total CO; emissions from the whole
fissure using sequential Gaussian simulations is not possible as
the flux from Waimangu is not fully constrained. The diverse
range of features emitting CO;, such as Frying Pan and Inferno
lakes, make it very difficult to accurately quantify the total CO,
flux in this area.

DISCUSSION

Sources of CO,
The magnitude of CO, flux and its isotopic composition (and
soil temperatures) can be combined to identify the source of
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CO; (e.g., Chiodini et al., 2008). In general, background CO,
is typically biogenic with low flux (0.2-21 gm~2.d~! CO,)
and light isotopic signature (—35 to —7 %o 813C0O,) (Raich
and Schlesinger, 1992; Cheng, 1996; Raich and Tufekciogul,
2000; Chiodini et al., 2008). Magmatic CO; has higher fluxes
(>400 g-m’z-d’1 CO3) and heavier isotopic signatures (> —5 %o
813C) (Chiodini et al., 2008). Also, mixed populations (i.e.,
background + magmatic) occur.

The number of CO, flux groups decreases from 11 to 6
when Waimangu, Rotomahana, and Tarawera are combined
(Fissure, Table 1 and Figures 5D-F). This demonstrates there
is overlap in the population distributions of the CO, flux
between the three regions. Fissure-A and Fissure-B are due to
magmatic/hydrothermal processes, as revealed by their high CO,
fluxes (mean CO, flux 4586 g-m~2-d~! and 161 g-m2.d~},
respectively) and $13C0O, isotopic signatures (—5.5 to —2.39 %o,
Table 3). Both populations occur in localized areas, likely
focused by highly permeable pathways (e.g., Aiuppa et al,
2004; Hutchison et al., 2015). Fissure-A is the high flux area
of Rotomahana, associated with the presence of sublacustrine
vents and bubble plumes, and the equivalent sub-aerial process
in Waimangu and Tarawera. Fissure B is degassing through
the soil and is present in Waimangu and Tarawera. Fissure-C
(mean CO, flux 25 gm~2.d~!, found in Waimangu and
Rotomahana) is not spatially localized and represents the mixture
of the high- and low-flux populations. In Rotomahana this
represents CO, diffusion at the air-water boundary, whilst at
Waimangu this is diffuse degassing with a mixed hydrothermal-
biogenic component. Fissure-D (mean CO; flux 4 g-m’z-d’l)
and Fissure-E (mean CO, flux 1 g-m~2.d~!) represent the
background CO; flux for Tarawera, which is likely biogenic in

origin. The two rates of background CO; flux may be due to
the difficulty in creating and maintaining soils resulting in less
biological activity due to the steep crater walls in some areas
of Tarawera. Fissure-F (Rotomahana and Tarawera) is below
detection limit.

Volcanic eruptions within the Okataina Volcanic Centre have
been overwhelming driven by rhyolitic magmas (e.g., Nairn,
2002), with limited volumes of basalt erupted as discrete events
(e.g., Matahi Scoria: Pullar and Nairn, 1972) or as part of a
potential trigger mechanism (e.g., Kaharoa eruption: Leonard
etal.,, 2002). Previous work on rhyolitic eruptions in the Okataina
Volcanic Centre has shown that the storage depths are ~4-
6 km, based on the volatile contents of phenocryst-hosted melt
inclusions (Johnson et al., 2011). Additionally, magneto-telluric
inversions delineate a highly conductive region >3.5 km depth
under Waimangu and the southern end of Rotomahana, which
is interpreted as a shallow silicic intrusion, but this conductive
region is not present at the northern end of Rotomahana
toward Tarawera (Heise et al., 2016). The low solubility of CO»,
especially in rhyolites, suggests that CO; is likely to decouple
from magmas at greater depths than these shallow, rhyolitic
intrusions (e.g., Mysen et al., 1975; Blank and Brooker, 1994;
Ni and Keppler, 2013). This, in combination with the CO,
isotopic signature, suggests that the source of the CO, across
the entire fissure is either the mantle or deep-seated mafic
magmas that are degassing in the lower crust (Mazot et al., 2014).
For instance, geophysical data suggests zones of interconnected,
partial melts occur at >10 km in the Okataina Volcanic Centre
(e.g., Bannister et al., 2004; Heise et al., 2007, 2010; Villamor
et al., 2011), which at these depths are likely to be basaltic
in composition. Clinopyroxene geobarometry for the Tarawera
basalt gives depths between 4-12 km (100-300 MPa, assuming
a crustal density of 2500 kg-m~3), although some pressures
were >28 km (>700 MPa), which is within the mantle-crust
boundary (15-21 or 25-30 km depth depending on the study)
(e.g., Stratford and Stern, 2002; Bannister et al., 2004; Sable
et al., 2009). This is supported by gas measurements of other
features in the Tarawera Volcanic Complex (and Taupd Volcanic
Zone), which point to a carbon-rich, MOR-type mantle source
(Giggenbach, 1995) and the CO; flux from other areas in the
Taupo Volcanic Zone (e.g., Rotorua), which are fed by deep
seated magmas (Werner and Cardellini, 2006).

Spatial Variation in CO5 Flux

The magmatic/hydrothermal CO, varies along the whole fissure,
in both isotopic signature and magnitude (Tables 1 and 3).
The calculated 3'*CO, in equilibrium with the bubble plumes
at Rotomahana is —2.88 to —2.39 %o (Mazot et al, 2014),
consistent with a magmatic origin, but heavier than the values
observed at Tarawera of —5.5 & 0.5 %o (Table 3). Also, dissolved
gas from Waimangu geothermal features (e.g., lakes and pools)
are heavier with —3.6 to —3.1 %o 3'3CO, (Giggenbach, 1995;
Table 3). This could indicate different sources for the CO,
occurring along the fissure or temporal variations in 3'*CO,
as these data were collected at different times (Waimangu
in 1978/79, Rotomahana in 2012, and Tarawera in 2017).
More likely, however, these variations reflect fractionation
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during different processes effecting the CO;, as it travels to
reach the surface. For instance, CO, can become kinetically
isotopically fractionated as it diffuses through the soil, resulting
in CO; close to the soil-atmosphere interface being isotopically
heavier than the true value (Camarda et al., 2007). Also, CO,
undergoes equilibrium isotopic fractionation between free CO;
and dissolved C-bearing species in water, which was corrected for
in the Rotomahana data (+4.23 to +4.72 %o 8'*Crpic to —2.88
to —2.39 %o calculated 8'3CO,) but not for the Waimangu data
(Mook et al., 1974; Inguaggiato et al., 2000).

The magmatic/hydrothermal CO, flux is heterogenous
along the whole fissure (Figure 8A). Firstly, the total CO,
flux from Waimangu and Rotomahana (1179 t-d~! using
graphical statistical analysis and >549 t-d~! using sequential
Gaussian simulations) is much higher than from Tarawera
(48 t-d~! using graphical statistical analysis and 4.2 t-d~!
using sequential Gaussian simulations) (Table 2). This is due
to greater proportions of Fissure-A, Fissure-B, and Fissure-C
CO, flux populations (focused and diffuse predominantly
hydrothermal/magmatic CO; fluxes, Table 1) in Waimangu and
Rotomahana compared to Tarawera. The discrepancy is likely
larger as there is significant uncertainty in the Waimangu CO,
flux, which is likely an underestimate as much of the degassing
has not been measured (e.g., only two transects have been
measured and fumarolic plumes/bubbles in the pools have not
been measured) and the total CO, flux greatly depends on the
area taken for Waimangu. Despite the uncertainty in the CO, flux
from Waimangu, this shows that the fissure is heterogeneously
degassing CO,. This is a long-lived feature of the area, as prior to

the 1886 eruption what is now Rotomahana contained extensive
geothermal activity (e.g., the Pink and White terraces), whilst
Tarawera was inactive (e.g., Nairn, 2002).

This could imply a difference in the CO, source between
the Waimangu-Rotomahana and Tarawera areas, where shallow
intrusions feed Waimangu-Rotomahana and deep intrusions feed
Tarawera, but as discussed in the section “Sources of CO,” this is
unlikely due to the low solubility of CO; in rhyolites (e.g., Mysen
et al., 1975; Blank and Brooker, 1994; Ni and Keppler, 2013).
Therefore, the source of CO; in both regions is likely to be deep
intrusions, but variations of the CO, flux at the surface are due
to permeability differences in the overlying rock. This could be
partly due to Rotomahana occurring on the caldera edge, whilst
Tarawera lies within the caldera. The caldera edge contains rim
faults, which likely explains the elevated heat and gas flux here,
and the dikes and craters formed during the 1886 eruption could
have extended this area outside the caldera rim into Waimangu.
Additionally, the shallow intrusion may help to maintain the
pathways to the surface (e.g., providing additional heat as the
intrusion cools) and thus facilitates deep CO, reaching the
surface in Waimangu and Rotomahana compared to Tarawera.

Secondly, the magmatic/hydrothermal CO; flux has broadly
two different magnitudes (Figure 8A). The lower CO, flux
(Fissure-C, Table 1 and Figure 5F) occurs everywhere and is the
mixture between the background and magmatic/hydrothermal
fluxes. The higher CO; flux is spatially highly localized (Fissure-A
and Fissure-B, Table 1 and Figure 5F), which is degassing
through vents and the surrounding soil, and is associated
with elevated soil temperatures in Waimangu and Tarawera
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(maximum of 98 and 44°C, respectively). The difference between
Fissure-A/Fissure-B and Fissure-C is likely a permeability
control, rather than a change in source, because of the localized
nature of Fissure-A/Fissure-B (~1-10 m in width parallel to the
fissure trend) and it is found throughout fissure (two regions in
Waimangu, two in Rotomahana, and one in Tarawera). However,
more data are needed for Waimangu to fully understand the
spatial features in this area.

There are several potential explanations for these spatially
localized areas of flux. The basaltic dikes from the 1886 eruption
themselves could provide elevated permeable pathways for CO,
(e.g., Nairn, 2002). Fluid pathways have been linked with the
structure of domes, with elevated fluid flow along permeability
pathways associated with domes, dike margins, conduit shear
zones, and eruptive vents in both volcanic and hydrothermal
areas (e.g., Werner and Cardellini, 2006; Rissmann et al., 2011;
Gaunt et al., 2014). We observed a dike outcrop associated with
the elevated CO; flux in Crater J (Nairn and Cole, 1981), which
is also the centre of Crater dome (subsequently overlain by
Ruawahia and Tarawera domes). However, there are many dike
outcrops and domes in Tarawera which are not associated with
elevated CO, flux, therefore there must be an additional factor
influencing the location of increased degassing.

Elevated CO, fluxes within the fissure could be associated with
faults, which provide pathways for fluids to reach the surface
(e.g., Aiuppa et al., 2004; Werner and Cardellini, 2006; Hutchison
et al., 2015). The 1886 fissure trends at 57°N due to extension of
the Taupd Volcanic Zone, whilst dike outcrops within the fissure
are aligned more easterly due to near surface stresses (Malahof,
1968; Nairn and Cole, 1981). This feature likely exerts a first order
control on the CO; flux within the Tarawera Linear Vent Zone,
although measurements have not been made outside the fissure.
The CO; flux could be focused into the discrete regions at the
intersection of faults that cross-cut the fissure and the fissure
itself. Regional structures within the Taup6 Volcanic Zone (but
outside the Okataina Volcanic Centre) are aligned at ~40°N,
and structures outside the Taupo Volcanic Zone in the basement
greywacke are typically aligned north-south (Nairn and Cole,
1981; Seebeck et al., 2010). For instance, the craters associated
with the Rotokawau eruption are east-west aligned, indicating
there are structural features at other orientations to the spreading
direction in the Okataina Volcanic Centre (Nairn, 2002). On the
other hand, these faults could be associated with Reidel shear,
which are a set of faults at a high angle to the main fault (75°),
or with steps in the main fault at depth, as the dikes for the 1886
fissure are en echelon. A conceptual model of the sub-surface
beneath the 1886 fissure is shown in Figure 8B.

Temporal Variation in CO5 Flux and

Baseline Monitoring Data

The entire fissure was surveyed over 11 years; therefore, it
is important to address whether these data can be combined.
Previous repeat surveys at Rotorua conducted approximately a
decade apart produced similar CO, flux maps, although local-
scale changes were observed (Werner and Cardellini, 20065
Hanson et al., 2018). We assess the reproducibility of CO; flux

measurements by comparing repeat measurements at the same
location on the same day and approximately a year apart at
Tarawera, and the surveying of Crater J in both 2016 and 2017.
The variability between measurements at the same location made
on the same day and a year apart are similar (+2-146 % and +5-
100 %, respectively). This variation is larger than that measured
in a laboratory setting (10 % for 0.2 to >10000 g¢-m~2.d~! CO,
flux) (Chiodini et al., 1998), but is in the range of those made in
the field at the same location on the same day by different groups
(£5-167 %) (Lewicki et al., 2005). Such temporal variations are
a combination of error and natural changes in the flux (Lewicki
et al., 2005). The total flux from Crater J in 2016 was 0.5 t-d~!
compared to 1.2 t-d~! in 2017, which is twice the variability
observed by Lewicki et al. (2005) (41 vs. £22 %, respectively)
(Table 2). The same locations were not measured in Crater ] both
years and spatial variations can exist at the meter-scale (Figure 7).
The highest CO; flux location was only measured in 2017 (622
vs. 3884 g-m~2.d~! maximum measured CO, flux in 2016 and
2017, respectively) and the measurement density was higher in
2017. Hence, although the flux was lower in 2016 it occupied
an apparently greater area of the crater floor, resulting in similar
overall fluxes. These observations give confidence in combining
the CO; flux data from different surveys.

Combining our data and observations with previous data
implies that activity at Tarawera continues to decline over
time (Cole, 1970; Nairn, 2002). Between 1973 and 1987 there
were fumaroles with temperatures ranging from 50 to 98°C
(Giggenbach et al., 1993; Nairn, 2002), whereas in 2016-2017
there was no evidence of any fumaroles. A region of warm ground
remains (maximum 44°C soil temperature), but it is not hot
enough to produce steam. This either implies that over time there
has been a reduction in CO, and heat from the source (e.g., no
new influx of magma for along time, hence no new CO; or heat to
reach the surface), or the pathways of CO, and heat are gradually
sealing off (e.g., due to precipitation within the fluid pathways).
This would be consistent with no thermal activity being visible
at Tarawera prior to the 1886 eruption, even though the Kaharoa
eruption occurred in ~1314.

Our compiled baseline survey of the whole fissure is
particularly relevant for determining any future unrest in the
Okataina Volcanic Centre and understanding its cause, or more
specifically along the Tarawera Linear Vent Zone. Sherburn and
Nairn (2004) model the potential precursory activity to the
next eruption from Tarawera and suggest that seismicity will
be the first sign of unrest (~5 years prior to eruption), with
new springs and fumaroles appearing ~1 year prior to eruption.
Soil CO, emissions were not considered, but changes in gas
emissions can reveal activity prior to seismicity (e.g., Poland
et al.,, 2008; Werner et al., 2013). CO, emissions are invisible;
therefore, measurements are typically made after seismic unrest
begins or surface deformation is observed, but we now have
a further method to monitor unrest using soil CO, flux and
isotopic ratios. Our spatial coverage at Tarawera, combined with
that of Waimangu and Rotomahana, show that there is large
variability in the CO, flux across the fissure. Waimangu and
Rotomahana CO, fluxes are more active than Tarawera, but
future measurements could be collected across these features
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and compared to the compiled baseline survey. For instance, the
small area of degassing in Tarawera (compared to Waimangu and
Rotomahana) coupled with the steady decline of this fumarole
field makes any degassing changes relatively straightforward to
delineate in Crater J. Future monitoring for increases in CO;
flux, soil temperature, or area over which degassing occurs, as
well changes in the isotopic composition of the CO,, in Crater
J could indicate changes in the source or depth of magma
beneath Tarawera.

Total CO, Emissions

The total CO, emissions from the whole fissure are 1227 t-d~!
(742-3398 t-d~! 90 % confidence interval) from graphical
statistical analysis and a minimum of 553 + 72 t-d~! based on
sequential Gaussian simulations estimates from Rotomahana and
Tarawera. There is significant uncertainty in this value due to
the limited data available from Waimangu. Mazot et al. (2014)
estimated the total CO, emissions from Waimangu-Rotomahana
as ~1000 t-d~1 by using the average CO, flux from Rotomahana
over the area of both Rotomahana and Waimangu (assumed
to be 4.4 km?). Additional data expanding the area measured
at Waimangu, including measurements of the pools and other
features, would especially help to constrain the area over which
degassing occurs and its magnitude to refine this estimate. Along
the 1886 fissure there is a lack of data connecting Rotomahana to
Tarawera. As there are significant differences in the quantity of
CO;, being released in these two regions, data in this area would
help understand where the change occurs. To further improve the
estimate of the total CO, emissions, measurements outside the
fissure (e.g., soil CO, emissions in transects perpendicular to the
fissure) would help to constrain the total area degassing.

Despite this significant uncertainty, almost all the CO, is
magmatic/hydrothermal as the other components have orders
of magnitude lower CO, flux. Hence, this provides a minimum
estimate of the magmatic/hydrothermal CO; flux in this area,
which is a significant emission rate globally. For comparison, the
Rotorua geothermal system produces 620 t-d~! over 8.9 km?,
but emissions from the lake were not measured which would
extend the area of emissions by one third. Including the emissions
from the lake would result in an emission rate of ~1000 t-d~!
(Werner and Cardellini, 2006), a similar value to our results
across the fissure. Rotokawa is a non-volcanic, developed high-
temperature geothermal field within the Taupd Volcanic Zone
that emits 441 + 84 t-d~! over 2.88 km? (Bloomberg et al.,
2014), which is a similar value if scaled to the same area as
the fissure. Our value is also similar to Whakari/White Island,
New Zealand (1249 + 117 t-d~1, 0.61 km?, Werner et al., 2004,
2008; Bloomberg et al., 2014; Christenson et al., 2017), which
passively degasses CO, through a volcanic plume and the soil,
but Tarawera is degassing over a much larger area.

CONCLUSION

We combine soil and lake CO, flux and $!°CO, measurements
along the fissure created during the 1886 Tarawera eruption. The
fissure is emitting 1227 t-d~! (742-3398 t-d~! 90 % confidence

interval) CO,, which is similar in magnitude to other regions in
the Taupd Volcanic Zone The CO, degassing along the fissure
is a combination of magmatic and biogenic CO,, where the
magmatic CO; is sourced from the mantle or deep-seated mafic
magmas. There is significant variability in CO, degassing along
the fissure, with elevated magmatic degassing at Waimangu and
Rotomahana likely due to enhanced permeability where the
fissure and caldera rim intersect and the presence of a shallow
silicic body. Additionally, highly localized regions of very high
flux are facilitated by faults that cross-cut the fissure. Activity
along the fissure has changed over time since its creation, and
future CO; flux and 5'3CO; can be compared to this dataset in
case of volcanic unrest.
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