











temperatures corresponded with higher CO; emissions (McGee et al, 2006). In our survey,
even though there is not a clear statistical correlation between CO; and soil temperature the
center of the feature is the area with higher values for both parameters. Therefore, we
suggest the hypothesis of one hidden fault that goes from the south-west to the north-east

direction of the feature is likely to exist at the Puhimau geothermal area (Figure 28).

Figure 28. Hypothesized fault based on the relationship between high CO; flux and topography at the
Puhimau geothermal area.

7.2 Diffuse H»S flux

The emission of SO> from the Pu‘u ‘O‘o vent, East Rift Zone and the summit of Kilauea
was quantified in 1995 by McGee and Gerlach (1998) estimating 2,160 t d! at the vent and

in 1998 Gerlach et al. (1998) estimating 210 t d"! at the summit (McGee and Gerlach,
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1998; Gerlach et al, 1998). Based on the previous estimations of gas emissions it can be
established that the magma injected into the East Rift Zone retains most of its volatiles and
it’s rich in SO after the loss of most of its CO> (McGee et al, 2006; Gerlach et al, 1998
Sutton et al., 2001). During previous surveys at the Puhimau geothermal area and the Upper
East Rift Zone, there was no apparent evidence of Sulphur emissions (McGee et al, 2006).
In contrast, during our 2017 survey flux emissions of H»S above detection limits were
found and quantified.

The total flux emissions of H>S at the Puhimau geothermal feature were determined to
be from 0.0759 to 0.0764 t d'!. The emission of a SO, rich gas at the surface suggests
magma underneath the geothermal feature at a shallow depth. High solubility of SO> in
basalts exsolve at very low pressures requires that magma that passes underneath the
Puhimau Geothermal must be shallow enough to release SO, over part of the area. The
change in SO> to H>S may be attributed to the scrubbing of the sulfur in the at shallow
depths (0.5 to 2km) in the system (Ingebritsen and Scholl, 1993; Kauahikaua, 1993; Tilling
and Jones, 1991). Based on previous self-potential studies, dikes in the East Rift Zone
constrained and impounded water resulting in a shallow water table at the Upper East Rift
Zone (Jackson and Kauahikaua, 1987). Therefore, it is likely that SO, undergoes hydrolysis
due to the fact that the main magma conduit resides below the water table in the Upper East

Rift Zone (Symonds et al., 2001).
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7.3 Origin of soil gas emission distribution

The underlying structures (faults and fractures) can be revealed in the Puhimau
geothermal area based on the distribution of the gas flux emissions. Previous research
shows that areas with high CO, emissions are localized along eruptive fissures, a system
of faults, fractures, craters, fumaroles, and collapsed rims (Giammanco et al., 1998;
Lewicki and Brantley, 2000; Chiodini et al. 2001; Cardellini et al., 2003; Frondini et al.,
2004; Giammanco et al., 2006; Padron et al., 2008; Ranaldi, 2008; Melian et al., 2014;
Harvey and Harvey, 2015). Based on the results of the SGS average map for CO; flux at
the Puhimau geothermal area the highest emissions had a southeast to northwest orientation
(Figure 28). Surveys from 1996 and 1998 also showed a southeast to northwest alignment
of areas with high CO, emissions (McGee et al, 2006). In contrast, the distribution of high
H>S flux also shows evidence of an orientation, but is roughly orthogonal to the orientation
of the high CO; flux distribution.

The difference in solubility between CO; and SO> and the suggestion that there are
likely two distinct magma reservoirs underneath the surface of the geothermal area may
explain the difference in gas structures and areas with high flux emissions of H»S and CO»
at the Puhimau geothermal area. Previous research shows that CO; is less soluble in magma
than SO», and is, therefore, released at high pressures estimated to be at the base of the
magma reservoir (7km; Dixon et al., 1995; Gerlach et al., 2002; Hager et al., 2008). In
contrast, the higher solubility of sulfur in magma indicates storage at much shallower
depths (Wallace and Charmichael, 1992). Magma with higher concentrations of CO»

appear to move in an east-west direction below the surface of the Puhimau geothermal area,
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while magma with depleted CO, and rich in SO, appears to rise to shallower depths moving
north-south towards the East Rift Zone.

Based on the orientation of the high gas emissions it appears that there are likely three
subvertical hidden faults/fractures beneath the Puhimau geothermal area (Figure 29). Two
faults/fractures are oriented sub-parallel to each other corresponding to high H>S emissions
whereas a perpendicular fault/fracture corresponds to high CO> emissions. The orientation
of high H»S emissions are in line with the Sulfur banks steam fissure feature in the north
area of the Kilauea summit, just 5 km north from the Puhimau geothermal area (Figure 30).
Whereas the east-west orientation of the CO; emissions at Puhimau are similar in
orientation to the high CO> emissions that dominate the Steam vent geothermal feature in
a similar orientation just north of the Kilauea crater based on recent measurements of soil
gas in that area (Deering, C.D. pers comm).

Fault system maps generated from seismic activity at the Kilauea volcano (University
of Hawaii database, 2007) don’t show evidence of faults intersecting the geothermal area,
suggesting that these hidden faults/fractures are aseismic, possibly because they are filled
by magma (Figure 31). The location of the fault/fracture intersection at the Puhimau
geothermal area can explain the orientation of the anomalous gas emission fluxes
(Curewitz and Karson, 1997; Rowland; Sibson, 2004 and Egbert et al., 2014). Previous
research at other geothermal areas such as the Brady’s geothermal system in the Basin-
and-Range Province show that areas with degassing anomalies coincide with uplflow zones
from deep reservoirs reaching permeable fault zones and fault intersections (Egbert et al.,
2014). A higher permeability in fault intersection zones allow gases to reach the surface

(Curewitz and Karson, 1997; Rowland and Sibson, 2004).
46



1.28

0.979
T 0682
E
1%
0.386
0.0892 X
Up East

Scale

0 ] I T

Figure 29. Hypothesized faults/fractures based on the relationship between high H>S flux and topography

at the Puhimau geothermal area.
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Big Island Hawaii
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Figure 30. Hypothesized faults/fractures at the Puhimau geothermal area and fault system at the Kilauea
volcano. Fault data downloaded from: hups://catalog.data.gov/dataset/hawaii-faults-9f354
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Figure 31. Major faults at the Kilauea volcano summit and part of the East Rift Zone. No faults are

identified at the Puhimau geothermal area. Fault data downloaded from:
https.//catalog.data.gov/dataset/hawaii-faults-9f554

The geometry of the conduits below the Puhimau geothermal area was described by
previous studies, (e.g. Klein et al. in 1987) and reported that the Upper East Rift Zone has
a multi-tiered complex of conduits that reflect a honeycomb feature just 3 km below the
surface that is 2-3 km wide (Klein et al., 1987). A three-dimensional velocity structure
study by Dawson et al. (1999) suggested that there are two high V,/V;zones indicating that
there are two distinct magma reservoirs below the surface of the geothermal area that form
a V-shape pathway just at 1-4 km depth (Dawson et al., 1999). The results of this study
are consistent with those of this study suggesting that there are two distinct magma

reservoirs at the Kilauea volcano.
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7.4 Spatiotemporal changes in vegetation health and/or extent

Results of spatiotemporal changes in vegetation health and/or extent are based on the
use of multispectral imagery. Even though multispectral imagery does not have the
necessary band information to offer details regarding which of the two possible phenomena
can be occurring or its causes. However, hyperspectral imagery, on the other hand, can
provide the necessary information to understand the phenomena affecting vegetation at the
geothermal feature. Major effects of CO» on plants can be detected on leaf nitrogen content,
with an increase in CO., nitrogen decreases causing lower photosynthetically active
radiation (PAR) absorption, increased leaf thickness, and lower stomatal conductance,
leading to plant necrosis (Gutshick, 2007; Rouse, 2010). A waveband that can detect these
changes in nitrogen is centered at 550 nm because of the low reflectance and strong
absorption of nitrogen in SWIR bands (Thenkabail et al., 2011). Another waveband that
can highlight the CO» and vegetation interactions is centered at 970 or 1245 nm because it
detects plant moisture fluctuations related to plant stress (Thenkabail et al., 2011).
Alternatively, the effects of H>S on vegetation are considered to be a harmful phytotoxin,
reducing/limiting plant growth and development, defoliation, and leaf lesions (Li, 2013).
These interactions between H>S and vegetation can be detected best at a wavelength
centered at 515 nm (Thenkabail et al., 2011). Multispectral imagery in comparison to
hyperspectral imagery provides general information between the interactions of vegetation

and gas emissions.
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Volcanic activity in 2007 at the Kilauea volcano was described as the start of a new
period at the summit, where it had remained quiet for 25 years until late that year. This
increase in magmatic activity was marked by an increase in SO, emissions and seismic
activity that led to the formation of a new crater in 2008 (USGS, 2017). In 2011 a magma
intrusion event occurred in the Upper East Rift Zone that increased the continuous activity
at the Pu‘u ‘O°‘0 vent; while at the summit a lava lake was forming (USGS, 2017).
Meanwhile in the Puhimau geothermal area changes in vegetation where noticed along the
north and north-east rims of the feature where areas previously vegetated became bare soil.
In contrast, the center of the feature identified as the area with high CO» emissions showed
an increase in vegetation; i.e. grasses grew or became healthier.

For the period from 2011 to 2013, volcanic activity showed that in Pu‘u ‘O‘0 lava
began filling the crater reflecting an increase in pressure within the magma plumbing
system in the East Rift Zone (USGS, 2017; USGS, 2019). At the same time, the lava lake
at the summit showed periods of “gas pistoning” where gases intermittently accumulated
and were released ultimately leading to a rise in the lava lake (USGS, 2019). Vegetation at
the Puhimau geothermal area showed that the center of the feature “grew” and the south
rims lost vegetation (Figure 24).

Later on, in 2014, Pu‘u ‘O°0 activity appeared to remain relatively constant until 2017.
At the summit, the lava lake continued to increase until 2017 where activity appears to
remain constant (USGS, 2017; USGS, 2019). At the Puhimau geothermal feature,
vegetation increased in most of its areas with scattering variability but no major changes

(Figure 26).
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Based on the image analysis difference results, spatiotemporal changes in the Puhimau
geothermal area showed there is correlation between volcanic activity and vegetation
changes. If constant volcanic activity is disturbed in either the Kilauea summit or Pu‘u ‘O°0
the geothermal feature also have changes in its vegetation health/extent. These changes in
volcanic activity can be a difference in degassing or eruptive frequency. The information
remains inconclusive to establish what areas in the feature are prone or more susceptible
to experience changes and which parameter between gas and temperatures appear to be
affecting the vegetation. On the other hand, if the eruptive activity remains constant at the
summit and the Pu‘u ‘O“0 vent the vegetation at the Puhimau geothermal remains relatively
unchanged with scattered variations that don’t fallow any pattern relative to those observed
for both gases. To make a more conclusive analysis and correlation there is a need of more
detailed data of the eruptive activity from both the Kilauea summit and Pu‘u ‘O°0. This
detailed data would need to include information from prior, during and after any eruptive
activity. Also, diffuse degassing data from various years is needed to quantify the total flux
emissions and correlate it with vegetation changes. Lastly, hyperspectral imagery is also
needed to establish which gas is causing the damages in vegetation and how long these

changes in vegetation health can be traced before an eruption happens.

8. Conclusion

In the field campaign from February to March 2017 we measured soil gas emissions
for the Puhimau geothermal area using the accumulation chamber method. The results of
this study indicate that the total flux of COzis 14.09 to 14.21 t d"! and for H,S is 0.0759 to

0.0764 t d'!. Based on the distribution of gas emissions determined by our kriging model
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there appears to be an alignment of CO; and H»S. The structure of the emissions for these
two gases vary and are likely the result of differences in the solubility of the two gases
(SO; has a relatively higher solubility in silicate magmas compared to CO). Cryptic
structural features can be traced as one fault/fracture that is oriented in an east-west
direction that is deep and emits almost exclusively CO> and two other faults/fractures that
are approximately subparallel in a north-south direction that reach shallower depths and
are dominated by emission of H>S gas. Multispectral imagery was used to establish
spatiotemporal relationships between vegetation health and extent and volcanic activity at
Kilauea volcano. We have shown that the vegetation health and extent in and around the
Puhimau geothermal area decreases, recording distinct changes in volcanic activity at the
Kilauea summit and Pu‘u ‘O‘0 vent in the East Rift Zone. Results remain inconclusive to
establish the precise relationship between soil gas emissions and/or ground temperature

that trigger vegetation changes.
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