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RESEARCH ARTICLE

Integrating petrology, biogeochemistry, hyperspectral and thermal remote 
sensing for constraining the shallow hydrology of geothermal systems: 
Waiotapu Geothermal Field, Taupo Volcanic Zone, New Zealand
Cecilia Rodriguez-Gomez a*, Gabor Kereszturia, Robert Reevesb and Andrew Raeb

aSchool of Agriculture and Environment, Massey University, Palmerston North, New Zealand; bGNS Science, Wairakei Research Centre, 
Taupo, New Zealand

ABSTRACT  
Studying geothermal areas can require significant resources, especially in areas densely 
covered by vegetation. This study integrates remote sensing techniques, including 
hyperspectral, thermal infrared and LiDAR with petrology and biogeochemistry of rock, soil 
and plant samples to develop a new shallow hydrogeological conceptual model of 
Waiotapu Geothermal Field, New Zealand. Previous studies present in detail each technique 
converging in this comprehensive research work. This geothermal area is densely covered 
by kanuka, an endemic shrub species to geothermal areas of New Zealand. Kanuka served 
as a key component in generating foliar element zonation maps for antimony and barium, 
utilising random forest classification validated by leave-one-out cross-validation. Thermal 
infrared data were employed to assess the behaviour of thermal anomalies through point 
pattern analysis. Results identified two intermingling processes within the single system: 
one in the north characterised by acid-sulphate alteration, bioavailability of barium to 
kanuka, and clustered surface thermal anomalies; another in the south where elements like 
silver, arsenic, and antimony are bioavailable to kanuka, accompanied by chloride-rich 
waters and denser yet non-clustered surface thermal anomalies. These cohesive 
methodology illustrates the efficacy of remote sensing techniques, showcasing the 
effectiveness of remote sensing in evaluating vegetated areas for geothermal exploration 
potential.
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Introduction

Geothermal systems and their surface manifestations 
have played a critical role in human civilisation, 
initially as direct use for heating and cooking and evol
ving into a diversity of uses at present time (Jácome 
Paz et al. 2021; Lund et al. 2022). The latter includes 
electricity generation, cooling and heating spaces, 
and other industrial applications such as greenhouses, 
aquaculture and drying of wood (Lund et al. 2011; 
Barasa Kabeyi 2019; Soltani et al. 2019). Geothermal 
systems and their heat capacity depends on fluid 
temperature and composition, rock permeability, 
and tectonic setting (Pirajno 2009; Ciriaco et al. 
2020; Mardiati et al. 2020; Renewable Energy Agency 
& Geothermal Association 2021), and these properties 
that can vary spatially and temporally (Lloyd 1959; 
Simpson and Christie 2019).

Geothermal systems that involve convection of hot 
fluids generally develop a series of mineral associ
ations and surface manifestations from which subsur
face activity can be inferred (Freski et al. 2021; Qudsi 

and Noor 2022). For example, acid sulphate alteration 
due to condensation of magmatic gases (e.g. H2S, CO2, 
SO2) into groundwater can precipitate alunite, kaolin- 
and smectite-group minerals, and native sulphur, typi
cally associated with springs, mud-pools and steam- 
gas vents (Aguilera et al. 2016; McCleskey et al. 
2022; Montanaro et al. 2023). On the other hand, 
deep-sourced upflows discharging on the surface are 
often characterised by silica deposition forming sinter 
terraces and chloride-rich, near-neutral pools (Lynne 
2012; Hamilton et al. 2019; Gong et al. 2022; Ünal 
Ercan et al. 2022). Alteration minerals related to neu
tral, deep waters include adularia, epidote, poly
morphs of quartz, calcite and pyrite (Henley and 
Ellis 1983; Pirajno 2009).

Exploration and assessment of geothermal systems 
is done with a variety of methods, including geochem
ical (e.g. geothermometry, gas flux, isotopic analyses) 
(Wei et al. 2021; Jácome Paz et al. 2022; Pérez-Zárate 
et al. 2022), geological (e.g. lineament and mineral 
identification) (Mauriohooho et al. 2014; Calvin 
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et al. 2015; Suherlina et al. 2022) and geophysical tech
niques (e.g. magneto-telluric, electrical, gravity, seis
mic and remote sensing) (Kellett and Bromley 2019; 
Hacıoğlu et al. 2021; Zhou 2021; Bertrand et al. 
2022; Qudsi and Noor 2022). Some of these are surface 
techniques used to infer subsurface activity (e.g. geo
physics, remote sensing, geological mapping), while 
others involve calculating parameters from the subsur
face rock and fluids (e.g. magneto-tellurics, fluid 
chemistry). Some of these methods (e.g. magneto- 
tellurics, fluid chemistry, geological mapping) are 
expensive and/or time consuming, and most of these 
methods can be hindered by dense vegetation cover 
or steep topography. However, some remote sensing 
techniques, such as hyperspectral in the VNIR-SWIR 
region and single band Thermal Infrared (TIR), pro
vide a functional methodology to perform the first 
steps of exploration and further monitoring of 
geothermal areas even in densely vegetated areas 
(Sun et al. 2022; Zaini et al. 2022; Rodriguez-Gomez 
et al. 2023a; Rodriguez-Gomez et al. 2023b).

This study presents an integrated model based on 
biogeochemistry, petrography and petrological obser
vations, hyperspectral and thermal remote sensing 
analysis of the Waiotapu Geothermal Field (WGF), 
North Island of New Zealand, detail of each method
ology step can be observed in Rodriguez-Gomez et al. 
(2023a, 2023b). WGF is an example of a natural 

laboratory, where novel methodologies and tech
niques can be tested for further use in similar intru
sion-related geothermal systems hosted by volcanic 
rocks, such as geothermal systems of the Taupo Volca
nic Zone (TVZ) (Rowland and Simmons 2012; Pope 
and Brown 2014). WGF is of particular interest due 
to its protected status since the 1980s which has pre
vented its large-scale exploitation (e.g. electricity gen
eration), allowing for its natural evolution (Simpson 
and Bignall 2016). Therefore, the approach presented 
herein can provide an alternative for monitoring 
geothermal processes remotely without environmental 
harm, while further providing new insights into 
understanding of the shallow hydrology and geology 
of the WGF. The presented methodology also has 
the potential to be upscaled to monitor geothermal 
systems across the TVZ and beyond.

Geological setting

The WGF is located in the North Island of New Zeal
and, within the TVZ (Figure 1), with an overall orien
tation NNE-SSW resulting from an intra-arc 
continental rift between the Pacific and Australian 
Plates (Seebeck et al. 2014; Wilson and Rowland 
2016). At WGF the basement rock, commonly referred 
to as ‘greywacke’, consists of a weakly metamorphosed 
Mesozoic sedimentary rock (Hedenquist 1991; Milicich 

Figure 1. A, Location of WGF (represented by blue polygon) within the TVZ (represented by red polygon). B, Close-up to WGF 
(blue polygon in 1.A) depicted by blue lines. WGF on a true-coloured orthophoto. Geographic locations mentioned in the text 
are labelled in figure. Coloured circles correspond to WAI_06 (pink), WAI_22 (orange) and WAI_27 (blue) samples shown on Figure 
3, respectively.
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et al. 2020). The basement is overlain by predominantly 
rhyolitic volcanic and volcanoclastic deposits sporadi
cally intercalated by lacustrine sediments (Steiner 
1963; Grindley et al. 1994), like the Huka Falls For
mation (Cattell et al. 2016). The latter is a clay-rich 
mudstone and siltstone formation that is a spatially dis
continuous litho-cap layer for many of the TVZ 
geothermal systems (Lloyd 1959; Wood 1994).

Similar to other hydrothermal systems in volcanic 
settings, WGF hosts a wide variety of surface manifes
tations including mud-pools, fumaroles, geysers, 
chloride-rich pools and silica sinter terraces (Lloyd 
1959; Hedenquist and Browne 1989) (Figure 2). The 
heat source has been located at the north of the system 
near Mounts Maungaongaonga and Maungakakara
mea (Figure 1) (Rowland and Sibson 2004). The con
ceptual model has a chloride-rich fluid reservoir 
located at 1–4 km depth at a temperature >250°C 
that is based on borehole geology, numerical model
ling and geochemical studies (Steiner 1963; Heden
quist 1991; Giggenbach et al. 1994; Kaya et al. 2014, 
2015). The heated high-chloride fluids reach the sur
face at 75°C at the south of the geothermal system, 
after migrating horizontally along <50 m topographic 
change (Hedenquist 1982; Giggenbach 1995; Kaya 
et al. 2014). The horizontal fluid flow has been postu
lated to be due to high intrinsic horizontal 

permeability of the Waiotapu Ignimbrite (Mongillo 
1994; Wood 1994; Hadfield et al. 2001; Kaya et al. 
2015).

Acid-sulphate alteration with mineral associations 
of kaolinite, alunite, native sulphur, cristobalite and 
fine grained pyrite is prevalent throughout the WGF 
at various depths (Hedenquist and Browne 1989; 
Hedenquist 1991; Rodriguez-Gomez et al. 2021), how
ever, these mostly occur in northern areas (Figure 2A, 
B). On the contrary, towards the south, the WGF pre
sents intermingled alteration mineralogy including 
albite/adularia/chlorite/epidote at depth, and recrys
tallised groundmass rich in quartz polymorphs at var
ious depths (Hedenquist and Browne 1989) (Figure 3). 
The discontinuous litho-cap facilitates the formation 
of patches of mixed sulphate–chloride mineralisation, 
including phyllosilicate minerals, native sulphur and 
silica polymorphs (Hedenquist 1982; Hedenquist and 
Browne 1989; Rowland and Simmons 2012; Kaya 
et al. 2014). Furthermore, changes in water table levels, 
erosion and ground movement have provoked surface 
shifts of sinter depositing springs. These changes 
occur at water table level, occasionally causing hydro
thermal eruptions, with mineral alteration causing the 
weakening of the rock provoking collapse craters 
(Figure 2D) (Lloyd 1959; Hedenquist and Browne 
1989; Gallagher et al. 2020).

Figure 2. Geothermal surface features at WGF. A, Steaming grounds with dense vegetation cover of Kanuka and Pinus radiata 
plantations in the background. B, Mud pool occurring on the northern areas of WGF. C, Silica sinter depositions in terraces, 
from overflowing waters of Champagne Pool’s chloride-rich waters. D, Collapse craters with active steaming.
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The natural vegetation cover at WGF is dominated 
by kunzea ericoides var. microflora also known as 
‘kanuka’ an endemic species to geothermal areas of 
New Zealand (Figure 4) (Given 1980; Deroin et al. 
1995; Smale et al. 2018). Kanuka, also known as 
white tea tree, is a spreading shrub with white or 
pink flowers, extremely tolerant of acidic soils and 
ground temperatures >40°C (Mia et al. 2012; Smale 
and Fitzgerald 2015; Beadel et al. 2018). Vegetation 

cover can be perceived as a limitation to exploration 
techniques, however, previous studies have used it to 
assess ground heat changes in combination with 
other datasets in a qualitative manner (Elmarsdóttir 
et al. 2015; Seward et al. 2022), and monitor the 
effects of geothermal energy exploitation (Lattanzi 
et al. 2020). Therefore, vegetation can provide key 
information about the shallow subsurface as it can 
dynamically react to geothermal activity: soil and 

Figure 3. SEM photos for three rock samples and their respective sampling site. A, Sample WAI_06 shows alunite precipitation 
inside voids with crystallised silica walls. Sample WAI_06 was taken from the northern area of the system (Figure 1B, pink circle). B, 
WAI_22 shows mineralisation of quartz polymorphs, along with biotic and abiotic enrichment of C, Si, S, Cl elements. Presence of 
Al, S, P, K and Ba was detected within the matrix. Sample WAI_22 is from the vicinity of Champagne Pool (Figure 1(B), orange 
circle). C, WAI_27 shows laminated silica sinter deposits mixed with biological matter near the outflow of Champagne Pool. 
This sample was taken from the silica sinter terraces, south of Champagne Pool (Figure 1B, blue circle).
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water chemistry, geothermal heat and gas emissions 
and nutrient availability (Mia et al. 2012; Van 
Manen and Reeves 2012).

Materials and methods

WGF is an area which has been explored for decades 
with a variety of geophysical, geological and geochem
ical techniques. With the advancement in remote sen
sing techniques a new wave of exploration techniques 
has arisen, providing an opportunity to re-explore 
areas from a different perspective. Here, we used a 
combination of airborne hyperspectral and thermal 
data complemented with rock, soil and plant samples 
to revise the conceptual model of WGF. Rock was 
sampled where available and soil was sampled in all 
the sampling sites. In this document we present the 
convergence and interpretations of a broader study 
which involves previous publications, for deeper 
analysis on each section of the methodology, please 
refer to Rodriguez-Gomez et al. (2023a, 2023b)

The 77 rock and soil samples along with the 77 
kanuka foliage samples were collected from WGF a 
week after the aerial hyperspectral and TIR surveys 
(Rodriguez-Gomez et al. 2023a). The rock and soil 
samples were air dried and subjected to Scanning Elec
tron Microscopy and Shortwave Infrared Reflectance 

Spectroscopy at Massey University, New Zealand to 
constrain their mineralogy and petrology. The plant 
samples were dried, ground and sieved to be analysed 
with an ICP-MS for 53 elements at Acme Labs – 
Bureau Veritas, Canada. Find more information and 
detail about sample preparation for chemical concen
tration analyses in Rodriguez-Gomez et al. (2023a).

Airborne-based hyperspectral data were collected 
with an AisaFENIX sensor (Pullanagari et al. 2016), 
covering visible near infrared (VNIR) to shortwave 
infrared (SWIR) ranges between 370 and 2500 nm 
with 3–7 nm spectral sampling interval. The hyper
spectral data were subjected to radiometric and atmos
pheric correction, followed by georectification using 
ground control points, following Kereszturi et al. 
(2020). The airborne hyperspectral data were then 
used in combination with the foliar ICPMS data to 
develop new elemental concentration zonation maps 
using random forest classifications (for details see 
Rodriguez-Gomez et al. 2023a). The random forest 
classifications were developed for barium and anti
mony, that were validated via leave one out cross- 
validation.

Thermal infrared data were acquired with a FLIR 
A615 sensor ranging between 7500 and 13,000 nm, 
only 10 h after the hyperspectral data, and it was cali
brated against water body temperatures measured in 

Figure 4. Field photos exhibiting different styles of growth for Kanuka shrub. A, Kanuka next to mud-pools in the northern area of 
the system where acid-sulphate alteration is prevalent. B, Kanuka shrub next to silica sinter terraces. C, Kanuka growing short and 
close to the ground (<1 m tall), also known as ‘prostrate’ kanuka, provides an indicator of hotter ground temperatures. D, Tall 
kanuka plants living in colder ground areas (∼20°C), reaching heights of 2 m or more.
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sync with the airborne survey (details in Reeves and 
Sanders 2019). Thermal anomalies were delineated 
as >13°C (i.e. ambient temperature), and filtered 
before subjected to point pattern analysis (see details 
in Rodriguez-Gomez et al. 2023b). The LiDAR data 
were obtained from Land Information New Zealand 
(LINZ) Data Services and vegetation height was 
obtained by subtracting the Digital Surface Model 
from the Digital Elevation Map.

These analytics returned (1) foliar elemental zona
tion maps as a proxy for subsurface lithology, altera
tion and fluid composition, and (2) distribution of 
thermal anomalies. The integration of such new data
sets (Figure 5) allows us to better understand the shal
low fluid flow and geology of the WGF in present time.

A unified geological model for Waiotapu 
Geothermal Field

The chloride-rich parental fluid at WGF estimated to 
be at a depth of 1–4 km based on drill core infor
mation and numerical models, is heated to ∼270°C 
by a magmatic source located at the north of the sys
tem (Hedenquist and Browne 1989; Giggenbach et al. 
1994; Kaya et al. 2014). After a vertical ascent, the par
ental fluids move laterally and discharge at the surface 
about 4 km to the south principally at Champagne 
Pool (Figure 1). The lateral water and heat transport 
is due to high horizontal permeability of the rhyolitic 
ignimbrite host rock (Hedenquist 1991; Kaya et al. 

2014). Furthermore, the lateral fluid flow creates chan
ging heat output styles which have been detected ther
mally with the TIR imagery and point pattern analysis 
(Figure 6). The north presents thermal anomaly clus
ters separated by 250 m, and low density of thermal 
anomalies (i.e. 396 thermal anomalies per km2), 
while no clustering and higher density of thermal 
anomalies (i.e. ∼7000 thermal anomalies per km2) 
are observed in the south (Figure 6) (Rodriguez- 
Gomez et al. 2023a). The measured separation of 
250 m, could be an indicator of cell convection form
ing permeable pathways through the litho-cap (e.g. 
McLellan et al. 2010; Patterson et al. 2018). Overall, 
the observed thermal anomalies also align with the 
regional tectonics (i.e. Paeroa and Ngapouri Faults), 
with a strike of ∼ N22E° (Grindley et al. 1994; Wilson 
and Rowland 2016).

The proposed lateral flow and changing heat output 
style have further been imprinted into the kanuka- 
dominated vegetation cover that show: changing 
canopy height, foliar chemistry and canopy reflectance 
properties (Rodriguez-Gomez et al. 2023a). Elements 
such as silver (Ag), arsenic (As), and antimony (Sb) 
are transported to surface by the deep parental fluids 
and translocated by kanuka due to their bioavailability 
in liquid form (Ballantyne and Moore 1988; Tschan 
et al. 2009; S. C. Wilson et al. 2010). These elements 
have been documented to cause stress to plants via 
degradation of foliar pigments (Sanches et al. 2013), 
which is in turn detectable in their spectral reflectance 

Figure 5. The flowchart shows the novel combination of methods employed for geothermal exploration at WGF, based on field 
samples including rock, soil and foliage samples, hyperspectral, thermal infrared and LiDAR data. Kanuka was the only species 
analysed both in field samples and in the spectral data after classification of plant species and selection of only kanuka to create 
a ‘kanuka masking’ layer. More detail on rock, soil and foliage preparation for chemical concentrations in ICP-MS can be found in 
(Rodriguez-Gomez et al. 2023a).
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within the VNIR-SWIR (Finnegan and Chen 2012; 
Rathod et al. 2018; Rodriguez-Gomez et al. 2023a). 
In contrary, further away from the chloride-rich sur
face features like Champagne Pool, barium (Ba) 
becomes bioavailable in the periphery of the system 
where hot geothermal waters mix with cold ground
water (Dunn 2007). Ba has been documented to 
cause metal-induced stress in Pteris Ferns plants, 
which can be detected via reflectance spectroscopy 
(Slonecker et al. 2009).

Chloride-rich surface discharge is concentrated and 
in its most undiluted form at the Champagne Pool, 
where it flows mostly towards the south to form silica 
sinter terraces (Figure 2C). The uprising chloride-rich 
fluids are diluted by discontinuous H2S and CO2-rich 
steam-heated waters, indicated by the measured wide 
range of chloride concentration (200–1800 mg/kg) 
(Lloyd 1959) at hot springs. Further, strong elemental 

enrichment in Ag (0.01–6.9 mg/kg), As (0.7–12,000 
mg/kg), Au (0.001–3.3 mg/kg), and Sb (0.02–392 
mg/kg) as has been reported from water chemistry 
surveys (Lloyd 1959; Giggenbach et al. 1994). Within 
this area there is a mixing zone between chloride- 
rich and sulphate-rich, this zone where alteration 
‘endmembers’ intermingle, is also indicated by a 
change in thermal anomaly point pattern, with a 
diffuse style of heat output and no clustering between 
thermal anomalies (Rodriguez-Gomez et al. 2023b), 
which can be interpreted as a combination of a thin
ning litho-cap towards the south (Wood 1994) and 
an increase in the host rock’s permeability, due to 
weakening of the rock via hydrothermal alteration 
and/or frequent hydrothermal eruptions (Hedenquist 
and Browne 1989; Kaya et al. 2015; Simpson and 
Bignall 2016). Ground mineralogy in this mixing 
area presents a range of silica polymorphs, 

Figure 6. A, TIR image of WGF overlaid by filtered thermal anomalies as black dots. B, TIR image close-up of mud pools in the 
northern area of WGF, overlaid by thermal anomalies as black dots and yellow lines representing 250 m of separation between 
thermal anomaly clusters. Area shown in Figure 6A as a green square. C, TIR image overlaid by thermal anomalies in the sulphate- 
chloride zone and Champagne Pool, higher density of thermal anomalies can be observed. Area shown in Figure 6A as a brown 
square.
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phyllosilicate minerals and precipitation of native sul
phur (Rodriguez-Gomez et al. 2021). Furthermore, in 
this area kanuka growth is hindered, with shallow 
roots and heights typically below 1 m (Figure 4C) 
(Boothroyd 2009; Rodriguez-Gomez et al. 2023a).

Furthermore, remotely sensed foliar concentration 
maps indicate similar concentric pattern of elements 
(e.g. Ag, As, Sb in Figure 7) in proximity to Cham
pagne Pool (Rodriguez-Gomez et al. 2023a), indicat
ing strong discharge of such elements into the 
shallow proportion of the geothermal system. In this 
region element enrichment of Sb has been described 
for kanuka plants (Dunn 2007; Dunn and Christie 
2020), along with Ag and As that has been shown in 
(Rodriguez-Gomez et al. 2023a). Ba is enriched in 
rock and soil samples throughout the system, but 
only present in kanuka foliage in areas with low pH 
(Figure 7A). The prediction maps of Ba and Sb (Figure 
7) represent a clear zonation of such indicator 
elements within the WGF. The elemental concen
tration of Ag, As and Sb increase (Figure 7; Rodri
guez-Gomez et al. 2023a) in proximity to chloride- 
rich surface features (e.g. Champagne Pool). Further 
away from the discharge zone, such elements decrease 
sharply in both rock, soil and plant foliage while Ba 

shows enrichment in foliage (Figure 8) (Rodriguez- 
Gomez et al. 2023a). However, while Ba is present 
throughout the WGF in substrate (e.g. Figure 6 in 
Rodriguez-Gomez et al. 2021), it only becomes bioa
vailable where mixing of hot geothermal waters with 
cold groundwater takes place, such as the periphery 
of geothermal systems (Dunn 2007; Bundschuh and 
Maity 2015). This occurs because Ba increases its solu
bility with decreasing pH and reacts into an insoluble 
salt in waters with high sulphate content (Figures 7
and 8) (Brumbaugh et al. 2011; Monteiro et al. 2011; 
Sleimi et al. 2021).

The new hyperspectral foliar chemistry and thermal 
remote sensing data indicates current activity (i.e. a 
geological snapshot) of WGF (Figure 8) and can pro
vide new tools for monitoring geothermal environ
ments. However, we acknowledge the inherent 
dynamic nature of geothermal systems, which can 
only be resolved with repeated surveys and integration 
of other geophysical and geochemical methods. Com
bination of methods can also account for the possible 
translocation of elements from relic mineralisation 
and not present activity. Furthermore, the study of 
vegetation, particularly of kanuka in New Zealand, 
presents new opportunities to complement 

Figure 7. Zonation maps for Ba and Sb elements in kanuka foliage, with high, medium and low ranges. A, WGF on a true-coloured 
orthophoto, overlaid by the element zonation for Ba. B, WGF on a true-coloured orthophoto, overlaid by the element zonation for 
Sb.
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monitoring surveys and first studies of geothermal 
areas in an efficient and novel manner.

Implications for geothermal exploration

Only 9 out of 29 high temperature geothermal fields 
in New Zealand are presently utilised for power gen
eration (Simpson and Bignall 2016). WGF, recog
nised by the regional council as ‘Waikite-Waiotapu- 
Waimangu’ along with another 5 geothermal fields 
(Orakei Korako, Te Kopia, Horomatangi, Tongariro 
and Ruapehu), have a ‘Protected’ status and therefore 
will not have large-scale geothermal development. 
However, geothermal exploration in New Zealand 
has been active since the 1950s, with Wairakei 
becoming the first operational power plant in 1958, 
starting with a generation of 11.2 MWe (Lund 
et al. 2022), and the country is in the path of 
decarbonisation.

Most high-temperature geothermal systems in the 
TVZ share many commonalities. For example, they 
have rhyolitic volcanic sequences overlying metasedi
mentary basement rocks, have liquid dominated reser
voirs and are fed by near-neutral chloride-rich waters. 
They also form similar geothermal features on the sur
face, including geysers, steaming ground, silica sinters, 
mud pools, fumaroles and sulphur mounds (Simpson 
and Bignall 2016). Furthermore, most of the 

geothermal systems in New Zealand also share similar 
mineralogy/alteration styles and permeability struc
tures (Wilson and Rowland 2016; Bertrand et al. 
2022), as well as plant communities (e.g. kanuka, 
ferns, lichens, moss) (Burns 1997; Beadel et al. 
2018). Hence, WGF can be considered a representative 
geothermal field, where similar workflows could be 
expanded to other TVZ geothermal systems to moni
tor their shallow hydrology.

The potential of kanuka shrub for measuring foliar 
element concentration lies in its capability to translo
cate metals and metalloid that interfere with their 
metabolism and, hence impacting their spectral reflec
tance. This has also been reported for Pinus Radiata 
around gold deposits (Chakraborty et al. 2021) and 
pot-based experiments using Brassica rapa chinesis 
and Rubus fruticosus L. (Wang et al. 2018; Lassalle 
et al. 2019). This concept can be detected indirectly 
using hyperspectral remote sensing which allows for 
the underlying geochemical and geological processes 
in geothermal areas of New Zealand to be inferred. 
Combining the hyperspectral imagery with ground- 
based samples, the developed foliar element maps 
(Figure 7) mimic well with underlying hydrology 
and overall lithology type (e.g. known from drill 
cores, water chemistry and other geological/geophysi
cal mapping) (Figure 8) (Rodriguez-Gomez et al. 
2023a). However, tandem sampling soil/host rock is 

Figure 8. WGF cross section representing a unified geological model. The hot chloride-rich fluid rises, boiling and altering the host 
rock to form acid-sulphate surface features in the north while in the southern areas the chloride-rich parental waters emerge to 
surface in Champagne Pool and its surroundings. The WGF surface is presented on a true-coloured orthophoto, overlaid by Ba 
element zonation map. Field photos presented on top. X and Y axis have different scales.
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also recommended to elucidate element mobility and 
bioavailability processes which could vary between 
different geothermal areas (e.g. Van Manen and 
Reeves 2012; Pullagurala et al. 2018; Rodriguez- 
Gomez et al. 2023a). Other plant species living in the 
vicinity of geothermal areas should also be sampled 
and analysed to further understand the translocation 
processes for each species (Dunn et al. 2018).

The point pattern analysis using TIR imagery 
(Figure 6) can be a time and cost-effective method 
(Harvey and Luketina 2014; Abubakar et al. 2019), 
for analysing heat-output in geothermal systems of 
New Zealand (Mongillo 1994; Mia et al. 2012; Harvey 
et al. 2016; Reeves and Sanders 2019). This method 
could be applied as a time-series analysis with repeat 
surveys, which can make it appropriate for monitoring 
purposes, assessing and understanding spatio-tem
poral heat associations within the system, particularly 
in the shallow subsurface (<200 m) (Rodriguez- 
Gomez et al. 2023a). Furthermore, the high spatial res
olution which airborne and drone TIR surveys can 
provide, could be employed to monitor hazards in 
geothermal areas (e.g. Hipaua landslide, Tokaanu, 
New Zealand) (Hegan et al. 2001).

Internationally, countries located in template temp
eratures with tropical climates such as México, 
Dominica, Indonesia and Costa Rica have geothermal 
systems densely covered by vegetation, and therefore 
these exploration methods can aid in such contexts. 
Plant species that are thermotolerant and prevail in 
the harsh environment of geothermal areas have 
already been identified, including shrubs in Italy (Ever
nia prunastri, Calluna vulgaris), sagebrush in USA 
(Artemisia tridentata), shrubs in Kenya (Tarcho
nanthus camphoratus) or grasses in Mexico (Allenrol
fea occidentalis and Thypa dominguensis) (Way and 
Hall 2001; Nash et al. 2003; Manzo et al. 2013; Pippucci 
et al. 2015; González-Acevedo et al. 2018; Lattanzi et al. 
2020). Species like these ones can therefore become a 
primary target for geothermal exploration efforts 
with hyperspectral imaging, opening up new avenues 
for development and use of technology for under
standing and exploring geothermal resources.

Conclusions

WGF can be sub-divided broadly into spatial zones that 
are characterised by an array of physical and chemical 
properties. The northern part is characterised by acid- 
sulphate alteration, the south by chloride-rich surface 
features which intermingle with an intermittent sul
phate-rich layer which creates a third mixed zone 
(Hedenquist and Browne 1989; White and Hedenquist 
1990; Rodriguez-Gomez et al. 2021; Rodriguez-Gomez 
et al. 2023a). These zones present different heat output 
styles, element enrichment and bioavailability, which 
were detected through remote sensing techniques (e.g. 

hyperspectral, TIR and LiDAR) (Rodriguez-Gomez 
et al. 2023a, 2023b) and interpreted in conjunction 
with previous studies of WGF. Mainly observing sur
face lithology type, vegetation spectral response and 
point pattern of thermal anomalies.

The presented methods can be improved by a larger 
number of field samples (e.g. Rattenbury et al. 2018; 
Santaga et al. 2021), covering a diverse range of 
locations (e.g. temperature, type of lithology, 
elevation, closeness to surface features) as well as back
ground values that are located outside of the geother
mal field. Due to the complexity of geothermal 
environments a deeper understanding of how fluid 
chemistry, soil pH and temperature affect plants is 
required. Controlled experiments with the species of 
interest (e.g. indicator species or metal accumulators) 
should be carried out to understand each parameter 
individually and as a group, to observe how this is 
reflected in its spectral signature.

WGF is a great natural laboratory to develop new 
methods that are non-invasive and benefit from a var
iety of surface features. The methods and workflows 
presented can open a window of opportunities for 
time and cost-effective techniques to be applied for 
the exploration and monitoring of geothermal areas 
with dense plant cover in New Zealand and other 
parts of the world, enabling the utilisation of geother
mal resources worldwide.
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