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 A B S T R A C T

Hydrothermal alteration on volcanoes can compromise the strength and permeability of the host rock, 
contributing to flank collapses (e.g., Te Maari, 2012) and phreatic eruptions (e.g., Whakaari, 2019). Alteration 
processes occur at volcanoes hosting hydrothermal systems, where hot, acidic fluid flow is driven by a supply of 
magmatic heat and gas inputs, resulting in the dissolution of primary minerals and the deposition of secondary 
assemblages. We investigated hydrothermal alteration at Red Crater, Tongariro, Aotearoa New Zealand, using 
a combination of laboratory and airborne hyperspectral imaging, mineralogical, and geochemical techniques. 
Two distinct alteration styles were identified: (1) advanced argillic alteration, characterised by amorphous 
silica, kaolinite, and alunite, primarily focused at the Red Crater scoria cone, and (2) silicification at Oturere 
and the Emerald Lakes. The distribution of these units was mapped using supervised image classification of 
airborne hyperspectral data. Textural and isotopic analyses suggest acid-sulphate alteration is primarily driven 
by the oxidation of rising H2S in a steam-heated environment. Red Crater hosts four main regions of heightened 
degassing, coinciding with geothermal surface features and hydrothermal alteration deposits, with 26.2 ±1.5 
t/d of CO2 emissions and an H2S flux of 131.1 g/m2/d. This study presents a conceptual model of hydrothermal 
alteration processes at Red Crater. Our mapping of alteration and degassing can indicate areas of potential 
future hazards, and may support simulations assessing flank instability, improving hazard assessment at this 
active vent.
. Introduction

Volcanic hydrothermal systems evolve as hot magmatic fluids in-
eract with meteoric/oceanic water that infiltrates the volcano’s edi-
ice (Aizawa et al., 2009). Hot fluid flow in these shallow zones is 
riven by a supply of magmatic heat and gas inputs to the system 
rom shallow intrusion complexes and magma bodies (Giggenbach, 
997). Over time, hydrothermal fluids infiltrate pore spaces, leading 
o the alteration of host rocks, whereby the primary mineralogy can 
e dissolved and replaced by new minerals in equilibrium with the 
nvironment (Browne, 1978; McCollom and Shock, 1998). These com-
lex processes are chiefly controlled by the host rock’s mineralogy and 
ermeability, combined with the temperature, pH, fluid–rock ratio, and 
luid chemistry of the system, leading to a large variety of replacement 
inerals (Schwartz, 1959). Particular alteration mineral assemblages 
an be diagnostic of the underlying processes within the hydrothermal 
ystem, and based on this, general classifications of alteration styles 
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can be delineated as silicic (e.g., Fulignati and Sbrana, 1998; Potro and 
Hürlimann, 2009), argillic (intermediate/advanced) (e.g., Kereszturi 
et al., 2020), propylitic (e.g., Pacey et al., 2020), and phyllic (e.g., Pour 
and Hashim, 2012) (Table  1). Surface manifestations of volcanic hy-
drothermal systems include crater lakes, fumaroles, and hot springs, 
and studying their temperature and gas compositions provides insights 
into the conditions of the system (Taran et al., 2000; Miller et al., 2018, 
2020). Hydrothermal alteration can cause volcanic edifice instability 
and collapse due to a decrease in rock strength and low-permeability 
induced heightened pore-fluid pressures (Ball et al., 2018; Heap et al., 
2020; Kereszturi et al., 2023). Indeed, alteration induced weakening 
of host rock has been identified as a contributing factor for multiple 
collapse events at Mount Ruapehu (Lecointre et al., 1998; Donoghue 
and Neall, 2001; Keigler et al., 2011; Tost et al., 2014; Kereszturi et al., 
2021) and Tongariro (Topping, 1974; Lecointre et al., 2002; Procter 
et al., 2014). Volcanoes hosting hydrothermal systems are also prone 
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Table 1
Hydrothermal alteration styles, their approximate pH and temperature con-
ditions, and a non-exhaustive list of common mineral associations (broadly 
following classifications and examples within Stoffregen (1987), Pirajno 
(1992), Hedenquist (2000), John et al. (2019), Fulignati (2020), Douglas et al. 
(2022)).
 Alteration style Temperature pH Mineral associations  
 Silicic >100 ◦C 1–7 Quartz, opal-TC, cristobalite, pyrite 
  
 Propylitic >220 ◦C 5.5–7 Chlorite, carbonates, pyrite, 

chalcopyrite, sericite,
hematite, smectites, anhydrite

  
 Phyllic 160–230 ◦C 5.5–7 Quartz, sericite, pyrite, illite,

chlorite, hematite, anhydrite, 
carbonates

  
 Argillic <160 ◦C 5–7 Smectites, illite,

kaolinite/halloysite/dickite, 
chlorite, sericite

  
 Intermediate Argillic <160 ◦C 4–6 Smectites, illite,

kaolinite, chlorite
  
 Advanced Argillic <160–300 ◦C 2–4 Alunite, kaolinite/dickite,

quartz, pyrite, jarosite

to phreatic eruptions (e.g., Te Maari, 2012; Pardo et al., 2014 and 
Whakaari, 2019; Dempsey et al., 2020). Phreatic events are generated 
by the sudden flashing of water into steam when heated by an intruding 
magma body or volatiles, or when steam expands due to significant 
pressure changes via flank collapse or conduit sealing (Procter et al., 
2014; Montanaro et al., 2022).

Point-based and imaging hyperspectral remote sensing is a valuable 
tool used to identify, quantify, and map alteration minerals at labora-
tory, airborne, and satellite scales (Crósta et al., 1998; Kereszturi et al., 
2020; Corrado et al., 2025; Thiele et al., 2025). Hyperspectral sensors 
capture the electromagnetic radiation emitted or reflected by an object 
using hundreds of contiguous and overlapping channels comprised 
of wavelengths on the electromagnetic spectrum (Goetz, 2009; Plaza 
et al., 2009). Typical sensors used for alteration mapping cover the 
Visible to Near-Infrared (VNIR 350–1000 nm) and Shortwave-Infrared 
(SWIR 1000–2500 nm) regions (Plaza et al., 2009), however, others 
utilise Mid-Infrared (MIR 3000–5000 nm) and Long-Wave Infrared 
(LWIR 7500–14,000 nm) also (van der Meer et al., 2012; Kumar and 
Ghosh, 2017; Feng et al., 2018). Individual minerals can be identified 
based on diagnostic absorption features present within the spectra. The 
position, width, and depth of such absorption features are controlled by 
chemical bonds, vibrational processes, and electronic transitions within 
the mineral’s crystal lattice (Clark et al., 1990; Douglas et al., 2022). 
Hyperspectral imaging provides an efficient and non-destructive tool 
for studying alteration.

This study investigates hydrothermal alteration at Red Crater, Ton-
gariro, Aotearoa New Zealand, using a combination of laboratory and 
airborne hyperspectral, mineralogical, and geochemical techniques. 
Tongariro’s geological evolution has been well studied (Pure et al., 
2020; Leonard et al., 2021); however, comprehensive surface alteration 
mineralogy data for the volcano are limited. Studying hydrothermal 
alteration can improve our understanding of degassing processes and 
volcanic evolution, support the development of a conceptual model of 
the system, and ultimately inform assessments of hazards associated 
with hydrothermal activity.

1.1. Geological background

Red Crater (39◦ 08’11.4"S 175◦ 39’04.4"E, 1886 m), so named 
because of its distinctive oxidised deposits, is an active vent of the ∼350 
ky Tongariro volcano (Pure et al., 2023). Tongariro is situated at the 
2 
southern end of the Taupō Volcanic Zone (TVZ), a 300 × 60 km wide 
active volcano-tectonic region in the centre of New Zealand’s North 
Island, generated by the westward subduction of the Pacific Plate be-
neath the Australian Plate (Wilson et al., 1995). The massif consists of 
medium-K basaltic-andesite to dacite eruptive products from multiple 
vents and magma systems that have been concurrently active through-
out its history (Scott and Potter, 2014; Pure et al., 2023). Red Crater 
is positioned upon the head of the glacially eroded Oturere Valley 
and comprises a basaltic-andesite scoria cone, enclosing an unusually 
well-preserved dyke (Bardsley, 2004; Wadsworth et al., 2015). The site 
also includes multiple ancillary phreatic/phreatomagmatic explosion 
craters, three of which are occupied by Ngā Rotopounamu/Emerald 
Lakes (Shane et al., 2017), which are surrounded by a regolith com-
posed of undifferentiated late Quaternary and Holocene tephra, fan and 
scree deposits (Fig.  1).

The vent is one of the youngest (∼11 ka) on Tongariro, constructed 
of two eruptive members that overlie the ∼96–79 ka Waitakatorua 
(awu) and ∼79–61 ka Rotopaunga (arp) Members of the Taiko for-
mation (Pure et al., 2020). The Te Ahititi (ahi) andesites (∼11–1.8 
ka) are the oldest and most voluminous products from Red Crater, 
characterised by lava flows into Oturere Valley (Hobden, 1997; Pure 
et al., 2020), the largest of which (∼371–640 million m3) travelled 
∼6.5 km (Stevens, 2002). The younger Te Rongo (mtr) basaltic-andesite 
(∼1.8 ka–1800 CE) (Pure et al., 2020) deposits mark a shift in the 
magmatic composition of Red Crater’s plumbing system around 1.8 ka 
from andesite (SiO2 ∼59–62 wt%) to basaltic-andesite (SiO2 ∼53–54 
wt%) (Shane et al., 2017). This change was facilitated by sufficient 
draining of the pre-1.8 ka andesitic reservoir, allowing for subsequent 
mafic recharge via repeated intrusions. The primary mineralogical 
phases of Red Crater products are broadly similar between the two 
members, displaying a dominance of plagioclase and clinopyroxene 
phenocrysts with minor orthopyroxene, olivine and Fe-Ti oxides (Bard-
sley, 2004; Shane et al., 2017; Pure et al., 2020). Post-1.8 ka Te Rongo 
lava samples are however comparatively crystal-poor, and contain 
plagioclase phenocryst overgrowths with heightened FeO and MgO 
contents (Shane et al., 2017). Post-1.8 ka activity at Red Crater involved 
fire fountains and strombolian construction of the present day scoria 
cone (Bardsley, 2004) and 6 lava flows into South Crater, Central Crater 
(the most mafic end member composition on record from Tongariro), 
and Oturere Valley (Shane et al., 2017; Pure et al., 2020). Magma drain 
back from the active dyke and concurrent conclusion of this activity 
was followed by hydrothermally driven eruptions, forming the Emerald 
Lake craters, and excavating the aforementioned dyke and the North 
East Crater Wall of the scoria cone (Walsh et al., 1998; Bardsley, 2004; 
Wadsworth et al., 2015). Historically, at least 16 tephra dispersing 
eruptions have occurred from the vent in last ∼300 years (Moebis et al., 
2011). Several eruptions have been identified since 1855 (Scott and 
Potter, 2014), with the most recent thought to have occurred in 1934.

Geothermal activity at Red Crater consists of areas of hot steaming 
ground (≤100◦C) and active fumaroles (≤109◦C) located around the 
scoria cone, Oturere and the Emerald Lakes. Oturere is the largest 
and most active of these regions, characterised by tephra deposits 
overlying fractured and variably altered Waitakatorua lava (Fig.  2b). 
These geothermally active areas are surface expressions of Tongariro’s 
vapour-dominated hydrothermal system, which extends from
Ngāuruhoe’s northern flank to Upper Te Maari (Walsh et al., 1998; Hill 
et al., 2015; Miller and Williams-Jones, 2016; Miller et al., 2018). The 
most recent eruptions at Tongariro were two hydrothermal events from 
Upper Te Maari in August and November 2012 (Scott and Potter, 2014).

Surface mapping of alteration products at Tongariro is limited, few 
studies have detailed specific minerals and their extents. Lecointre et al. 
(2002) identified alteration minerals including kaolinite, halloysite, 
and smectites at Ketetahi and, amorphous silica, natroalunite, and hal-
loysite at the southern ridge of Tongariro. Cole et al. (2018) developed 
a geological map of South Crater and detailed hydrothermally altered 
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Fig. 1. Simplified geological map of the Red Crater area on Tongariro draped over a 1 m hillshade, displaying key regions of interest and the locations of samples 
used in this study. Geological formation abbreviations: mtr = Te Rongo, ahi = Te Ahititi, arp = Rotopaunga, awu = Waitakatorua (Pure et al., 2020), hfs = 
Holocene fan and scree, lqt = Late Quaternary tephra. New Zealand basemap and Tongariro 1 m hillshade from Land Information New Zealand, geological units 
and Emerald Lakes polygons from GNS Science web map service.
areas associated with glacial meltwaters and geothermal activity, iden-
tifying minerals including smectites, alunite, and Fe oxides. Kereszturi 
et al. (2018) mapped re-worked and in-situ alteration products, includ-
ing montmorrillonite, kaolinite, and nontronite, at Te Maari after the 
2012 eruptions. The total volume of hydrothermally altered material 
at Tongariro is estimated at ∼20 km3 and several steep slopes on the 
edifice coincide with altered rocks (Miller and Williams-Jones, 2016). 
Investigating alteration processes is necessary for hazard assessment 
and mitigation at Tongariro, as these areas may be prone to instability 
and collapse.

2. Methods

2.1. Field sampling and laboratory analysis

Multiple sampling campaigns between January 2024–March 2025 
were conducted at Red Crater, from which a total of 45 samples were 
collected (Fig.  1, see supplementary material for full sample list). They 
3 
range from non-altered, to moderately and pervasively altered tephra, 
scoria, blocks and lava.

2.2. Reflectance spectroscopy

Laboratory-based reflectance spectroscopy of the rim and interior 
of the samples in the VNIR and SWIR regions was conducted by taking 
spot based measurements using the ASD FieldSpec 4. We used a Spec-
tralon white reference panel for calibration and, prior to spectroscopy, 
the samples were oven dried at 30◦C for 48 h to minimise the influence 
of water absorption. Multiple spot measurements of the crust and 
interior were made using a high intensity contact probe with a spatial 
footprint of ∼8 mm across, ensuring a representative dataset for each 
rock. At least 100 measurements were recorded for each spot, they were 
splice corrected to account for the step between the VNIR and SWIR 
sensors (Crucil et al., 2019), averaged, and then exported to create a 
spectral library of all samples. To identify specific minerals we used 
both reflectance and continuum removed spectra (e.g., Clark, 1999), 
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and manually matched absorption features (depth and position) with 
those in the United States Geological Survey (USGS) Spectral Library 
Version 7 (Kokaly et al., 2017).

2.3. Scanning electron microscopy and energy dispersive spectroscopy

Seven thick sections (100 μm) were prepared for geochemical and 
petrographic analysis via Energy Dispersive Spectroscopy (EDS) and 
Scanning Electron Microscopy (SEM). The samples were mounted on 
glass slides, ground to ∼100 μm, polished to ∼1 μm, gold coated 
and imaged using a JEOL JCM-6000 Plus SEM with an acceleration 
voltage of 15 kV and 10 mm working distance. Minerals were identified 
based on their crystal habit displayed in SEM images and elemental 
composition from EDS count spectra and mol% data.

2.4. Stable isotopes

Oxygen (𝛿18O) and sulphur (𝛿34S) stable isotope analyses were con-
ducted on four native sulphur samples (Tg46–48, 54) and one alunite 
sample (Tg57b) (Table  5) using a VG-Isotech SIRA-II dual-inlet mass 
spectrometer. Samples were selected based on mineral identification 
from spectroscopy and SEM-EDS analyses.

Oxygen isotope values were measured from the SO4- site of the 
alunite sample, following methods from Rafter (1957), Rees and Holt 
(1991). Each sample was analysed three times, checked against ref-
erence standards NBS-127, IAEA-SO-5, and IAEA-SO-6, recording the 
𝛿18O relative to Vienna Standard Mean Ocean Water (VSMOW) (Craig, 
1961). Sulphur isotope values were measured from native sulphur crys-
tals (or powdered as whole rock when unavailable) and the SO4- site of 
the alunite sample. The extraction (and conversion for sulphates) pro-
cedures of SO2 differ for alunite and native sulphur, following Robinson 
and Kusakabe (1975), Yanagisawa and Sakai (1983), Wasserman et al. 
(1992), Manalo et al. (2018), Li et al. (2024), Imura et al. (2024), 
Álverez-Valero et al. (2025), Sanchez et al. (2025). Ratios are rela-
tive to the Canyon Diablo iron meteorite reference (troilite 34S/32S = 
0.0450045) (Ault and Jensen, 1963).

2.5. Aerial hyperspectral survey and image classification

An airborne hyperspectral survey of Tongariro was conducted using 
a Piper PA-34-200 aircraft with the HySpex VNIR-1800 (400–1000 nm) 
and SWIR-384 (930–2500 nm) push-broom hyperspectral cameras be-
tween 1130 and 1300 NZDT (UTC +13) on 7th March 2025 (Table  2). 
The flight elevation was ∼614 m above ground level, resulting in pixel 
resolutions of 0.6 m and 1.2 m for VNIR and SWIR images respectively. 
Each image strip was radiometrically corrected from Digital Numbers 
(DN) to at-sensor radiance (W·nm-1·sr-1·m-2) in HySpex RAD before 
atmospheric correction in ATCOR (Richter and Schläpfer, 2023). Geo-
metric correction and orthorectification of images was performed using 
Applanix POSPac, HySpex NAV, and PARGE (Richter and Schläpfer, 
2002), using a 1 m LiDAR Digital Elevation Model (DEM) from Land 
Information New Zealand. The strips were mosaicked together and 
spectra were smoothed using a Savitzky–Golay filter with a window size 
of 10 and 4 for VNIR and SWIR respectively. Finally, bands impaired by 
atmospheric interference were removed and Minimum Noise Fraction 
(MNF) (Green et al., 1988) was applied to the VNIR-SWIR layer stack to 
reduce the dimensionality of the data, discounting redundant and noisy 
spectral bands that may reduce image classification accuracy (Keresz-
turi et al., 2018). We retained 20 bands for the final hypercube based 
on manual thresholding using the Eigenvalue scree plot, maintaining 
variance based on the spectral signal and ensuring noise reduction, 
ready for image classification.

The spatial distribution of surface hydrothermal alteration at Red 
Crater was mapped using a supervised random forest image classifi-
cation (Breiman, 2001). Random forests use multiple decision trees 
that each vote for a specific class to classify an input vector (i.e., 
4 
Table 2
Tongariro aerial hyperspectral survey parameters.
 Parameter Value  
 Date/Time 07/03/2025 1130–1300 NZDT (UTC +13) 
 Site Location 39◦ 08’11.4‘‘S 175◦ 39’04.4’’E  
 Flight Height 614 m agl  
 Spatial Resolution VNIR: 0.6 m  
 SWIR: 1.2 m  
 Full Width at Half Maximum VNIR: 4.7 nm  
 SWIR: 8.1 nm  
 Solar Elevation 51.7–54.2◦  
 Solar Azimuth 34.2–23.9◦  
 Solar Zenith 38.3–35.8◦  

image pixel), based on a set of user generated training data (Pal, 
2005). We selected polygons labelled as one of the following six 
classes: silicic alteration, argillic alteration, lava, scoria, regolith, and
shadow/water/steam, based on our field observations and sample 
mineralogy obtained from VNIR-SWIR laboratory spectroscopy and 
SEM-EDS data. These polygons were split 50–50 into training and 
validation data. The validation data are used to generate an error 
matrix and compute the accuracy of the classification using three 
metrics; overall accuracy, user’s accuracy, and producer’s accuracy (as 
defined by Congalton, 1991; Liu et al., 2007). The overall accuracy 
reports the percentage of correctly classified pixels from the entire 
independent validation dataset (Congalton, 1991). The user’s accuracy 
measures the probability that a classified pixel from classi in the image 
correctly represents that class on the ground (Story and Congalton, 
1986), while the producer’s accuracy describes how many pixels in 
validation classi were correctly classified (Congalton, 1991). They are 
computed by the following equations: 

Overall Accuracy =
total correct validation pixels 

 total validation pixels (1)

User’s Accuracy𝑖 =
total class𝑖 correct pixels 

 total pixels in validation class𝑖
(2)

Producer’s Accuracy𝑖 =
total class𝑖 correct pixels 

 total pixels classified as class𝑖
(3)

Model parameters were selected using a grid search method, which 
returned a maximum depth, minimum number of leaves (nodes) and a 
minimum number of splits of 15, 2, and 4 respectively, the number of 
trees were kept at 500. Each node within a tree uses a random selection 
of the square root of the total number of features (spectral bands) when 
split.

2.6. Soil gas surveys

Ground-based soil CO2 and H2S flux surveys were conducted at 
Red Crater in February 2014 (233 measurements) and April 2024 (70 
measurements), simultaneous ground temperature measurements were 
made with a soil thermometer (∼13 cm deep, lithology permitting). 
Measurements were made at irregular spacings using the accumulation 
chamber method (Chiodini et al., 1998), with a West Systems portable 
fluxmeter (West Systems, 2019). The MULTI-GAS system houses an 
infrared analyser for CO2 and H2O (LI-COR LI-850) and a WS-TOX-
H2S electro-chemical sensor for H2S. To minimise the impact of rainfall 
on gas flux (Hinkle, 1991; Chiodini et al., 1998), the surveys were 
conducted on dry days and after a minimum of three days where there 
was no precipitation (e.g., Yang et al., 2024).

The following equations are used to calculate the CO2 (𝐹CO2
) and 

H2S (𝐹H2S) fluxes in g/m2/day (Chiodini et al., 1998; Williams-Jones 
et al., 2000; West Systems, 2019; Yang et al., 2024): 
𝐹CO2

= 𝑅CO2
× (86400 × 𝑃 × 𝑉 )∕(106 × 𝑅 × 𝑇 × 𝐴) ×𝑀CO2

(4)
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Fig. 2. Field photos of Oturere; samples collected from each area are listed. (a) Typical native sulphur and silica upon tephra deposits, (b) fractured Waitakatorua 
lava exposed beneath the Oturere geothermal area, (c) native sulphur deposits and silicic alteration at Oturere, and (d) continuum removed reflectance spectra 
(offset for clarity) highlighting absorption features typical of sulphur (Tg44a), silica (Tg44a), goethite (Tg84), smectite (Tg84), and gypsum (Tg49) minerals from 
the Emerald Lakes and Oturere, with corresponding samples on the right, dots indicate probe location. See Table  4 for a summary of typical mineral absorption 
features.
𝐹H2S = 𝑅H2S × (86400 × 𝑃 × 𝑉 )∕(106 × 𝑅 × 𝑇 × 𝐴) ×𝑀H2S (5)

Where 𝑅CO2∕H2S are raw gas fluxes in ppm/s, 𝑃  is the ambient air 
pressure (hPa), 𝑉  is the dead space volume of the system (0.006186 
m3), 𝑅 is the gas constant (0.08313510 bar·L·K-1·mol-1), 𝑇  is ambient 
air temperature in K, 𝐴 is the area of the chamber (0.0317 m2) and 
𝑀CO2∕H2S are the molecular weights of CO2 (44.01 g/mol) and H2S 
(34.082 g/mol).

Soil CO2 gas flux data were further processed within Windows 
Geostatistical Software Library (WinGslib) (see Deutsch and Journel, 
1997; Cardellini et al., 2003). Sequential guassian simulations (with a 
nugget effect of 0.5 and a sill of 1) were run to produce 100 different 
but equiprobable realisations of unsampled locations within the defined 
area (e.g., Chiodini et al., 2004; Yang et al., 2024). H2S data were not 
subjected to sequential Guassian simulations due to their limited spatial 
footprint.

Multiple gas sources (e.g., biological, hydrothermal, magmatic) may 
contribute to diffuse CO2 emissions and therefore generate a multi-
modal distribution of flux values (Cardellini et al., 2003). We used 
graphical statistical analysis to differentiate between CO2 degassing 
populations at Red Crater following methods from Sinclair (1974), 
Chiodini et al. (1998). Two overlapping populations of CO2 flux values 
were identified from an inflection point of their curve on a logarithmic 
probability plot (Fig.  8). The flux data of the different populations were 
defined, and the proportion, arithmetic mean CO2 flux, and range (90% 
confidence interval) was calculated for each population using the Sichel 
𝑡 estimator (Sichel, 1966; David, 1977) (Table  3).
5 
Table 3
Graphical statistical analysis parameters for outgassing at Red Crater. Mean 
CO2 flux (g/m2/d) and the flux range in the 90% confidence interval.
 CO2 flux population % of datapoints Mean CO2 flux (g/m2/d)

(90% confidence interval flux range)
 

 A 58% 21 (14.3–34.5)  
 B 42% 1103 (850.4–1548.9)  

3. Results

3.1. Red crater alteration mineralogy

Non-altered lithologies have a groundmass composed of predomi-
nantly euhedral and subhedral plagioclase laths, euhedral and anhedral 
clinopyroxenes and minor olivine and titanomagnetite microlites (≤80 
μm). Plagioclase is the dominant phenocryst (≥100 μm), followed by 
clinopyroxene and minor olivine and titanomagnetite. The phenocrysts 
are generally subhedral, they often exhibit intra-crystal fractures, and 
well formed individuals display tabular, platy and octagonal habits. 
Clinopyroxenes display occasional compositional zoning with slight 
(+≤8 mol%) Mg enrichment and reduced Ca (-≤3 mol%) and Fe (-≤7 
mol%) towards the crystal rim, and several also contain titanomag-
netite and chromium spinel inclusions. Minor titanomagnetite and 
olivine phenocrysts are also present in some samples (Tg42a, 44a, 57b), 
they are mainly subhedral with bladed titanomagnetite and tabular or 
platy olivine.

Silica polymorphs and native sulphur deposits are widespread across 
Red Crater. They are the primary alteration minerals at the Emerald 
Lakes and Oturere (Fig.  6), alongside minor phyllosilicates. Samples 
from these areas are encrusted with silica and sulphur sublimates, and 
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Table 4
Summary of alteration minerals at Red Crater, their VNIR-SWIR absorption properties and SEM-EDS observations. See Supple-
mentary Material for full sample list and VNIR-SWIR and SEM-EDS observations.
 Minerals Absorption features (nm) SEM-EDS observations  
 Native Sulphur 386, 403 Precipitation within and around void spaces 

(Tg49).
 

 Amorphous Silica 1408, 1908, 2210 Minor (Tg42a, 45a) to complete (Tg44a, 58) 
replacement of phenocrysts. Minor (Tg57b) to 
pervasive (Tg58, 59) silicification of groundmass.

 

 Goethite 433, 487, 674, 966 –  
 Pyrite – Subhedral and euhedral cubic crystals within 

pores, cracks and the edges of void spaces, and 
partial infilling of fractures (Tg58).

 

 Kaolin Group 1394, 1413, 2167, 2207 Filling and surrounding void spaces. Occasional 
botryoidal formations. Otherwise lacking an 
obvious crystalline shape (Tg58, 59). Occasional 
replacement of groundmass (Tg58).

 

 Smectite Group 1414, 1464, 1907, 2208 One occurrence of nontronite found within void 
space (Tg58).

 

 Alunite 1434, 1475, 1764, 2175, 2209 Clusters of medium to fine (≤50 μm) anhedral and 
pseudocubic crystals, some rims display resorption 
features, located around the edges of and within 
void spaces (Tg58, 59). Not found within 
groundmass or as a phenocryst pseudomorph. 
Amorphous deposits seen infilling void spaces 
(Tg57b).

 

 Jarosite 436, 900, 1466, 1852, 2207, 2263 Pseudocubic, ≤10 μm, subhedral (Tg59). Replacing 
alunite within pore spaces (Tg57b).

 

 Gypsum 1446, 1490, 1539 –  
 Dolomite – 10 μm diameter anhedral grain sat within a 

dissolved rim of plagioclase phenocryst (Tg49).
 

sit within a heated (up to ∼100◦C) matrix of cemented tephra (Fig. 
2a). VNIR-SWIR reflectance data show absorptions at 386 and 403 nm 
typical of sulphur (Kokaly et al., 2017), and broad features at 1408, 
1908, and 2210 nm, that are indicative of amorphous/poorly crystalline 
silica (e.g., opal-TC) (Milliken et al., 2008; Simpson and Rae, 2018) 
(Fig.  2d, Tg44a). Minor occurrences of montmorrillonite and kaolinite 
on the rims of some of these samples were identified with spectral data, 
however they were not observed within sample interiors via SEM-EDS 
analysis. Widespread native sulphur precipitation around void spaces 
and fractures was identified under SEM-EDS within Tg49 (Fig.  3b), and 
spectral data confirms its presence within interiors of Tg75a, 83, and 
88. Samples maintain a mostly fresh groundmass but exhibit dissolution 
textures and silicification of plagioclase (Fig.  3a, c), clinopyroxene 
and olivine phenocrysts. These range from minor (∼10–25 μm) surface 
textures to complete replacement of the crystal. Textures found in 
feldspars and olivines contain amorphous silica, whereas in clinopy-
roxenes, they may also expose the underlying groundmass. 𝛿34S isotope 
values from Oturere (Tg46, 47, 48) and Northern Emerald Lake crater 
(Tg54) show minor enrichments in 34S, ranging from 0.9–2.1‰ (Table 
5). The presence of silica polymorphs and native sulphur deposits at the 
Emerald Lakes and Oturere is indicative of a silicic alteration regime, 
with intense cation leaching via SiO2 rich, acidic (pH ≤2) hydrothermal 
fluids, that cool swiftly at the surface, forming local sinters (Stoffregen, 
1987; Pirajno, 1992; Corbett and Leach, 1997). Sulphur-rich fluids 
are expelled at active fumaroles and permeate through surrounding 
tephra deposits, precipitating elemental crystals (Giggenbach, 1987; 
Rowe et al., 1992; Rye et al., 1992).

Silica polymorphs, ±kaolinite, ±alunite, ±smectite, ±goethite com-
prise the second alteration mineral association at Red Crater, which 
occurs primarily at the North East Crater Wall. Native sulphur de-
posits are also abundant proximal to fumaroles, and within samples 
we observe minor jarosite and pyrite. Zones of alteration are typically 
pink/light brown/orange in colour, consisting of hot (up to ∼93◦C), 
cemented matrixes of tephra supporting clasts of fine to coarse scoria 
and blocks, surrounding lava flows. The majority of samples display 
SWIR features indicative of a mixture of phyllosilicates, specifically 
6 
Table 5
Stable isotope ratios of native sulphur and alunite samples.
 Sample Location Mineral 𝛿34SSO4

(± 0.2) h
𝛿18OSO4
(± 0.2) h

 Tg46 Oturere Sulphur 2.1 –  
 39◦ 08’05.3’’S 175◦ 39’20.5’’  
 Tg47 Oturere Sulphur 0.9 –  
 39◦ 08’05.5’’S 175◦ 39’21.6’’E  
 Tg48 Oturere Sulphur 1.3 –  
 39◦ 08’06.7’’S 175◦ 39’22.7’’E  
 Tg54 Northern Emerald Lake Sulphur 0.9 –  
 39◦ 08’03.2’’S 175◦ 39’20.6’’E  
 Tg57b North East Crater Wall Alunite 2.7 16.03  
 39◦ 08’06.7’’S 175◦ 39’14.7’’E  

kaolin (e.g., kaolinite and halloysite) and smectite (e.g., montmorril-
lonite and nontronite) group minerals (Fig.  4). The two groups can 
be distinguished by identifying certain absorption features within the 
VNIR-SWIR spectrum, which are indicative of vibrations of molecular 
(OH, H2O) or cation-hydroxyl bonds (e.g., Al-OH, Fe-OH, and Mg-
OH) (Bishop et al., 2002, 2008; Simpson and Rae, 2018). Here, kaolin 
minerals present two doublet absorption features, the first is situated 
at 1395 and 1415 nm, and the second at 2165 and 2205 nm, with a 
deeper trough at 2205 nm (Bishop et al., 2008; Santamaría-López et al., 
2024), and several secondary features around 2315, 2355, and 2382 nm 
caused by OH-stretching and lattice vibrations (Ducasse et al., 2020). 
Smectite group minerals typically have absorption features at 1414, 
1464, 1905, and 2204 nm (Simpson and Rae, 2018; Lorenzo et al., 
2021). Occasionally, absorption features diagnostic of alunite (1434, 
1480, 1764, and a doublet at 2174, 2208 nm) were present alongside 
phyllosilicates, indicating a mixture of the three minerals at scales of a 
≤8 mm. One block proximal to a fumarole (Tg70) displayed absorption 
features typical of ammonium smectite, with additional features at 
2007 and 2112 nm caused by the presence of NH4 molecules (Felzer 
et al., 1994) (Fig.  4d, Tg70); these features were not present in any 
other sample. Goethite is abundant on the crusts of samples, identified 
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Fig. 3. SEM image (left) and EDS spectra (right) of typical alteration mineralogy from the Emerald Lakes/Oturere. Coloured dots on SEM imagery correspond 
to points of EDS spectra. Mineral abbreviations; plg, plagioclase; cpx, clinopyroxene; s, sulphur; si, silica; dol, dolomite; v, void space. (a) Silicification of a 
plagioclase phenocryst surrounded by fresh groundmass, (b) native sulphur precipitation surrounding a pore space of scoria, and (c) dolomite nested within 
silicified rim of plagioclase phenocryst, minor native sulphur precipitation within void spaces.
by the crystal field transition absorption features at 487 and 674 nm, 
with a wider feature at 950 nm (Crowley et al., 2003; Kokaly et al., 
2017). In hematite, the latter feature is at a shorter wavelength position 
of 870 nm and thus aids in distinguishing the two minerals (Crowley 
et al., 2003).

Under SEM, amorphous silica, kaolinite and alunite are the preva-
lent alteration minerals (Fig.  5b, c). Silica is a common pseudomorph 
for plagioclase and pyroxene phenocrysts, and is the prevalent re-
placement mineral for the groundmass. Kaolinite also appears as a 
replacement of the groundmass but its dominant form is filling and 
surrounding void spaces, in both cases lacking an obvious crystalline 
shape (Tg58, 59). Kaolinite are accompanied by clusters of medium to 
fine (≤50), anhedral to pseudocubic alunite (Fig.  5c) that occasionally 
exhibit resorption features on their crystal margins. In Tg58, fine, euhe-
dral and subhedral pyrite deposits are found partially filling fractures 
and pore spaces within the groundmass, but also within intra-crystal 
fractures (Fig.  5b). Minor jarosite was identified proximal to alunite 
deposits and as a replacement mineral (Fig.  5a, c); Tg57b provides a 
clear view of this replacement process within the same network of pore 
spaces.

Alteration minerals of silica polymorphs, ±kaolinite, ±alunite across 
samples suggest an advanced argillic environment with acid sulphate 
7 
alteration at the North East Wall of Red Crater scoria cone (Meyer and 
Hemley, 1967; Henley and Ellis, 1983; Rye, 2005; John et al., 2008).

Minor alteration phases of gypsum and dolomite minerals were 
identified within sample Tg49, a piece of scoria with abundant native 
sulphur deposits and minor silicification, situated on the western edge 
of Oturere. The gypsum crystals are white/grey, situated in a ∼1.5 cm 
patch in the sample’s interior, surrounded by fresh rock, exhibiting a 
diagnostic triplet absorption feature at 1446, 1490, 1539 nm (Milewski 
et al., 2019). The isolated deposit of dolomite constitutes an anhedral, 
10 μm diameter grain, positioned on the dissolved rim of a plagio-
clase phenocryst. More dolomite may exist within this sample, con-
firming this will require a more comprehensive survey under SEM. 
Interestingly, dolomite has also been observed in samples from Te 
Maari (Sanchez et al., 2025). Additionally, white mineral deposits were 
found upon the rims and within pores of scoria (Tg102), sampled from 
pyroclastic fall deposits adjacent to the Tongariro Alpine Crossing track, 
on the north-west rim of Red Crater. The area has weak fumarole 
activity and soil temperatures up to 55.9◦C. Spectral data of this white 
mineral show a triplet absorption feature at 1392, 1407, 1463 nm, 
and a doublet at 2288 and 2311 nm, adjacent to the 2215 Al-OH 
feature (Fig.  4d, Tg102). The triplet feature may be a result of a 
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Fig. 4. Field photos of the North East Wall of the Red Crater scoria cone; samples collected from each area are listed. (a) View facing SW of the North East 
Wall with sample locations labelled, (b) altered scoria bed with kaolinite, alunite, and goethite minerals, (c) crust of opal, goethite and sulphur upon lava, and 
(d) continuum removed reflectance spectra highlighting typical absorption features of sulphur (Tg70), kaolinite (Tg70), alunite (Tg57b), goethite (Tg57b), and 
smectite (Tg70, 102), with corresponding samples on the right, dots indicate measurement location. See Table  4 for a summary of typical mineral absorption 
features.
mixture of kaolinite, montmorrillonite and/or opal minerals. Alterna-
tively, it matches well spectrally with hectorite from the USGS Spectral 
library (Kokaly et al., 2017). Further sampling, spectroscopy and SEM 
analysis of this mineral is required for a more accurate confirmation.

3.2. Surface alteration mapping

Supervised image classification of the hyperspectral image using a 
random forest algorithm was implemented to map alteration units at 
Red Crater (Fig.  6). The overall accuracy of the classification based 
on independent validation data is 89% (Eq.  (1)). The total area of 
surface hydrothermal alteration at Red Crater is estimated by the image 
classification to be 12,968 m2, 71% of which is silicification (9190 m2) 
and 29% is argillic (3778 m2) (Table  7). Argillic areas were identified 
by the random forest algorithm due to their unique and diagnostic 
doublet absorption feature at 2165 and 2205 nm, however spectral 
noise or steam from geothermal areas (e.g., Oturere) occasionally mim-
ics this feature and leads to the misclassification of these pixels as 
argillic (Fig.  6). The largest region of argillic alteration is the North 
East Crater Wall, although discrete areas on and around the rim of 
the scoria cone were identified, that likely represent hydrothermally 
altered lithics and lavas of the Rotopaunga andesite described by Bard-
sley (2004) and Wadsworth et al. (2015). A concentrated area of argillic 
alteration, identified by absorption features diagnostic of alunite, is also 
8 
apparent upon Waitakatorua lavas on the east of Oturere Valley. There 
is no present day geothermal activity in this area, it may therefore be 
evidence of a fossil hydrothermal system in this area.

The random forest algorithm likely identifies silicification primarily 
on the basis of its reflection intensity compared to other classes, which 
is a function of illumination geometry and grain size (Clark and Roush, 
1984). The model detected spectral similarities between the silicified 
lavas at Oturere and the North East Crater Wall, suggesting they share 
a similar host rock and that the lava at the North East Crater Wall is part 
of the Taiko Formation. Additionally, spectra of the silicification class 
contains a relatively shallow and wide absorption feature at 2210 nm 
which also serves as a feature for its identification (e.g., Rodriguez-
Gomez et al., 2021). The region of silicification at the North East Crater 
Wall may also be partially obscuring argillic areas. Several field samples 
collected from this area have surface alunite and kaolinite, although 
this signal was not recognised by the aerial hyperspectral image. The 
absorption features may have been dampened by the abundance of 
silica polymorphs within this area compared to argillic minerals, or 
sensor/atmospheric noise, highlighting the benefits of field sampling 
as validation for hyperspectral imagery.

The two largest classes mapped were unaltered lava (0.52 km2) and 
scoria/tephra (0.24 km2), and they also accounted for the majority 
of classification errors (Table  6). Misclassification between the two 
classes is likely due to multiple factors. First, scoria and tephra deposits 
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Fig. 5. SEM image (left) and EDS spectra (right) of representative samples from the North East Crater Wall. Coloured dots on SEM imagery correspond to points 
of EDS spectra. Mineral abbreviations are as follows; plg, plagioclase; cpx, clinopyroxene; olv, olivine; pyr, pyrite; si, silica; kao, kaolinite; al, alunite; js, jarosite; v, 
void space. (a) Alunite and jarosite infilling the same void space surrounded by an unaltered groundmass with olivine microlites, (b) silica replacing phenocrysts, 
kaolinite within void spaces accompanied by fine anhedral alunite, pyrite deposits are present within cracks and pores, and (c) region of amorphous kaolinite 
around and within void spaces, accompanied by subhedral and anhedral, pseudocubic alunite, and minor jarosite, surrounded by a silicified groundmass.
are often found overlying lava flow surfaces (Shane et al., 2017); 
pixels within the hyperspectral image are 1.2 m in size and therefore 
training/validation polygons inevitably contain pixels containing the 
other class (Table  7). Second, both classes exhibit similar reflectance 
spectra as they are composed of similar primary minerals and show 
widespread surface oxidation, the latter of which produces distinct Fe3+
absorption features around 500 nm. Integrating LiDAR data within the 
image classification can account for factors such as contrasting surface 
roughness and may therefore improve the accuracy between the two 
classes (e.g., Kereszturi et al., 2018).

3.3. Red crater degassing

Four distinct regions of heightened degassing at Red Crater were 
identified: the North East Crater Wall, Southern Emerald Lake, Oturere, 
and the northern rim of the scoria cone. These coincide with geother-
mal surface features and/or hydrothermal alteration (Fig.  7).
9 
Using graphical statistical analysis (Section 2.6), two populations of 
degassing were identified at Red Crater: population A, characterised by 
low emissions that may be due to low permeability regions or possibly 
from biogenic sources (e.g., root/soil respiration (Di Martino et al., 
2022)), and population B, high emissions that represent magmatic/hy-
drothermal processes located around areas of higher permeability (Fig. 
8). The mean CO2 flux of population A is 21 g/m2/d (14.2–34.5 
90% confidence interval) and for population B it is 1103 g/m2/d 
(850.4–1548.9).

The mean soil CO2 emission rate of Red Crater using sequential 
Guassian simulations is estimated at 26.2 ±1.5 t/d and raw flux values 
range from 0.04 to 9320 g/m2/d. CO2 emissions of individual geother-
mal areas at Red Crater were estimated using ordinary kriging in 
Surfer (Golden Software, 2025). Oturere and the North East Crater Wall 
dominate emissions with 11.2 and 10.3 t/d respectively (Fig.  7). The 
highest individual flux value however (9320 g/m2/d) was measured on 
the northern rim of the scoria cone, in an area with minor steaming and 
mineral precipitation, and a soil temperature of 55.9◦C.
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Fig. 6. Red Crater alteration map from the random forest image classification results, draped over a 1 m hillshade. The white ovals highlight several areas 
misclassified as argillic due to spectral noise. The white arrow indicates steam and shadow from the large fumarole at Oturere. Tongariro 1 m hillshade from 
Land Information New Zealand.
Table 6
Confusion matrix showing no. of pixels correctly (bold) and incorrectly predicted by the random forest classification (vertical) 
against the validation population (horizontal).
 Predicted classes
 Regolith Scoria/

Tephra
Lava Argillic

Alteration
Silicification Shadow/

Water/Steam
Total 

 

Reference
classes

Regolith 207 1 17 0 0 0 225  
 Scoria/Tephra 0 972 128 0 0 0 1100 
 Lava 0 105 494 0 0 1 600  
 Argillic Alteration 0 0 0 62 2 0 64  
 Silicification 0 0 1 0 79 0 80  
 Shadow/Water/Steam 0 1 1 0 0 198 200  
 Total 207 1079 641 62 81 199 2269 
H2S emissions at Red Crater are confined to areas of hot, steaming 
ground and active fumaroles. Only 10 of 172 individual H2S mea-
surements yielded flux values above a threshold of 1 g/m2/d, ranging 
from 1.1 to 50.5 g/m2/d. Oturere and the Southern Emerald Lake have 
total fluxes of 67.6 and 60.4 g/m2/d respectively, while the North East 
Crater Wall emits only 3.1 g/m2/d.
10 
Through examining CO2 degassing rates and coinciding soil temper-
atures three general types of activity can be distinguished (Fig.  9). The 
first is characterised by high soil temperatures (39–100◦C) and high 
CO2 fluxes (125–9320 g/m2/d), indicating permeable areas that overlie 
high temperature hydrothermal zones. The second type comprises am-
bient soil temperatures (4–34◦C) and heightened degassing (51–2945 
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Table 7
Class-wise user (Eq.  (2)) and producer (Eq.  (3)) accuracy based on independent validation data, 
and their total number of pixels and corresponding area as predicted by the random forest 
classification.
 Class User’s

accuracy (%)
Producer’s
accuracy (%)

Predicted
no. of pixels

Predicted
total area (m2)

 Regolith 100 92 46,093 66,375  
 Scoria/Tephra 90 88 166,325 239,509  
 Lava 77 82 362,906 522,586  
 Argillic Alteration 100 96 2623 3778  
 Silicification 97 98 6381 9190  
 Shadow/Water/Steam 99 99 14,117 20,329  
Fig. 7. Map of CO2 and H2S fluxes across Red Crater. CO2 distribution in g/m2/d from 100 sequential guassian simulations, the average daily emissions from 
key areas derived via kriging are labelled. H2S markers are enlarged and grouped for clarity. Tongariro 1 m hillshade from Land Information New Zealand and 
Emerald Lakes polygons from GNS Science web map service.
g/m2/d). These measurements highlight permeable units that are out-
side of high temperature hydrothermal areas. The third type consists of 
areas with ambient soil temperatures and lower degassing rates (≤48 
g/m2/d). Typically these are situated outside of hydrothermally altered 
and geothermal areas. Occasionally they occur in close proximity to 
areas with high gas fluxes and high soil temperatures, suggesting the 
fracture or heat pipe feeding that activity is small and concentrated.

4. Discussion

4.1. Hydrothermal alteration at red crater

Hydrothermal alteration at Red Crater represents the surface of an 
epithermal system with two distinct alteration mineral associations: 
advanced argillic alteration of the North East Crater Wall of the scoria 
cone and silicification at the Emerald Lakes and Oturere (Fig.  6). 
Samples display leaching of Ca, Mg, K and Na cations from the primary 
11 
mineralogy by acidic fluids, leading to the formation of silica, native 
sulphur, kaolinite and alunite, typical of acid-sulphate alteration (Hen-
ley et al., 1984; Stoffregen, 1987; Klammer, 1997; Barrett and Joseph, 
2018).

The textural and geochemical characteristics of alunite can provide 
insights into the processes and environmental conditions driving acid-
sulphate alteration in hydrothermal systems (Seal et al., 2000; Deyell 
and Dipple, 2005). Alunite may form via several different mecha-
nisms (see Rye, 2005), including magmatic-steam; which involves an 
ascending SO2 rich vapour plume that experiences no reduction during 
disproportionation, and steam-heated; whereby rising H2S is oxidised at 
or above the water table, releasing sulphuric acid into the hydrothermal 
fluid according to the reaction H2S + 2O2 = H2SO4 (Rye et al., 1992). 
Alunite at Red Crater are rarely well formed, habits are typically 
anhedral to pseudocubic and medium to fine grained (≤50 μm), which 
can be indicative of formation within a relatively low temperature 
environment of ∼70–180◦C (Deyell et al., 2005). This is in contrast to 
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Fig. 8. Cumulative probability plot for Log CO2 Flux (g/m2/d), raw data are 
filled symbols and separate populations are outlines, the black arrow indicates 
the population inflection point.

Fig. 9. (a) Log CO2 flux and soil temperature values grouped by key areas of 
geothermal activity and alteration at Red Crater, ‘‘Other’’ represents remaining 
measurements. Red, orange and black boxes denote the split of temperature 
and degassing types. (b) Map displaying measurement locations coloured by 
their temperature and degassing class. CO2 flux values below 1 g/m2/d are 
omitted for clarity. Tongariro 1 m hillshade from Land Information New 
Zealand and Emerald Lakes polygons from GNS Science web map service.
12 
coarser, tabular alunites at the nearby Te Maari (Sanchez et al., 2025) 
and the neighbouring Mount Ruapehu (Kereszturi et al., 2020), which 
are typically indications of higher formation temperatures found in 
magmatic-hydrothermal or magmatic-steam environments (Rye et al., 
1992; Deyell and Dipple, 2005). Measured 𝛿18OSO4 and 𝛿34SSO4 isotopic 
values from alunite sample Tg57b of 2.7‰ and 16.03‰ (Table  5) 
approximately align (±5‰) with those reported at locations with 
steam-heated environments (e.g., Tolfa, Italy (Field and Lombardi, 
1972) and National dist., NV, USA (Vikre, 1987)) and magmatic-steam 
environments (e.g., Lake City, CO, USA (Bove et al., 1990) and Alunite 
Ridge, UT, USA (Cunningham et al., 1984)). The 𝛿34SSO4 value of 
2.7‰ for our alunite aligns with recent isotopic data collected from 
a fumarole at the North East Crater Wall, with 𝛿34SSO4 values of 2.9‰ 
(2023), 2.3‰ (2024), and 2.8‰ (2025) (GNS Science, 1954). Similar 
low 𝛿34SSO4 values from fumaroles at Papandayan, Indonesia (Mazot 
et al., 2008) and Solfatara–Pisciarelli, Italy (Allard et al., 1991, 2015) 
suggested sulfates are originating from processes dominated by the 
oxidation of H2S.

Within the advanced argillic deposits at Red Crater, kaolinite is the 
dominant phyllosilicate over smectites, which predominantly occur as 
supergene alteration rinds. Kaolinite is often found with alunite and 
they both occur as precipitants within fractures and void spaces, rather 
than mineral pseudomorphs (Fig.  5b, c). Kaolinite forms in relatively 
low temperature conditions (<150–200◦C) (Corbett and Leach, 1997) 
and can co-exist with alunite under a pH of 3–4 (Stoffregen, 1987). 
Jarosite is also observed to be replacing alunite (Fig.  5a, c). This process 
can be characteristic of steam-heated environments and is rare in the 
magmatic-steam domain (Stoffregen, 1993; Rye and Alpers, 1997; Rye, 
2005). The formation of jarosite here may occur due to a lowering of pH 
and temperature, and/or increase in 𝑓O2 conditions of the system (Stof-
fregen et al., 2000; Álverez-Valero et al., 2025). Pyrite on the other 
hand is only observed within pore spaces and fracture networks (Fig. 
5b), likely forming as a product of rising H2S interacting with Fe cations 
from titanomagnetite, pyroxene, or olivine minerals (Álverez-Valero 
et al., 2025). Based on textural observations, mineral associations, and 
isotope values we propose that acid-sulphate alteration at Red Crater 
is primarily driven by the oxidation of H2S within a steam-heated 
environment, with a transitional pH of 2–4 and at temperatures up to 
∼200◦C. This intense acid leaching promotes local silicification of the 
host rock, and the deposition of opaline silica (Fig.  4c) at the surface 
from acidic, sulphate and SiO2 rich fluids (Fournier, 1985; Corbett and 
Leach, 1997; Rodgers et al., 2002).

Dissolution and resorption features on some alunite crystals (Fig. 
5c) indicate that they were partially re-dissolved into the hydrothermal 
fluid after precipitation, possibly due to changes in the local conditions 
such as temperature and pH. As a result, the alunite crystals were 
no longer geochemically stable (Miller et al., 2016). Variations in the 
local hydrothermal environment may have been caused by changes in 
host rock permeability and fluid–rock ratios, or from multiple, discrete 
magmatic intrusion events (e.g., ∼1.8 ka (Shane et al., 2017; Pure et al., 
2020)), with contrasting degassing regimes. The presence of multiple 
large lava flows since ∼11 ka indicates a relatively long lived and 
complex plumbing system beneath Red Crater, through which this may 
have occurred. To further explore this possibility, radiogenic isotopic 
analysis would be required to accurately constrain alteration ages.

The host rock at Oturere and the Emerald Lakes primarily consists 
of variably fractured lavas (Fig.  2b), whereas scoriaceous pyroclastic 
beds characterise the North East Crater Wall (Fig.  4b). The contrast-
ing permeabilities of these units may control fluid flow rates, and 
therefore fluid–rock interactions (Luhmann et al., 2017; Sanchez et al., 
2025), resulting in the distinct alteration associations between the areas 
(Fig.  10). Fracture networks typically increase permeability and fluid 
flow rate (Xu and Pruess, 2001; Cox, 2020; Philipp, 2021), thereby 
reducing fluid–rock interaction and preventing buffering reactions that 
would increase pH. Silica minerals are stable within these highly acidic 



D. Sturgess et al. Journal of Volcanology and Geothermal Research 471 (2026) 108535 
Fig. 10. Conceptual Model for argillic (red) and silicification (green) hydrothermal alteration regimes at Red Crater along the A-A’ profile (inset), arrows represent 
gas and fluid flow through fractures/pathways. Argillic and silicification alteration areas are exaggerated for clarity, their vertical extent is unknown. Unit 
thicknesses and extents are inferences only and contacts between units are unknown (‘‘?’’).
environments (pH ≤2) (Stoffregen, 1987) and thus, are the primary al-
teration minerals present at Oturere and the Emerald Lakes. Conversely, 
fluid flow at the North East Crater Wall is primarily controlled by the 
porosity of scoria layers. Scoria typically have relatively low, but highly 
variable connected porosities (e.g., Mueller et al., 2005; Wright et al., 
2009) which will also decrease via compaction or welding (Colombier 
et al., 2017), thus diffusing rising gas and fluids and reducing flow 
rate. The filling of fractures and pore spaces by pyrite (Fig.  5b) may 
further reduce flow rate. Pyrite formation also reflects interactions 
between H2S and Fe cations in the host rock (Zimbelman et al., 2005), 
contributing to the low H2S emissions in this area. Greater fluid–rock 
interaction in this setting promotes buffering, thereby raising the pH 
to ∼3–4 where alunite and kaolinite minerals are stable (Stoffregen, 
1987).

Following the decline of post-1.8 ka Strombolian activity, a series of 
hydrothermally driven eruptions excavated sections of the vent, remov-
ing a portion of the North East Crater Wall, and forming the Emerald 
Lakes (Walsh et al., 1998; Bardsley, 2004). These eruptions may have 
been caused by hydrothermal sealing induced by the deposition of 
alunite and kaolinite within pore spaces and local silicification of the 
matrix (Fig.  4), or ground/surface water interactions with the still hot, 
ponded dyke. Concentrated alteration in this area may have generated 
localised fracture networks beneath a sealed or altered cap, creating a 
pathway for volatiles to accumulate and build pressure (e.g., Rowland 
and Simmons, 2012; Montanaro et al., 2020).

4.2. Degassing and alteration

The spatial footprint of CO2 degassing highlights several distinct 
areas with concentrated emissions coinciding with alteration zones 
(Fig.  7). CO2 (among H2S) is one of the key sources of acidity in hy-
drothermal systems (Giggenbach, 1984) and acts as a mineralising fluid 
promoting alteration (Giggenbach, 1984; Lowenstern, 2001). Localised 
heat pipes, fracture networks and/or impermeable subsurface barriers 
are regulating the degassing and alteration processes at Red Crater (Fig. 
9).

H2S emissions at Red Crater are primarily concentrated at Oturere 
and the Southern Emerald Lake, with total fluxes of 67.6 and 60.4 
13 
g/m2/d respectively, conversely, emissions at the North East Crater 
Wall are only 3.1 g/m2/d. This could be caused by heightened ground-
water scrubbing of H2S at the Crater Wall (e.g., Symonds et al., 2001), 
or structural (i.e., faults or fractures) and porosity/permeability differ-
ences between the two areas controlling flow rates (Fig.  10). Alunite 
occurs in multiple samples at the North East Crater Wall (Fig.  4 and 
Fig.  5), but it was not identified at Oturere and the Southern Emerald 
Lake. Alunite may form through the oxidation of H2S at or above the 
water table, producing sulphuric acid that leaches Al, Na and K ions 
from primary feldspars, pyroxenes, and glass from the surrounding wall 
rock (Rye et al., 1992; Hedenquist and Arribas, 2022). A significant por-
tion of the rising H2S at the North East Crater Wall is likely converted 
to sulphuric acid at shallow depths, forming alunite and removing H2S 
from the vapour phase, thereby reducing surface emissions. Rising H2S 
may also be consumed via reactions with Fe cations from primary 
minerals (e.g., pyroxene, olivine) to form pyrite (Álverez-Valero et al., 
2025) (Fig.  5b). The absence of alunite and pyrite, coupled with higher 
H2S emissions at Oturere and the Southern Emerald Lake, suggests 
that most of the H2S escapes to the surface rather than oxidising or 
reacting with the surrounding rock. This is likely due to the higher 
porosity/permeability of the host rock at Oturere (i.e., the fractured 
Waitakatorua lava flow; Fig.  2b) and the Southern Emerald Lake com-
pared to the North East Crater Wall, which reduces residence time and 
limits oxidation.

4.3. Hydrothermal alteration on multi-vent composite volcanoes

Tongariro hosts a hydrothermal system extending from Ngāuruhoe’s 
northern flank to Upper Te Maari (Walsh et al., 1998; Miller and 
Williams-Jones, 2016; Sanchez et al., 2025) and hydrothermal al-
teration deposits are only observed proximal to eruptive vents and 
Ketetahi springs. Previously active vents such as Blue Lake and the 
South Crater area display no surface geothermal activity, yet their 
surface alteration deposits are evidence of fossil hydrothermal systems 
they once hosted. Surface alteration deposits are present on the crater 
wall and ridge surrounding the vent occupying Blue Lake (Simons, 
2014; Miller and Williams-Jones, 2016). Similarly, alteration deposits 
including alunite, cristobalite and smectites are present on the walls 
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and ridgeline of South Crater, forming part of the summit of Mount 
Tongariro (1967 m) (Lecointre et al., 2002; Cole et al., 2018). Argillic 
alteration of the Waitakatorua Member deposits was identified within 
this study via laboratory and airborne hyperspectral imaging (Fig.  6). 
These lavas form a ridge from Oturere and Mangahouhounui Valley 
and were erupted from a vent proximal to Central Crater ∼96–79 
ka (Pure et al., 2020). The alteration here may be evidence of a short-
lived fossil hydrothermal system in this area, or these are just discrete 
areas of heightened fluid flow within permeable units (e.g., auto-
brecciated horizons, pyroclastic layers). Currently active vents (Red 
Crater, Ngāuruhoe, Te Maari, Ketetahi) host hydrothermal surface man-
ifestations that coincide with areas of alteration, which are focused 
around areas of heightened CO2 and H2S degassing (Fig.  7). These vent-
focused areas demonstrate that hydrothermal alteration on Tongariro 
is driven primarily by repeated magmatic intrusions, sourced from an 
underlying mush at ∼4 and 12.5 km depth below sea level (Heise et al., 
2024). Subsequently, degassed volatiles (e.g., CO2, H2S, SO2) interact 
with vapour and condensate within the overall hydrothermal system to 
produce acidic hydrothermal fluids (Rye et al., 1992; Symonds et al., 
2001). The most recent example of this in action was the magmatic 
intrusion leading to the two eruptions of Te Maari in 2012. Subsequent 
degassing of the dyke lead to an increase in gas emissions (Christenson 
et al., 2013), including a heightened H2S flux of 350 t/d (Jolly et al., 
2014). This magmatically-driven increase in activity and acidity of Te 
Maari’s hydrothermal system would have created conditions conducive 
to an increase in hydrothermal alteration of the surrounding rock. 
This creates localised and relatively short-lived hydrothermal ‘‘systems’’ 
confined to individual vents and bounded by faults, which explain 
the lack of connectivity between individual surface features across the 
volcano (Miller et al., 2018).

Over longer timescales, these repeated sequences of degassing in-
duced hydrothermal alteration may weaken the host rock via intense 
cation leaching to such a degree that permeability and porosity are 
increased (e.g., Mayer et al., 2016), developing a feedback loop in 
which the alteration further induces degassing, further promoting al-
teration and so on. This is dependant on the mineralogy and dynamics 
of alteration. For example, clay precipitation within pore spaces can 
reduce permeability (Heap et al., 2019), while silicification can si-
multaneously decrease matrix porosity and permeability (Berger and 
Henley, 2011) but can be conducive to the development of perme-
able fracture networks (Heap et al., 2020). Whether the longevity of 
volcanic activity and alteration at individual vents of Tongariro could 
have developed to such a stage has not been studied, however it may 
be occurring at the neighbouring Mount Ruapehu which has a long-
lived, nested hydrothermal system that has been active over its 200 ka 
history (Kereszturi et al., 2020).

4.4. Implications for volcanic hazards

The North East Crater Wall hosts argillic alteration units including 
clay precipitation within and around pore spaces and silicification of 
the groundmass, whereas alteration units at Oturere involve silicifica-
tion and the deposition of native sulphur sublimates. Argillic alteration 
in particular has been identified as key to inducing volcanic flank 
collapse at composite volcanoes (e.g., Mount Rainier, USA (Reid et al., 
2001)). The presence of clays within these alteration units reduces 
rock strength (Potro and Hürlimann, 2009; Heap et al., 2021) and 
can promote ductile deformation when placed under stress, leading to 
pore collapse (Mordensky et al., 2019). The silicification of host rocks 
increases their strength characteristics (Callahan et al., 2019), and can 
initially diminish the matrix permeability and porosity (Dobson et al., 
2002), yet due to a propensity for brittle failure behaviour, silicification 
also favours the formation of permeability-enhancing fractures (Berger 
and Henley, 2011; Heap et al., 2020). Current-day topography around 
Red Crater is relatively low relief and most of the alteration areas 
are mapped on a topographic saddle between the Red Crater scoria 
14 
cone and a ridge formed by the Waitakatorua Member that spans the 
Oturere and Mangahouhounui valleys; this seems an unlikely source 
for future mass flows. However, future studies should be employing 
limit equilibrium methods to quantify flank stability more accurately 
using factor of safety (e.g., Vicente et al., 2025). Additionally, geo-
physical data (e.g., gravity (Miller and Williams-Jones, 2016) and 
magnetic (Kereszturi et al., 2020)) can provide a depth component and 
total volume estimates to alteration maps, which are key for detailed 
slope instability studies.

Clay, native sulphur, sulphide and sulphate deposition within pores 
and fractures may also cause a decrease in the overall permeability of 
the rock units. This may restrict gas and fluid flow, therefore increasing 
the potential for hydrothermal sealing and over-pressurisation within 
the system and a subsequent phreatic eruption (Kilgour et al., 2010; 
Farquharson et al., 2017; Mayer et al., 2017; Heap et al., 2019; Mick 
et al., 2021). The aforementioned processes contributed to the flank col-
lapse and subsequent eruption at Tongariro’s Te Maari in 2012 (Vicente 
et al., 2025), and were likely the primary causes of phreatic eruptions 
at Whakaari in 2016 and 2019 (Kilgour et al., 2021). The present CO2
flux at Red Crater (Fig.  7) indicates that fluid pathways are unsealed; 
the system is currently ‘‘open’’ and overpressure is unlikely. However, 
continued hydrothermal alteration can modify the strength, porosity, 
and permeability of these areas; and this state may therefore be subject 
to change.

Considering Red Crater’s numerous (Moebis et al., 2011) and rela-
tively recent (Scott and Potter, 2014) activity in historic times, and the 
present mineral associations, the potential for future hydrothermally 
induced activity should be incorporated as part of a robust hazard 
assessment for this vent.

5. Conclusions

Through a combination of field, laboratory and remote sensing tech-
niques, we identifed and mapped two distinct styles of hydrothermal 
alteration at Red Crater. Advanced argillic alteration of the North East 
Crater Wall, that transitions into silicification towards the Emerald 
Lakes and Oturere. Advanced argillic units were also identified on 
Waitakatorua eruptives to the east of Oturere, and may be evidence 
of a relict hydrothermal system. Argillic facies are characterised by 
silicification, ±kaolinite, ±alunite. This mineral paragenesis, in combi-
nation with textural analysis and isotope data, indicates a steam-heated 
acid-sulphate formation environment, with a transitional pH of 2–4, at 
temperatures up to ∼200◦C.

Oturere and the Emerald Lakes are characterised by silicification 
with native sulphur sublimates, and geothermal manifestations of the 
underlying hydrothermal system (hot springs, hot steaming ground, 
fumaroles). Acid leaching of Mg, Fe, K and Ca cations at pH ≤2 causes 
local silicification of the host rock, and local sinters of amorphous silica 
are formed via the rapid cooling of SiO2 rich hydrothermal fluids. The 
differing mineral associations between these areas of silicification and 
the North East Crater Wall suggest contrasting porosity and permeabil-
ity characteristics of their immediate host rock, which exert control 
over fluid migration rates, and therefore regulate fluid–rock interaction 
and alteration processes.

Hydrothermal alteration deposits at Tongariro are confined to cur-
rently (e.g., Red Crater, Te Maari, Ngāuruhoe, Ketetahi) and previously 
(e.g., Blue Lake, South Crater, Central Crater) active vents. Repeated 
magmatic intrusions and ensuing degassing that fuel eruptive activity 
at these vents lead to the creation of multiple, concurrently active, 
localised, and relatively short-lived hydrothermal ‘‘systems’’ that evolve 
at individual vents throughout their lifespan.

Future work should incorporate rock mechanics data of the present 
minerals and subsurface geophysical mapping to constrain litholog-
ical strength under varying pore pressurisations and the extent of 
hydrothermal alteration at depth. These data, integrated with our high 
resolution surface mapping, can be used to constrain areas prone to 
hydrothermally induced hazards at this active vent.
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