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Abstract
Hydrothermal alteration exerts strong control on shallow permeability and degassing dynamics in geothermal systems. Here, 
we investigate how soil alteration influences near-surface gas flow by combining in situ petrophysical measurements with 
horizontal and vertical subsurface gas-concentration profiles at the Rotokawa geothermal field, New Zealand. These data are 
compared against unoccupied aerial system (UAS) thermal surveys of collapse structures across the field. Soil permeability at 
Rotokawa ranges from 8.7 × 10–14 to > 6.5 × 10–13 m2, highlighting strong meter- to decimeter-scale heterogeneity in shallow 
soil properties. Pumice-rich horizons are the main conduits for CO2 and CH4 flow, whereas clay-rich horizons locally act 
as semiconfining layers that promote CO2 accumulation and lateral diversion (leading to concentrations of > 4 × 104 ppm). 
Since CO2 does not condense under near-surface conditions, the clay layers promote horizontal flow along permeable beds 
until gas encounters a high-permeability escape route or collapse-related discontinuity. Collapse structures locally disrupt 
and reorganize flow by acting as conduits or sinks that focus, capture, or redistribute gases near their margins. The gas 
profiles reveal patterns consistent with a shallow gas–steam decoupling zone in which steam condensation may contribute 
to sealing processes, as previously observed in steam-heated geothermal systems worldwide. These coupled effects of soil 
type and structural and alteration controls explain the spatial heterogeneity of surficial degassing at Rotokawa and provide 
a framework for interpreting evolving degassing patterns in similar steam-heated geothermal systems. In the context of the 
reported decrease in diffuse CO2 emissions at Rotokawa, progressive shallow sealing and gas refocusing may have contrib-
uted to apparent changes in emission patterns, alongside reservoir processes, recharge variability, environmental effects, 
and methodological uncertainty.
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Introduction

The shallowest portion of active geothermal systems is 
characterized by a range of surface and soil conditions, 
with variations in temperature, soil strength, and the 
expression of hydrothermal features and alteration types. 
In this study, the term “soil” is used in a broad sense to 
refer to the upper unconsolidated volcanic surface materi-
als, both in situ and anthropogenically reworked, that act 
as the medium for shallow fluid flow. The interplay among 
these characteristics results in complex shallow fluid flow 
patterns that are difficult to characterize. In addition, the 
surface of geothermal fields changes rapidly over time, 
with hydrothermal alteration profoundly modifying the 
physical and chemical properties of soils and rocks, affect-
ing porosity, permeability, mechanical strength, mineral 
assemblages, and water content (Frolova et al. 2016; Heap 
et al. 2017; Mayer et al. 2017). Importantly, the dynamic 
interactions between rising geothermal fluids and near-
surface environmental conditions include temperature and 
phase changes, steam condensation, variations in water 
content, mineral precipitation, and alteration reactions, 
which together exert a first-order control on gas and steam 
flow through the shallow subsurface.

Hydrothermal alteration of shallow volcanic soils and 
unconsolidated materials can influence subsurface fluid 
flow by locally increasing or decreasing porosity and per-
meability. The alteration products formed in low-temper-
ature environments are strongly influenced by the com-
position of the parent material and its permeability and 
porosity (Browne 1978; Heap et al. 2017; Frolova et al. 
2021). Porosity and permeability enhancement may occur 
via chemical leaching, dissolution and thermal fracturing, 
leading to more permeable, preferential flow pathways 
(e.g.,Browne 1978; Schöpa et al. 2011; Heap et al. 2017; 
Mayer et al. 2017). By contrast, precipitation of silica, 
sulfates, and clays during cooling, degassing, condensa-
tion, or oxidative near-surface reactions can reduce perme-
ability and promote sealing (Renaut and Jones 2011; Sil-
litoe 2015; Pirajno 2020). These low-permeability zones 
may favor gas ponding and lateral diversion until gases 
encounter permeable discontinuities or discrete conduits. 
Where alteration instead promotes leaching, dissolution, or 
argillization, soils may lose cohesion and strength, favor-
ing subsidence and collapse (Pola et al. 2014; Mayer et al. 
2017; Rott et al. 2019; Frolova et al. 2021; Montanaro 
et al. 2023). Collapse pits are negative-relief landforms 
that develop in zones of focused hydrothermal fluid ascent, 
where sustained fluid flow promotes pervasive alteration 
and progressive mechanical weakening of the host rocks 
(Pola et al. 2014; Mayer et al. 2017; Frolova et al. 2021). 
This weakening can facilitate subsurface void formation 

and gravitational failure, ultimately leading to surface 
collapse. Together, sealing, weakening, and collapse pro-
cesses reorganize the shallow soil, modifying preexisting 
depositional or pedological stratigraphy and creating per-
meability contrasts over a meter-scale across a field (Isaia 
et al. 2015; Frolova et al. 2016, 2019; Montanaro et al. 
2023). This commonly leads to spatially heterogeneous 
pathways for gas and steam flow, as well as to changes in 
surface morphologies and patterns of diffuse and focused 
degassing (Ricci et al. 2015; Madonia et al. 2016; Mon-
tanaro et al. 2017, 2023; Semenkov et al. 2021).

Volcanic and geothermal terrains are important sites of 
CO2 soil degassing (e.g.,Chiodini et al. 1998; Viveiros et al. 
2010; Bloomberg et al. 2014; Cardellini et al. 2017; Hughes 
et al. 2019; Bini et al. 2024; Klein et al. 2024; Yang et al. 
2024). In these settings, it has been recognized that hydro-
thermal alteration can modulate degassing patterns at the 
meter scale and over temporal scales ranging from seasonal 
variability to long-term evolution, often associated with 
volcanic activity (e.g.,Schöpa et al. 2011; Tassi et al. 2013; 
Camarda et al. 2017; Heap et al. 2017; Mayer et al. 2017; 
Montanaro et al. 2017). However, how gases are redistrib-
uted within layered soils of contrasting permeability remains 
poorly constrained in the field, despite insights from labora-
tory experiments (Evans et al. 2001; Camarda et al. 2009). 
Field-based observations are often limited by the inherent 
complexity of natural stratigraphy, heterogeneous alteration, 
and anthropogenic modifications of the shallow subsurface.

Here, we present a field-based study at the Rotokawa 
geothermal field in Aotearoa (New Zealand). This field 
lies above an active high-temperature, gas-rich geother-
mal system and underwent extensive mining and industrial 
activities between ~ 1960 and 1990 (Jury 1984; Sinclair and 
Kear 1989; Giggenbach 1995; Bardsley and Williams 2017; 
Montanaro et al. 2023). Rotokawa also exhibits a strong 
spatial coupling among shallow permeability, soil altera-
tion, and CO2 flux distribution in the Taupō Volcanic Zone, 
with marked spatial heterogeneity and significant temporal 
evolution in total CO2 emissions (Bloomberg et al. 2014; 
Yang et al. 2024). It therefore provides an excellent setting to 
investigate how soil type, alteration intensity, and structural 
features modulate fluid flow in the upper few meters of a 
geothermal system.

We examine geothermal fluid flow within the shallow 
subsurface at Rotokawa, focusing on how soil stratigraphy, 
alteration state, and local structures influence the accumu-
lation of CO2, CH4, and H2O vapor. Previous studies at 
Rotokawa quantified field-scale CO₂ emissions, mapped soil 
and alteration types, and documented temporal changes in 
surface degassing (Bloomberg et al. 2014; Montanaro et al. 
2023; Yang et al. 2024). However, the shallow pathways 
through which gases are redistributed within individual 
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soil layers, along lithological contacts, and around collapse 
structures remain poorly resolved. We address this gap by 
integrating in situ petrophysical measurements, horizontal 
and vertical gas-concentration profiles, grain-size analyses, 
and high-resolution UAS visible and thermal surveys. This 
combined approach links centimeter- to decimeter-scale 
soil properties with meter-scale thermal and morphologi-
cal expressions, allowing us to assess how stratigraphy, 
alteration, anthropogenic reworking, and collapse structures 
organize shallow gas and steam flow.

Geological and hydrothermal settings

Overview of the Rotokawa Geothermal Field

The Rotokawa geothermal field is located in the North 
Island of New Zealand within the Taupō Volcanic Zone 
(TVZ; Fig. 1; Rowland and Simmons 2012) The field hosts 
a gas-rich high-temperature geothermal system (Giggenbach 
1995) within a ~28 km2 low-resistivity anomaly (Risk 2000) 
with reservoir temperatures exceeding 350–360 °C at depths 
of ~2500 m (Hedenquist et al. 1988; Winick et al. 2011).

Structurally, the Rotokawa geothermal field is dominated 
by NNE-SSW to NE-SW-trending normal faults and exten-
sional fractures, including the central field fault and several 
subsidiary structures (Rowland and Simmons 2012; McNa-
mara et al. 2016). These structures act as conduits for deep 
fluid ascent and influence deep reservoir geometry and sur-
face hydrothermal activity (Rowland and Sibson 2004; Hopp 
et al. 2020; Montanaro et al. 2023). Vertically, the system 
comprises three major aquifers separated by low-permea-
bility units that reflect the combined effects of stratigraphy, 
alteration, and mineral precipitation (Winick et al. 2011; 
Sewell et al. 2012; McNamara et al. 2016). The deep aquifer 
(> 300 °C at ~ 1000 m depth) is a convecting, chloride-rich 
reservoir and forms the main geothermal production zone 
(Winick et al. 2011; Sewell et al. 2012; Addison et al. 2015; 
McNamara et al. 2016). Above it, the intermediate aquifer 
(300–1000 m) contains mixed cold meteoric water and ris-
ing geothermal fluids, resulting in highly acidic, corrosive 
conditions. The shallowest aquifer is dominated by meteoric 
groundwater with locally boiling zones and steam-bearing 
pockets, which directly feed surface manifestations and 
play a crucial role in shaping the near-surface alteration and 
degassing patterns (Glover and Mroczek 1995; Winick et al. 
2011; Addison et al. 2015; Sewell et al. 2015; McNamara 
et al. 2016).Interaction between shallow groundwater and 
CO2 and H2S rich boiling gases produces acid–sulfate fluids 
in the main up flow zones, while bicarbonate fluids accu-
mulate along the outflow margins. These acidic fluids pro-
mote dissolution of the in-situ Taupo Pumice, progressively 
reducing grain size, cohesion and mechanical strength. 

Cooling, condensation and changes in fluid pH also pro-
mote precipitation of secondary minerals including native 
sulfur, kaolinite, smectite, opal, and minor alunite (Krupp 
and Seward 1987; Brooks-Clarke 2021; Chambefort 2021; 
Simpson et al. 2021; Montanaro et al. 2023).

Surficial thermal features are concentrated within the 
Department of Conservation (DOC) thermal area (Fig. 1), 
where pumice-rich deposits of the Taupō Pumice Forma-
tion host the acidic Lake Rotokawa (pH ~ 2), numerous col-
lapse pits, fumarolic fields, steaming ground, altered hard-
ground surfaces, sulfur crusts and stromatolite-bearing 
terraces (Collar 1985; Krupp and Seward 1987; Montanaro 
et al. 2023).

The central part of the Rotokawa thermal area was sig-
nificantly modified by intensive sulfur mining between 
the 1960 s and the early 1990 s, which altered the shallow 
hydrology and permeability, reshaped collapse features, and 
locally removed alteration caps (Jury 1984; Sinclair and 
Kear 1989; Bloomberg et al. 2014; Bardsley and Williams 
2017; Montanaro et al. 2023). CO2 flux surveys conducted 
at the Rotokawa geothermal field provide key constraints on 
the magnitude and evolution of natural degassing. Bloomb-
erg et al. (2014) estimated CO2 emissions of 441 t d−1 and 
H2S emissions of 31 Mg d−1. Yang et al. (2024) reported a 
total CO2 emission of ~ 345 t d−1 in 2023, based on repeated 
surveys at 508 identical locations. Although these values 
suggest a decrease, the overlapping emission ranges and sen-
sitivity of diffuse fluxes to environmental and methodologi-
cal factors mean that interannual to decadal trends should 
be interpreted cautiously (Yang et al. 2024).

Surficial soil types

A range of unconsolidated surficial deposits occur at 
Rotokawa including undisturbed primary pumice pyroclastic 
deposits interlayered with reworked, altered, or anthropo-
genically modified soils previously mapped and described 
in detail by Montanaro et al. (2023). These are affected in 
diverse ways by hydrothermal alteration, boiling, collapse 
processes, and historical mining activities. Here, we use 
this established classification as geological context for the 
new petrophysical, grain size, gas profile, and UAS data-
sets presented in this study, distinguishing between primary 
Taupō Pumice units and reworked deposits (Supplementary 
Table 1). Undisturbed soils at Rotokawa are formed in the 
Taupō Pumice Formation (T). These include pumice-rich fall 
deposits (T1–T3), ranging from relatively unaltered, silt- to 
sand-rich layers with granule- to boulder-sized pumice clasts 
(T1–T2) to more intensely altered, clay-enriched horizons 
with heavily altered pumice clasts (T3). Other primary units 
are pyroclastic flow deposits (T4 and T5), which are coarse-
grained, pumice-rich layers containing abundant lapilli-sized 
clasts and locally intense sulfur or silica alteration. They are 
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commonly pebble- to cobble-rich and may contain centim-
eter-sized sulfur nodules and crystals; T5 is generally more 
altered and with slightly finer grains than T4. These coarse 
units typically exhibit among the highest measured perme-
abilities, although T5 is strongly hydrothermally altered and 

may develop partial sealing, making it, together with T3, 
one of the two most altered soil types within the undisturbed 
sequence.

Reworked soils encompass several subtypes that reflect 
mechanical excavation, natural or anthropogenically induced 

Fig. 1   Aerial imagery of the Rotokawa thermal area, managed by 
the Department of Conservation (DOC-thermal area; modified from 
Montanaro et  al. 2023), with the inset showing the central North 
Island of New Zealand and the location of the Rotokawa geothermal 
field (red square). Dotted lines outline the DOC-thermal area (gray 
shading) and the localized thermal features (yellow shading), which 
include steaming ground, mud pools, springs, fumaroles, encrusted 
grounds, and collapse structures. The cyan lines delimit the hydro-
thermal eruption craters (Bloomberg et al. 2014). The yellow square 

indicates the area analyzed with an unoccupied aerial system (UAS) 
survey. Major faults (CFF = central field fault; IFF = injection field 
fault) are shown in red. Sampling sites e2, e102, e103, e14, e12, e10, 
e11 and e11b, and e108 are shown, all situated within the ash- and 
pumice-rich surficial deposits of the Taupō Pumice Formation (in 
blue the sites where we performed in situ gas and petrophysical prop-
erties measurements and in black the ones where we performed only 
petrophysical properties measurements). Close up images of the dif-
ferent sampling sites are shown in Supplementary Fig. 1
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collapse, fluid focusing, or surface sediment reworking via 
alluvial processes. Excavated materials (E1–E3) derive from 
extensive sulfur mining activities and consist of heterogene-
ous mixtures of pumice, altered tephra, and locally clay-rich 
fragments, typically showing sharp contacts with the undis-
turbed layers. Clay-rich reworked units (C1 and C2) form 
distinct, laterally continuous horizons that separate the pri-
mary pumice deposits from the excavated materials. These 
layers are clay-enriched and commonly water-saturated; 
where sufficiently continuous, they can locally reduce per-
meability and act as semiconfining horizons. M-type layers 
are clay-rich, plastic soils forming in excavated depressions 
influenced by boiling mud pools and persistent steam con-
densation. These show very low permeability, high water 
content, and intense acid–sulfate alteration. O-type soils 
consist of alternating silt and sandy beds containing root 
fragments, organic matter, and clear signs of oxidation. They 
typically occur away from active geothermal features and 
retain higher permeability less reworked textures. Brecciated 
units (Br) comprise coarse, angular debris produced by col-
lapse, subsidence, or repeated hydrothermal disruption and 
exhibit highly variable grain size and permeability depend-
ing on alteration and compaction.

Methodology

To understand the relationship between fluid flow patterns 
and soil alteration, we combined in situ petrophysical meas-
urements, shallow gas concentration profiles, and grain size 
analyses for the main soil types identified by Montanaro 
et al. (2023). These field-based measurements were inte-
grated with unoccupied aerial system (UAS) visible and 
thermal surveys of selected collapse structures, allowing 
the layer-scale controls on permeability, mechanical weak-
ening, and gas migration to be evaluated in relation to pit-
scale morphology and thermal activity. This multimethod 
approach allows us to link permeability, mechanical weak-
ening, and textural variability to spatial variations in the 
migration of CO2, CH4, and H2O.

Soil petrophysical and mechanical measurements

During a field campaign in February 2022, Montanaro 
et al. (2023) measured permeability, humidity, compres-
sive and shear strength, as well as soil temperature at sites 
representative of all surficial soil layers at Rotokawa. To 
ensure temporal comparability, we resampled and remeas-
ured the same locations investigated by Montanaro et al. 
(2023), which additionally enables us to assess the short-
term evolution of the soil properties. A total of 36 quasi-
undisturbed soil-cores were collected using stainless steel 
cylinders (diameter = 7.2 cm; length/height = 6.1 cm; 

Supplementary Fig. 2). Cylinders were inserted vertically 
and/or horizontally into the soil layer of interest, depend-
ing on the exposure, and excess material was carefully 
trimmed from both ends. Complete filling of the cylinder 
was verified visually to avoid marginal voids, which could 
promote preferential air leakage and artificially high per-
meability values. After extraction, samples were imme-
diately sealed with plastic wrap to preserve their natural 
water content and pore structure and were analyzed within 
a few hours to minimize any desaturation and oxidation 
effects. Permeability and moisture content measurements 
were therefore performed on centimeter-scale, quasi-
undisturbed cores shortly after sampling. These data are 
used primarily to compare relative petrophysical contrasts 
among adjacent soil layers, whereas mechanical strength, 
gas concentration, and temperature measurements were 
performed directly on the outcrop walls.

Air permeability was measured using a PL-300 soil 
permeameter manufactured by Umwelt-Geräte-Technik 
GmbH (UGT; Umwelt-Geräte-Technik 2014, 2019) that 
applies Darcy’s law to determine volumetric gas flow 
through the connected pores network. The instrument 
has a wide effective measurement range of air permeabil-
ity, from 5.6 × 10–16 to 6.5 × 10–13 m2 (Montanaro et al. 
2017, 2023). Values exceeding the upper measurement 
limit were treated as minimum estimates and reported 
as > 6.5 × 10–13 m2. The permeability calculation is per-
formed internally by the instrument following the manu-
facturer’s formulation. The instrument was calibrated in 
the laboratory prior to the field campaign using the stand-
ards provided by the manufacturer. The reported values 
therefore represent effective air permeability under the 
field-humidity conditions at the time of sampling, rather 
than dry intrinsic permeability. Soil humidity was meas-
ured using a time–domain reflectometry (TDR) sensor 
integrated with the soil permeameter system (Umwelt-
Geräte-Technik 2014, 2019). The TDR probe was inserted 
adjacent to the sampling cylinder to ensure consistency 
between hydraulic and petrophysical measurements.

Mechanical properties were determined via compres-
sive strength (pocket penetrometer manufactured by Royal 
Eijkelkamp; 0–5 kg/cm2; resolution 0.1 kg/cm2) and shear 
strength (hand shear vane manufactured by Gilson Com-
pany Inc.; 0–5 kg/cm2 measurement range; resolution 0.1 
kg/cm2) both performed in situ on the outcropping wall. To 
minimize local heterogeneities, compressive strength was 
measured 4–5 times per site and shear strength 3–4 times, 
allowing us to compute representative mean values and 
standard deviations (Farquhar 2001; Mir 2021; Mousavi 
et al. 2021). Soil temperature at 15-cm depth was measured 
using a K-type thermocouple inserted directly at the sam-
pling location (Fig. 2a). The depth of 15 cm was chosen for 
consistency with previous soil-temperature, CO2 flux, and 
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soil characterization studies at Rotokawa geothermal field 
(Bloomberg et al. 2014; Montanaro et al. 2023; Yang et al. 
2024).

Gas concentration measurements

In areas where high diffuse CO2 degassing was docu-
mented in previous surveys (Bloomberg et al. 2014; Yang 
et al. 2024), we investigated subsurface gas flow by meas-
uring the in situ interstitial concentrations of CO2, CH4, 
and H2O vapor along shallow horizontal and vertical pro-
files. We used shallow gas probing techniques with fixed-
depth lateral or vertical insertion as applied to volcanic 
and hydrothermal environments (Camarda et al. 2006, 
2009). After scraping the surficial soil patina or open-
ing a shallow trench, a metallic hollow rod connected to 
a syringe was inserted laterally 15 cm into the exposed 
soil wall at each sampling point. Sampling points were 
arranged along horizontal or vertical profiles at 15–30-
cm intervals, depending on soil conditions and accessibil-
ity (Fig. 2b). This depth corresponds to the zone where 
gas–steam decoupling, condensation, and lateral migration 
are most commonly observed in hydrothermally altered 
soils (Camarda et al. 2006). The creation of the soil trench 
inevitably introduces a local perturbation to gas diffusion, 
potentially promoting lateral gas escape near the surface. 
Sampling at 15 cm was therefore chosen to reduce the 
influence of artificial near-surface pathways generated dur-
ing trench opening, while remaining consistent with previ-
ous soil-temperature, CO₂ flux, and soil characterization 

studies at Rotokawa. Gas was extracted using a syringe 
and immediately injected into a portable infrared gas ana-
lyzer to quantify CO2, CH4, and H2O vapor concentrations. 
Carbon dioxide (CO2) and water vapor (H2O) concentra-
tions were determined by an integrated LICOR Li-840A 
infrared spectrophotometer (0–20,000 ppm CO2 measure-
ment range; 0–60 mmol/mol H2O, 1.5% accuracy). The 
instrument’s internal software extrapolates concentrations 
exceeding the 0–20,000 ppm calibration range based on 
the coefficients established within this range. Methane 
(CH4) concentration was measured using a tunable diode 
laser coupled with a Herriot multipass cell (0–20,000 ppm, 
1% accuracy). Gas was continuously drawn through the 
system by a membrane pump connected via silicone tubing 
at a flow rate of ~ 4 L/min.

Profiles ranged from 60 cm to more than 2 m in length, 
depending on the exposure and the continuity of the investi-
gated soil layer. The combined horizontal and vertical pro-
files were designed to resolve gas accumulation and deple-
tion across individual soil layers, lithological contacts, and 
collapse-related structures at centimeter- to decimeter-scale 
resolution. This approach is conceptually similar to labo-
ratory-based gas transport experiments that investigate gas 
redistribution across layered porous media (e.g., Camarda 
et al. 2009). Temperature was recorded at each single sam-
pling point using a miniature thermocouple. Similar multi-
point shallow gas profiles have been used to detect perme-
ability contrasts and hydrothermal fluid pathways at volcanic 
systems such as Solfatara (Italy), Vulcano (Italy), and La 
Soufrière de Guadeloupe (Ricci et al. 2015; De Landro et al. 

Fig. 2   Field methods used to characterize shallow soil properties and 
subsurface gas flow. a In situ petrophysical measurements, including 
air permeability via PL-300 with integrated moisture and tempera-
ture sensors, and pocket penetrometer and shear vane tests for com-
pressive and shear strength. Numbers 1 and 2 indicate, respectively, 

where the sample chamber and the sample moisture sensor are con-
nected. b Schematic illustration of horizontal and vertical subsurface 
gas–concentrations profiling. A hollow metallic probe was inserted 
15 cm into the soil at 15–30-cm intervals, and gas extracted with a 
syringe was analyzed for CO2, CH4, and H2O vapor concentration
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2017; Gaudin et al. 2017). These measurements therefore 
provide a field-based method to compare fine-scale gas 
accumulation patterns with local stratigraphy, distribution, 
alteration state, and petrophysical contrast.

Grain size distribution analyses

To characterize the textural controls on permeability and 
fluid flow, we analyzed the grain size distribution of selected 
samples representing key soil types from the primary Taupō 
Pumice units and clay-rich reworked horizons. Samples were 
dried overnight at 60 °C to determine their initial dry weight. 
Wet sieving was then performed using mesh sizes of 1 mm, 
710 μm, 500 μm, and 355 μm; particles finer than 355 μm 
were collected in glass bulbs and allowed to settle for at 
least 24 h. Each fraction was then oven-dried and weighed 
to determine the mass distribution of grains > 355 μm. For 
the finer fraction (< 355 μm), grain size distribution was 
determined by laser diffraction using a Bettersizer S3 Plus 
instrument, following standard operating procedures (Bet-
tersizer 2022). The fine particles were dispersed in distilled 
water, with a magnetic stirrer and sodium phosphate used to 
prevent aggregation and clumping. Fractions coarser than 1 
mm were additionally separated via dry sieving using mesh 
sizes from 16 to 355 μm to capture coarser pumice and brec-
cia clasts common in T4–T5 soils. The resulting grain size 
distributions were used to compare textural contrasts among 
the sampled layers and to support interpretation of perme-
ability and gas accumulation patterns.

UAS surveys

We conducted visible and thermal infrared UAS surveys 
to characterize the main thermal area of the Rotokawa 
geothermal field, including selected collapse structures. 
The UAS surveys were designed to bridge the scale gap 
between point-scale field measurements and the field-
scale expression of hydrothermal activity. Petrophysical 
measurements and shallow gas profiles quantify the per-
meability, strength, and gas flow behavior of individual 
soil layers, whereas the UAS-derived visible and thermal 
models reveal how these layer-scale controls are expressed 
at the scale of collapse structures. We therefore use the 
UAS data as a spatial framework for interpreting the geo-
morphic and thermal expression of shallow permeability 
contrasts, alteration intensity, and focused fluid flow. For 
the main collapse structures, we flew at approximately 15 
m above ground level using a DJI Mavic 3 T. At this flight 
height, the spatial resolution was approximately 1 cm/pixel 
for the visible imagery and approximately 2 cm/pixel for 
the thermal imagery. The overview of the broader area was 
obtained at a flight height of approximately 120 m above 
ground level, resulting in a thermal spatial resolution of 

approximately 16 cm/pixel. Thus, the maximum tempera-
tures obtained may be attenuated by surrounding colder 
regions that fall in the same pixel. The 3-D geometry 
reconstruction was performed using the Agisoft Metashape 
Professional® software package (version 2.2.2), based on 
the SfM–MVS algorithm, and the CloudCompare open-
source software (www.​cloud​compa​re.​org, version 2.13.2). 
The photogrammetric analyses followed the same SfM-
MVS workflow adopted by Civico et al. (2022, 2024). For 
the analysis of single thermal frames, we used the DJI 
Thermal Analysis Tool 3 (version 3.4.0).

Results

We analyzed the petrophysical properties of soil from 
nine sites across the main thermal area of the Rotokawa 
geothermal field (namely, e108, e11, e11b, e10, e12, e14, 
e2, e102, and e103 as shown in Fig. 1 and Supplemen-
tary Fig. 1). The full dataset is reported in Supplementary 
Table 2 and shown in Figs. 3, 4, 5, and 6. In total, we 
obtained 36 measurements of permeability and humidity 
and 35 measurements of compressive and shear strength. 
The sample orientation is indicated by “H” (horizontal) 
and “V” (vertical). We also measured CO2, CH4, and H2O 
vapor concentrations along three horizontal and six verti-
cal profiles (sites e2, e14, e11, e11b, e10, and e102). Grain 
size analyses were performed on 19 soil samples from 
these profiles.

Site e2

Site e2 hosts a well-defined alteration halo around a small 
fumarole (Figs.  1 and 3; Supplementary Fig.  1). The 
sequence consists of a coarse T5 layer overlain by an altered 
T3 layer and capped by clay-rich C1–C2 layers. Alteration 
intensity increases towards the fumarole, with a red/brown, 
stiffer T3 becoming white and friable near the halo center. 
Permeabilities span 3 × 10–14–3.7 × 10–13 m2, humidity of 
15–34.8%, with elevated temperatures (59–73.3 °C), and 
moderate compressive and shear strength (2.5 to 3.9 kg/cm2 
and 2.6 to 3 kg/cm2, respectively; Supplementary Table 2). 
Three samples were collected from T3 and T5 (T3aH, T3bH, 
and T5H). The altered T3 and T5 at this site are dominated 
by fines (125–16 μm), whereas the less altered T3 (T3bH) 
also contains coarser pumice clasts (~ 8 mm) (Fig. 3d).

Gas profiling (both vertical and horizontal) reveals 
high CO2 concentrations, ranging from 551.6 to 42,112.65 
ppm, with CH4 values of 4.2–631.7 ppm, and H2O vapor 
of 29,578–35,872 ppm. Temperatures varied from 53 to 76 
°C (Supplementary Table 2 and Fig. 3b and c). The highest 
gas concentrations occur at the T3–C1 interface and near 
the fumarole.

http://www.cloudcompare.org
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Site e14

Site e14 lies on the northern edge of a large hydrother-
mal eruption crater (Fig. 1; Supplementary Fig. 1). The 
stratigraphy starts with a basal pale grey T3 layer, transi-
tioning into a red, clay-rich C1 layer, overlain by a thick 
C2 unit and an organic-rich O horizon (Fig. 4a). T3 sam-
ples (T3V, T3H, T3aH, and T3bH) have permeabilities 
of 1.8 × 10–13–4.3 × 10–13 m2, humidity of 16.2–19.9%, 
temperatures of 59–63.1 °C, high compressive strength 
variability (from 1.4 to > 5 kg/cm2), and more stable 
shear strength values (from 2.2 to 2.4 kg/cm2). Clay-rich 
C1 and C2 samples (C1H, C1V, C1aH, C2H, and C2aH) 

show high permeability (3.3 × 10–13– > 6.5 × 10–13 m2), 
low-mid humidity (14–41.2%) and temperatures (36–62.2 
°C), and lower strength (compressive strength from 0.7 
to 1.1 kg/cm2 and shear strength from 1.8 to 2.4 kg/cm2; 
Supplementary Table 2 and Fig. 4a). Thus, despite their 
clay-rich texture, C1–C2 layers at this site do not show 
systematically lower measured air permeability than the 
underlying T3 samples. T3 samples (T3V, T3aH, and 
T3bH) are dominated by 125–16 μm particles with a 
mode at 32 μm, whereas C1–C2 layers (C1V and C2H) 
are composed almost entirely of < 4 μm clays, consistent 
with their intense alteration and plasticity.

Fig. 3   Stratigraphy, petrophysical measurements, and subsurface 
gas-accumulation profiles at site e2. a Overview showing the posi-
tions of horizontal and vertical gas sampling transects and locations 
of petrophysical samples within the T3–C1–C2 sequence and adja-
cent T5. Fractures and sulfur precipitation are visible at the surface. 
b CO2, CH4 and H2O vapor concentrations and temperature along the 
horizontal transect, with overlapping points from the vertical profiles 
(green and yellow data points; the colors correspond to the profiles 

in panel a). c Vertical gas-accumulation profiles showing strong CO2 
and CH4 enrichment at the T3–C1 contact and suppression within 
clay-rich horizons, with overlapping points for the horizontal tan-
sect (blue points). The yellow and green data points correspond to 
the colored profiles in panel a. d Grain size distribution of selected 
T3 and T5 samples illustrating fine-dominated altered T3 and coarser 
fractions in T5 (colour indicates the type of soil)
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Gas concentrations along horizontal and vertical pro-
files are highly variable, with CO2 ranging from 523 
to 79,790 ppm, CH4 of 3–431 ppm, and H2O vapor of 
29,476–34,575 ppm. Temperatures varied from 32.8 to 
77.3 °C (Fig. 4b and c). The highest gas concentrations 
occur near sharp T3–C1 contacts.

Sites e11, e11b, and e10

These three sites lie in the same crater as e14 and near a 
small collapse structure (Figs. 1, and 5). Site e11 and e11b 
are adjacent, with e11b representing the more highly altered 
profile, while site e10 lies approximately 20 m to the north 
(Fig. 1; Supplementary Fig. 1). All three sections expose 

coarse T4 deposits at their base (not cored), overlain by a 
pale gray to brownish T3 layer. In the upper part of e11, 
clay-rich layers C1 and C2 grade downward into weakly 
altered material atop T2/C2. A thick T2 layer dominates 
the upper e11b profile, whereas e10 shows a clay-rich C2 
layer horizon near the top (Fig. 5a–c). T3 samples from all 
sites (T3aV, T3bV, T3V, T3H, and T3V) show permeabili-
ties between 1.3 × 10–13 and > 6.5 × 10–13 m2, humidity of 
16.5–27.4%, temperatures of 28.9–57.5 °C, and strengths 
ranging from moderate to high (compressive strength from 
1.2 to > 5 kg/cm2 and shear strength from 2.0 to 2.6 kg/
cm2; Supplementary Table 2 and Fig. 5a–c). The T2 layer 
at site e11b (T2V) displays a relatively low permeability 
(4.7 × 10–14 m2), low humidity (20.6%), and temperature 

Fig. 4   Stratigraphy, petrophysical measurements, and subsurface gas-
accumulation profiles at site e14. a Overview image of the T3–C1–
C2–O sequence on the northern margin of a hydrothermal-eruption 
crater, showing locations of petrophysical samples (red dots with 
permeabilities; H and V indicate sampling orientation) and horizon-
tal and vertical gas-sampling transects (blue and green lines). b CO2, 
CH4, and H2O vapor and temperature along the horizontal transect 
highlighting strong CO₂ enrichment at the T3–C1 contact (green data 

point indicates the overlapping point between the two profiles; the 
colors correspond to the profiles in panel a). c Vertical gas-accumu-
lation profile showing CO2 suppression within the clay-rich C1–C2 
interval (dark blue data point indicates the overlapping point between 
the two profiles; the colors correspond to the profiles in panel a). d 
Grain size distributions of selected samples illustrating fine T3 frac-
tions and clay-dominated C1–C2 horizons (color indicates the type of 
soil)



	 Bulletin of Volcanology           (2026) 88:73    73   Page 10 of 22

(30.1 °C), and mid-strength values (compressive strength 
of 3.3 kg/cm2 and shear strength of 2.7 kg/cm2; Supple-
mentary Table 2 and Fig. 5b). Clay-rich C1–C2 samples of 
site e11 (C1V, C2V, and C2T2V) exhibit permeabilities of 
1.2 × 10–13– > 6.5 × 10–13 m2, humidity of 17–34.2%, temper-
atures of 33.5–44.1 °C, and low-mid strength (compressive 
strength from 0.5 to 1.2 kg/cm2 and shear strength from 1.9 
to 2.6 kg/cm2; Supplementary Table 2 and Fig. 5a). Grain 

size analyses confirm fine-grained C1 and T2 layers (peaks 
at 32 μm), very fine C2–C2/T2 (< 16 μm), and coarse T4 
samples, dominated by > 250 μm particles (Fig. 5e).

Gas measurements along three vertical profiles (one per 
site) show moderate CO2 concentrations (434–6142 ppm), 
low CH4 (2–41 ppm), and H2O vapor (30,053 to 40,707 
ppm), and significant temperature variability (25–78 °C). 

Fig. 5   Stratigraphy, petrophysical measurements, and subsurface gas-
accumulation profiles at sites e11, e11b, and e10. a Overview image 
of the T4–T3–C1–C2–C2/T2 sequence at the highly altered e11 tran-
sect, locations of petrophysical samples (red dots with permeabilities; 
H and V indicate sampling orientation) and vertical gas-sampling 
transect (green line). b Overview image of the T4–T3–T2 sequence 
at the low-alteration e11b site, locations of petrophysical samples (red 
dots with permeabilities; H and V indicate sampling orientation) and 
vertical gas-sampling transect (yellow line). c Overview image of the 

T4–T3–C2 sequence at site e10, locations of petrophysical samples 
(red dots with permeabilities; H and V indicate sampling orientation) 
and vertical gas-sampling transect (blue line). d Vertical gas-accu-
mulation profiles showing high values of CO2 and CH4 accumulation 
at the T4 and T3 layers of site e11. Gas accumulation decreases rap-
idly at the boundary between T3 and C1/C2 (the colors of the tran-
sects correspond to panels a, b, and c). e Grain size distributions of 
selected samples illustrating coarse T4 fractions, finer T2 fractions 
and clay-dominated C1–C2 horizons (color indicates the type of soil)
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Gas decreases sharply within clay-rich intervals (C1 and C2 
horizons; Fig. 5a–d).

Site e102

Site e102 is located near large collapse structures and 
exposes a laterally variable T3 layer with strong alteration 
gradients (Figs. 1, and 6a; Supplementary Fig. 1). Samples 
from the halo center and more proximal to the pit (T3aH 
and T3aV) are white, friable, and highly altered (Fig. 6a, 
and b). One sample (T3bV) was collected at the halo mar-
gin from a red-stained T3 horizon. Moving laterally into 
the off-white T3 unit, a second sample was taken (T3cV; 
Fig. 6a). Further from the alteration zone, two additional 
samples were obtained from moderately altered yellow-
brown T3 (T3dH and T3dV; Fig. 6a, and c). Permeability 
ranges from 8.7 × 10–14 to > 6.5 × 10–13 m2, humidity from 
12 to 20.2%, with low temperatures (20.1–22.9 °C), and low 

to high strength (compressive strength from 1.5 to 3.7 kg/
cm2 and shear strength of 2.4 to 4.2 kg/cm2; Supplemen-
tary Table 2 and Fig. 6a). Strength increases away from the 
collapse feature. Grain size distribution indicates poor sort-
ing, with coarse clasts (16–8 mm) more abundant in weakly 
altered samples (e.g., T3dV), while fine fractions (125–16 
μm) dominate overall (Fig. 6e).

A horizontal gas profile shows CO2 concentrations of 
758.5–5000 ppm, very low CH4 (2.2–2.6 ppm), and H2O 
vapor of 23,514–32,194 ppm. Temperatures vary from 18 
to 19.6 °C (Fig. 6d). Gas concentrations increase toward 
highly altered T3 but drop sharply near the collapse margin.

Sites e108, e12 and e103

Across these three sites, nine samples were collected (T3V, 
T3H, C1H, C2H, C2V, T2V, T3bV, T3aH, and T3bH). T3 
samples show high permeability (2 × 10–13– > 6.5 × 10–13 

Fig. 6   Stratigraphy, petrophysical measurements and subsurface 
gas-accumulation profile at sites e102. a Overview image of site T3 
layer showing various degrees of alteration, locations of petrophysi-
cal samples (red dots with permeabilities; H and V indicate sam-
pling orientation) and horizontal gas-sampling transect (blue line). 
b Close-up image of the sampling location of samples T3aH and 
T3aV. Scale card measures 18 cm in length. c Close-up image of 

sampling location of samples T3cH and T3dV. d CO2, CH4, and H2O 
vapor and temperature along the horizontal transect highlighting CO₂ 
enrichment in the highly altered portion of T3, with a rapid decrease 
towards the collapse structure located left of the transect. e Grain size 
distributions of selected samples illustrating fine-dominated T3 sam-
ples, with the amount of fines increasing with alteration (color indi-
cates the type of soil)
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m2), humidity of 8–48.6%, temperatures of 26.2–53.9 °C, 
and a wide strength range (compressive strength from 0.3 
to >5 kg/cm2 and shear strength from 1.0 to 3.9 kg/cm2; 
Supplementary Table 2). Clay-rich C1–C2 samples display 
variable permeability (3.8 × 10–13– > 6.5 × 10–13 m2), low 
humidity (17–19.5%), and temperatures (23.6–24.9 °C), 
with low to moderate strength (compressive strength from 
0.2 to 3.0 kg/cm2 and shear strength from 1.3 to 3.6 kg/cm2; 
Supplementary Table 2). The T2 sample at e103 exhibits a 
high permeability (3.7 × 10–13), low humidity (16.3%) and 
temperature (19.2°C), and moderate strength values (~3.4 
kg/cm2; Supplementary Table 2). No gas profiling was per-
formed at these sites, which are therefore used primarily to 
extend the petrophysical comparison among soil units.

UAS thermal imaging

The resulting pit morphology obtained by high-resolution 
UAS surveys (Figs. 7, and 8) reflects the interplay between 
collapse processes, hydrothermal alteration intensity, and 
the duration of postformation modification.

Morphologically, less modified pits display a narrow sur-
face aperture, steep to locally overhanging walls, and a circular 
to subcircular downward-flaring geometry, with the cavity wid-
ening at depth (pits 1, 2, 4, and 5; Figs. 7 and 8). We use these 
features as relative indicators of limited postformation wall 
retreat and infilling, rather than as absolute age constraints.

Dimensions vary, with diameters ranging from a few meters 
to 40 m (e.g., pit 9) and a maximum depth of about 8 m.

Fig. 7   Google Earth image of the central part of the Rotokawa geo-
thermal field and overlain by thermal infrared UAS survey image 
(yellow square in Fig. 1; colder areas in dark colors and warmer areas 

highlighted with brighter reds and yellows). The green dots indicate 
the location of the 9 analyzed pits
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Three pits (5, 7, and 9) exhibit irregular, noncircular 
geometries. This variability likely reflects structural control 
exerted by underlying volcano-tectonic lineaments and/or 
structural anisotropy within the host rocks, which may not 
always be evident at the surface but can govern hydrothermal 
fluid ascent, creating preferential upflow pathways that influ-
ence the spatial development of the pits.

In contrast, more morphologically evolved pits (e.g., pit 
9) exhibit broader and more subdued surface depressions. 
We interpret these geometries as the result of progressive 
rim retreat, wall slumping, gravitational redistribution of 
altered material, and possible infilling. These criteria pro-
vide a relative geomorphic classification only.

Several pits host water ponds at their bottom (pits 2, 3, 
4, 5, 7, and 9; Figs. 7 and 8), with temperatures reaching 
and locally exceeding 90 °C (max T at pit 9: 92.3 °C; min 
T at pit 7: 75.8 °C). Thermal observations reveal spatially 
heterogeneous temperature distributions within the pits, with 
discrete up-flow zones located both on the pond floors (pits 
2, 3, and 9; Figs. 7 and 8) and along their margins (pits 1, 7, 
and 3; Figs. 7 and 8), marking sites of focused hydrother-
mal fluid discharge. Rather than exhibiting uniform thermal 
conditions, the ponds commonly exhibit convective circu-
lation, reflecting active heat and mass transfer within the 
hydrothermal system.

No clear spatial pattern was observed in the distribution 
of the different pit morphologies across the investigated area, 
suggesting that their development is primarily controlled by 
localized subsurface conditions, such as structural perme-
ability and hydrothermal fluid flow.

Overall, the temperatures in collapse pits range from 
12 to 95 °C. However, local maximum temperatures may 
be underestimated where hot ground or water surfaces are 
averaged with surrounding cooler areas within individual 
thermal pixels (Fig. 7).

Discussion

Soil alteration and surficial features

Hydrothermal alteration exerts a strong control on the dis-
tribution of surficial features and degassing patterns in the 
thermal area of the Rotokawa geothermal field. Areas of 
intense alteration coincide with collapse structures, mud 
pools, fumaroles, sulfur crusts, and hard ground surfaces, 
reflecting the interaction between steam-heated fluids, mete-
oric water, and the pumice-rich soils that dominate the upper 
stratigraphy (Fig. 9a–f). 

High CO2 fluxes reported by earlier studies (Bloomberg 
et al. 2014; Yang et al. 2024) occur preferentially within 
these altered zones. Hydrothermal alteration modifies soil 

properties through dissolution, leaching, cementation, and 
mechanical weakening—processes documented in geother-
mal systems such as Kambalny (Russia), Whakaari/White 
Island (New Zealand), Campi Flegrei (Italy), Vulcano 
(Italy), and the Valley of Desolation (Dominica) (Frolova 
et al. 2014, 2016, 2019; Heap et al. 2015; Mayer et al. 2017; 
Montanaro et al. 2017; Harris and Pailot-Bonnétat 2024). 
Dissolution is expected to increase porosity and permeabil-
ity while reducing grain cohesion, producing friable soils 
that may be prone to subsidence and collapse (e.g.,Schöpa 
et al. 2011; Rott et al. 2019; Frolova et al. 2021). In contrast, 
silica, sulfur, and clay precipitation reduce permeability and 
may strengthen shallow horizons, generating hard grounds 
or sealed layers (e.g. Piochi et al. 2015; Ricci et al. 2015; 
Semenkov et al. 2021; Montanaro et al. 2023).

Our new dataset includes locally higher permeability 
values than those reported by Montanaro et  al. (2023), 
particularly within altered T3 soils. Given the limited spa-
tial coverage of the surveys and the strong meter- or even 
decimeter-scale heterogeneity of steam-heated soils, this 
likely reflects the direct sampling of highly altered, friable 
T3 domains and the intrinsic variability of T3 soils rather 
than a systematic field-wide increase. These higher perme-
ability, friable zones coincide with white-to-red weakened 
T3 exposed along collapse margins (Figs. 6a and 9a, b, d, 
and e), where dissolution and grain disaggregation may 
contribute to increased porosity, consistent with field-scale 
observations of weakened material, and are characterized by 
an enrichment in particles measuring 125–16 μm. In con-
trast, sulfur-cemented surfaces near fumaroles, mud pools, 
and excavated areas (Fig. 9a and e) exhibit markedly lower 
permeability, consistent with localized shallow sealing 
inferred from surface mineral crusts and low-permeability 
horizons described in this and previous studies (Montanaro 
et al. 2023).

These locally permeable altered T3 domains occur adja-
cent to clay-rich C1–C2 horizons, whose hydraulic behavior 
is considerably more heterogeneous than implied by their 
soil type classification. Despite forming sharp contacts with 
underlying T3, the C1–C2 horizons display permeabilities 
spanning the full range of measured values (1.2 × 10–13 
to > 6.5 × 10–13 m2), reflecting the strong sensitivity of clay-
rich materials to saturation state, microstructural arrange-
ment, and alteration intensity, as documented for plastic soils 
(Chapuis 2012). Their uniformly fine grain size (< 4 µm) 
therefore provides little predictive value, since permeability 
in such media is controlled primarily by clay fabric, plas-
ticity, and pore connectivity rather than particle size alone 
(Heap et al. 2015; Díaz-Curiel et al. 2022). Field measure-
ments show that in some sites (e.g., e14 and e108–e12) 
the C1–C2 horizons can be as permeable as T3, whereas 
in others (e11 and e102) they act as semiconfining units. 
This behavior is best explained by variations in plasticity, 
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degree of saturation, and alteration-related structural conti-
nuity rather than intrinsic permeability contrasts. Horizontal 
and vertical permeability measurements reveal no systematic 
anisotropy at the scale and configuration of our field meas-
urements, indicating that local alteration and microtexture 
might exert stronger controls on shallow permeability than 
layer orientation.

Shallow fluid pathways through surficial soils

Diffuse soil CO2 flux measurements are widely used to 
infer degassing activity and reservoir conditions of active 
hydrothermal systems, yet they only capture gas escape at 
the ground surface and do not resolve how shallow stra-
tigraphy modulates subsurface migration (Bloomberg et al. 
2014; Maier and Schack-Kirchner 2014; Harvey et al. 2017; 
Yang et al. 2024). To address this limitation, we combined 
horizontal and vertical interstitial soil gas concentration 
profiles with petrophysical measurements to directly char-
acterize fluid pathways within the upper decimeters of the 
Rotokawa soil column.

The typical pattern of CO₂ concentrations in vertical 
profiles in areas of diffuse degassing shows increasing con-
centrations with depth, reflecting gas generation or upward 
migration from deeper sources (e.g., Camarda et al. 2006). 
This baseline pattern provides the reference framework for 
interpreting local deviations produced by lithological con-
trasts and the presence of collapse structures. Permeable 
pumice-rich T3 and T4 layers consistently act as primary 
gas pathways, in accordance with their open textures and 
high porosity (Figs. 3–6). In contrast, clay-rich C1 horizons 
locally restrict vertical gas flow, producing pronounced CO2 
peaks at T3–C1 contacts (e.g., at sites e2, e14, and e11; 
Figs. 3, 4, and 5). These physical property contrasts promote 
lateral diversion of gas along clay margins or fractures (e.g., 
e2 in Fig. 3), a behavior consistent with observations in other 
altered geothermal soils (Camarda et al. 2006, 2017; Ricci 
et al. 2015).

At site e2, CO2 maxima align with the T3-C1 interface, 
and vertical profiles show near-complete suppression of 
upward gas flow where the clays are thickest (Fig. 3). Lat-
eral reactivation of ascent along the clay margins highlights 
the sensitivity of shallow gas flow to small permeability 
variations, similar to patterns that have been described in 
steam-heated terrains across several geothermal areas in 
New Zealand (Rissmann et al. 2012; Bloomberg et al. 2014). 

Fluids exhibit a different behavior in the proximity of col-
lapse structures. At site e102, CO2, CH4, and H2O vapor 
concentrations increase toward permeable altered T3 but 
decrease sharply at the collapse boundary (Fig. 6), suggest-
ing gas capture, redistribution, or lateral migration along the 
collapse structure.

UAS-derived 3-D visible and thermal models of selected 
pits (Fig. 8) allowed us to characterize the geometry and 
thermal anomalies within the collapse structures. We 
selected two of the most representative pits to elucidate con-
trasting thermal and fluid-flow expressions within collapse 
structures. The small surface opening size, along with the 
vertical walls and downwardly flared geometry of the two 
collapse structures, is consistent with limited post-formation 
wall retreat and infilling. In Fig. 8a–d, there is no clear evi-
dence of wall-hosted endogenous fluids discharge. The high-
est temperature (82.4°C) is recorded at the surface of the 
liquid pool within the pit, indicating that the primary fluid 
contribution originates from below. The thermal anomaly 
visible in the upper part of the structure is instead mainly 
due to solar activity, as evidenced by the geometry of the 
shadows in Fig. 8a, c. By contrast, clear thermal anomalies 
are visible both on the surface of the boiling pool (90,5°C), 
highlighted by convective dynamics, and in the middle of 
the wall (67.5°C; Fig. 8f, h).

The integration of field measurements with UAS-derived 
visible and thermal models suggests that collapse pit mor-
phology and thermal structure are influenced by the same 
layer-scale properties that govern shallow gas migration. The 
petrophysical and gas-profile data indicate that altered pum-
ice-rich T3 and T4 horizons can remain relatively permeable 
while becoming mechanically weakened. Such layers may 
favor focused gas ascent, localized alteration, and progres-
sive weakening of pit margins. By contrast, clay-rich C1–C2 
horizons and locally sulfur- or silica-cemented layers may 
behave as transient low-permeability barriers, limiting verti-
cal gas escape and promoting lateral migration of CO2-rich 
fluids. Where these horizons are exposed or breached along 
collapse margins, gas and heat can be focused along pit 
walls or structural discontinuities, potentially explaining the 
wall-hosted thermal anomalies observed in some pit thermal 
models. Pit-bottom or pond-floor anomalies, on the other 
hand, are more consistent with direct vertical upflow beneath 
the collapse structures. Therefore, the UAS data complement 
the in-situ measurements by showing how shallow perme-
ability contrasts, alteration intensity, and mechanical weak-
ening are expressed at the scale of collapse-pit morphology 
and thermal heterogeneity.

The interpretations of our new combined data are summa-
rized in a conceptual model presented in Fig. 10. The shal-
low stratigraphy of the Rotokawa thermal area comprises 
pumice-rich Taupō Pumice Formation soils (T1–T5) in 
undisturbed areas and excavated reworked materials (E1–E3) 

Fig. 8   Thermal activity of two selected collapse structures (a–d pit 2 
and e–h pit 3). a, b, e, f represent vertical sections of the visible and 
thermal 3-D models. c, d, g, h represent single visible and thermal 
images of the collapse structures. Red dots in d and h indicate the 
sites with the highest temperatures in the image, and blue dots the 
sites with the lowest temperatures. The green dot in h represents the 
highest temperature on the wall of the collapse structure

◂
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overlying clay-rich contact layers (C1–C2). Across both set-
tings, CO2-rich fluids degassing produce fumaroles, mud 
pools, alteration halos, and collapse depressions (Fig. 10a). 
In zones where alteration halos intersect collapse structures 
and fluid flow is present, we observe that both alteration 

halos and collapse structures control fluid flow patterns. 
Alteration halos and collapse structures strongly reorgan-
ize fluid pathways. Increased permeability in altered T3 
enhances vertical and lateral gas flow, while collapse mar-
gins act as permeable conduits or sinks that focus or capture 

Fig. 9   Examples of surficial thermal features and hydrothermal 
alteration structures in the DOC-thermal area of the Rotokawa geo-
thermal field. a, b Highly altered margins and overhanging walls of 
pit 2 (Figs. 7 and 8) near site e102 that was further analyzed using a 
UAS survey. c Example of an alteration halo and its effect on the sur-
rounding soil layers. d Deep collapse pit hosting a bubbling thermal 
pool (pit 3, Figs.  7 and 8), that was further analyzed with an UAS 

survey. e Collapse structure developed in strongly altered soils near 
sites e10, e11, and e11b. f Example of a sulfur-cemented layer cap-
ping more porous soil layers. g Boiling mud pool with associated sul-
fur-encrusted surfaces. h Sulfur precipitation and mud-crack textures 
around a boiling mud pool. These features illustrate the close associa-
tion between intense alteration, mechanical weakening, and focused 
surface degassing
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rising gases, generating localized degassing and thermal 
anomalies (Fig. 10b). In layered sequences, contrasts in soil 
type dominate fluid flow. Permeable T3 permits upward gas 
flow, but overlying C1–C2 horizons act as semi-confining 
layers that suppress vertical ascent, causing CO2 to accumu-
late and migrate laterally along the T3–C1 interface. Steam 
condensation beneath the clay promotes shallow sealing 
and gas–steam decoupling, reinforcing lateral redistribution 
before upward escape occurs at discontinuities (Fig. 10c).

Broader implications: permeability evolution 
and long‑term degassing trends

Self-sealing can exert an important time-dependent influ-
ence on shallow permeability in steam-heated terrains. 
Steam condensation beneath clay-rich horizons and around 
fumaroles and mud pools promotes rapid precipitation of 
sulfur, amorphous silica, and hydrothermal clays, forming 
thin, transient low-permeability skins (Rodgers et al. 2002; 
Harris et al. 2009; Sillitoe 2015; Jones and Detwiler 2016; 
Madonia et al. 2016). Similar sealing textures observed in 
steam-heated systems at Mutnovsky (Russia), Kambalny 
(Russia), and Whakaari/White Island (New Zealand) dem-
onstrate that these horizons can develop and decay quickly 
in response to fluctuations in temperature, humidity, and 
gas flux (Frolova et al. 2014; Christenson et al. 2017; Heap 
et al. 2017; Sergeeva et al. 2019; Kiryukhin et al. 2020). As 
sealing develops, steam condenses and reinforces mineral 
deposition, while noncondensable CO2 may accumulate 
below or adjacent to semiconfining horizons and be diverted 
laterally towards a permeable discontinuity. This gas–steam 
decoupling mechanism (Henley and Ellis 1983; Peiffer et al. 
2018; Fowler et al. 2019; Taussi et al. 2019) is consistent 
with the strong CO2 gradients observed across C1–C2 inter-
faces and the localized CO2 depletion near collapse margins 
at Rotokawa. Crack development and elutriation pipes can 
eventually cut through low-permeability seals, allowing 
gases to locally reach the surface (Cody 2003; Heap et al. 
2015; Montanaro et al. 2017, 2023).

Shallow processes intersect with longer-term changes in 
the degassing system. Diffuse CO2 emissions at Rotokawa 
have declined from ~ 441 t d−1 in 2011 to ~ 345 t d−1 in 2023 
(Bloomberg et al. 2014; Yang et al. 2024), paralleling the 
reduction in CO2-equivalent discharge from nearby power 
stations. Changes in deep CO2 supply related to reservoir-
pressure evolution remain a plausible first-order explana-
tion, consistent with trends at Ohaaki, Wairakei, and other 
exploited fields within the TVZ (Giggenbach 1995; Glover 
and Mroczek 1995; Rissmann et al. 2012). In addition, pro-
gressive sealing and re-focusing of gas into structural or per-
meable soil “conduits” may also reduce the areal footprint 

of diffuse emissions without necessarily requiring a pro-
portional reduction in the deep flux, as observed at several 
stratovolcanoes and geothermal fields (Viveiros et al. 2010; 
Ricci et al. 2015; Epiard et al. 2017; Harvey et al. 2018; 
Frolova et al. 2019; Chiodini et al. 2021; Müller et al. 2024; 
Hendriawan et al. 2025). This interpretation should therefore 
be regarded as complementary to reservoir-scale controls, 
rather than as an alternative explanation for the reported 
emission decrease. Environmental and methodological vari-
ability (Lewicki et al. 2005; Viveiros et al. 2009; Hernández 
et al. 2012; Werner et al. 2019) further complicates inter-
decadal comparisons. To resolve the relative impacts of 
near-surface soil processes on overall degassing, longitudi-
nal monitoring of soil properties, gas fluxes and structural 
changes will be needed. Such monitoring is essential for 
improving hazard assessment and exploitation strategies and 
should account for how surficial soil lithologies and hydro-
thermal alteration redistribute gas flow pathways.

Conclusions

This multiparametric and multidisciplinary study aims to 
unravel the complex interplay between surficial fluid flow 
patterns, thermal and geological features, anthropogenic 
activity and hydrothermal alteration. We conclude the 
following:

–	 The shallow soil profile at the Rotokawa geothermal field 
exerts a primary control on gas migration and degassing 
patterns.

–	 Pyroclastic deposits of the pumice-rich Taupō Pumice 
Formation form the main permeable framework for CO2 
ascent, whereas clay-rich horizons and reworked min-
ing deposits can locally act as semiconfining layers, with 
gas concentrating at lithological boundaries and being 
diverted laterally.

–	 Sharp gas depletions near collapse margins indicate that 
meter-scale contrasts in lithology, alteration and structure 
govern how gases move through the upper decimeters of 
the system.

–	 Alteration halos and collapse structures control shal-
low gas migration pathways by enhancing permeability 
within weakened pyroclastic domains and by locally 
focusing or capturing gas along collapse margins. CO2, 
CH4, and H2O vapor concentrations increase towards 
highly altered horizons but decrease at collapse margins, 
indicating lateral or downward redistribution or capture.

–	 UAS-derived 3-D contrasting thermal patterns, with mor-
phologically less modified collapse structures displaying 
the highest temperatures at the bottom of the pits, while 
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larger collapse or more morphologically evolved collapse 
structures show clear thermal anomalies both on the sur-
face of the boiling pool and in the middle of the pit wall.

–	 Progressive shallow sealing can redirect gas into fewer, 
more focused conduits, with soil lithologies and hydro-
thermal alteration redistributing preferential gas migra-
tion pathways. These processes may contribute to appar-
ent decreases of gas emissions at the geothermal field 
scale, alongside reservoir processes, environmental vari-
ability and methodological uncertainty.

Together, our results show that shallow soils are not pas-
sive boundaries but dynamic, evolving components of the 
geothermal system, and that robust interpretation of long-
term degassing trends requires joint consideration of res-
ervoir processes, near-surface permeability evolution and 
environmental forcing, with direct implications for monitor-
ing strategies, hazard assessment and conceptual models of 
steam-heated terrains.
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