[image: image1]Linking top and subsoil types, alteration and degassing processes at Rotokawa geothermal field, New Zealand

		ORIGINAL RESEARCH
published: 12 January 2023
doi: 10.3389/feart.2022.1067012


[image: image2]
Linking top and subsoil types, alteration and degassing processes at Rotokawa geothermal field, New Zealand
Cristian Montanaro1,2*, Lena Ray2, Shane J. Cronin2, Aimee Calibugan3, Stefanie Rott1, Candice Bardsley3 and Bettina Scheu1
1Department of Earth and Environmental Sciences, Ludwig-Maximilians-Universität München, Munich, Germany
2School of Environment, University of Auckland, Science Centre, Auckland, New Zealand
3Mercury NZ Ltd., Auckland, New Zealand
Edited by:
Dmitri Rouwet, Istituto Nazionale di Geofisica e Vulcanologia, sezione di Bologna, Italy
Reviewed by:
Gilles Levresse, National Autonomous University of Mexico, Mexico
Teresa Scolamacchia, A.S.S.E.T. -Regione Puglia, Italy
* Correspondence: Cristian Montanaro, cristian.montanaro@min.uni-muenchen.de
Specialty section: This article was submitted to Volcanology, a section of the journal Frontiers in Earth Science
Received: 11 October 2022
Accepted: 28 December 2022
Published: 12 January 2023
Citation: Montanaro C, Ray L, Cronin SJ, Calibugan A, Rott S, Bardsley C and Scheu B (2023) Linking top and subsoil types, alteration and degassing processes at Rotokawa geothermal field, New Zealand. Front. Earth Sci. 10:1067012. doi: 10.3389/feart.2022.1067012

Surface geothermal expressions such as mud pools, fumaroles, mineral deposits, collapse pits, and hydrothermal eruption craters vary in scale and type over space and time. The evolution in space and time of these surficial thermal features strongly relates to alteration processes caused by hydrothermal fluids. The changes in the physical and mechanical properties of top and subsoils that can control fluid flow, degassing patterns, and occurrence of geothermal hazards remain understudied. The thermal area located south of the Rotokawa geothermal field (New Zealand) includes a variety of major natural surface thermal features and widespread sulphur deposits precipitated by acid–sulphate fluids in steam-heated zones. Decades of sulphur mining induced the formation of new thermal features. Such a setting represents an exemplary case study for investigating old and recently formed thermal features, soil characteristics, types and patterns of superposed hydrothermal alteration, and degassing processes. We combined field and laboratory methods to define groups of thermal features, soil types, and associated alteration. Their spatial distribution indicates that fluid circulation, alteration intensity, and degassing are strongly influenced by the local and regional geological and structural settings, as well as by mining activity. We found that at the water table level and within excavated areas, acidic fluids led to the deposition of mud deposits, sinters, and stromatolites around warm springs and mud pools. In the vadose, steam-heated portions, fluids generally leach and degrade the Taupo Pumice, resulting in broad unstable grounds and collapse structures, while extensive sulphur-encrusted grounds and sulphur-rich soils formed in excavated sites. In this framework, the degassing and fluid circulation within the top and subsoils are strongly affected by the dominant soil layer type, and in turn by its granulometry, texture, and alteration state. Our study of top and subsoils yields precious insights into surface expression variability, fluid–rock interaction processes, and sulphur deposition patterns within steam-heated zones. Processes at such a scale may strongly influence the migration of thermal manifestations, gas outputs, and ground subsidence within geothermal environments. From a broader perspective, our results will help assess the evolution of geothermal activity and related hazards in similar areas worldwide.
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1 INTRODUCTION
Geothermal environments display a variety of thermal manifestations and alteration features produced by hydrothermal fluids. Variability in temperature, pressure, composition, and duration of alteration may affect the petrophysical and mechanical properties of rock and soil hosting hydrothermal fluids in such areas (Robb, 2004; Mormone et al., 2011; Pola et al., 2012; Frolova et al., 2014; Wyering et al., 2014; Heap et al., 2015; Mayer et al., 2015; Mormone et al., 2015; Frolova et al., 2016; Heap et al., 2017; Mayer et al., 2017; Mordensky et al., 2019; Frolova et al., 2020a; Revil et al., 2020; Kanakiya et al., 2021). Alteration and weakening/dissolution of rock and soil can promote permeability change, slope instability and mass wasting (Reid et al., 2002; John et al., 2008; Kristianto et al., 2013; Procter et al., 2014; Gvozdeva et al., 2015; Peruzzetto et al., 2019; Heap et al., 2021), and migration of thermal manifestations (Harris and Maciejewski, 2000; Ricci et al., 2015; Madonia et al., 2016; Montanaro et al., 2017; Frolova et al., 2019). Alteration also causes changes in surficial temperature and the hydrodynamic regime of a hydrothermal system (Dempsey et al., 2012; Rowland and Simmons, 2012; Kiryukhin et al., 2017) and may cause surface deformation and subsidence (Allis et al., 2009; Samsonov et al., 2011; Lynne et al., 2013; Koros et al., 2015; Basmanov et al., 2016). All of these processes may pose hazards to people within geothermal areas (e.g., those used for energy or tourism) and impact operational geothermal fields.
In dynamic geothermal settings, the formation and evolution of thermal features strongly relate to alteration processes affecting the properties of soil lithologies (Mayer et al., 2017; Frolova et al., 2020b). Thus, changes in physical and mechanical properties of the top and subsoils (i.e., the first decimetre to meters from the surface) play a key role in controlling degassing patterns by buffering and/or hindering the surficial thermal and gas outputs from the underlying hydrothermal system (Madonia et al., 2016; Heap et al., 2017; Montanaro et al., 2017; Frolova et al., 2019; Frolova et al., 2020a). However, so far, soil surveys in volcanic and geothermal areas have been exclusively used to estimate the budget of volatiles and identify and characterise active degassing structures sourcing the release of surficial gases, i.e., magmatic bodies and/or hydrothermal systems (Ármannsson et al., 2007; Chiodini et al., 2010; Carapezza et al., 2011; Shen et al., 2011; Pedone et al., 2015; Inguaggiato et al., 2018; Peiffer et al., 2018; Daskalopoulou et al., 2019; Taussi et al., 2019; Jentsch et al., 2020; Taussi et al., 2021). A few studies have considered the effect of i) subsoil heterogeneity on surficial degassing behaviour (Tassi et al., 2013; Bagnato et al., 2014; Bloomberg et al., 2014; Gresse et al., 2016; Montanaro et al., 2017) and ii) soil permeability in relation to the spatial and temporal distribution of thermal emission (Aubert et al., 2009; Schöpa et al., 2011; Harris et al., 2012; Heap et al., 2017; Mayer et al., 2017).
To better understand the link between soil types and alteration and degassing processes, we investigated the structure, composition, and alteration of the top and subsoils within the main thermal area of the Rotokawa geothermal field, New Zealand, managed by the Department of Conservation (DOC-thermal area; Figure 1). The many geothermal surface features include hot springs, fumaroles, extensive sulphur deposits, several areas of steaming ground, and hydrothermal eruption craters including the Lake Rotokawa itself (Collar and Browne, 1985; Krupp and Seward, 1987; Jones et al., 2000; Browne and Lawless, 2001; Rodgers et al., 2002; Milicich and Hunt, 2007). The surficial alteration (<200 m) at Rotokawa is driven by steam-heated acid-sulphate and bicarbonate fluids and is characterised near Lake Rotokawa by an intensive acidic assemblage (Krupp and Seward, 1987). Across the thermal field, the soil-forming deposits are mainly <2-kyr-old pyroclastic flows and fall units from the Taupo Volcano (Collar, 1985). Many of the old thermal features were reworked during sulphur mining activities, while new thermal features developed over the mined areas afterwards (Bardsley and Williams, 2017).
[image: Figure 1]FIGURE 1 | Satellite image (Google Earth™, 2016) of the southern sector of the Rotokawa geothermal field and surrounding areas. The Nga Awa Purua and Rotokawa I power stations are located north of a geothermal area characterised by active surficial manifestations. The investigated zones include a highly active and more widespread thermal area, part of the Department of Conservation (DOC) land (highlighted in white), and a thermal ground with localised and/or patched thermal features (highlighted in yellow). The Central and Injection Field Faults and the locations of “the Lagoon” and of “Sulphur Cliff” are shown. In the bottom right inset, a map of the Rotokawa geothermal field with simplified surface geology from Leonard et al. (2010) and the 30 Ωm resistivity boundary zone of Risk (2000) is shown.
Here, we report results from field campaigns and laboratory analyses aimed at investigating i) the types and patterns of thermal expressions, ii) the top and subsoil lithologies and their alteration state, and iii) the control of soil types on fluid circulation and degassing.
2 GEOLOGICAL SETTING
The Rotokawa geothermal field is located in the central part of the Taupo Volcanic Zone in New Zealand (Figure 1), approximately 15 km northeast of the town of Taupo (Rowland and Simmons, 2012). Investigations in the 1960s identified a large high-temperature resource (>300 °C) with ∼28 km2 within the 30-Ωm resistivity contour (Figure 1; Risk 2000; McNamara et al., 2015). Structures aligned ∼NE–SW, such as the Central and Injection Field Fault, supply deeper fluids into the hydrothermal system (Figure 1; Rowland et al., 2012; Wallis et al., 2013; Hopp et al., 2020; Calibugan et al., 2022). Rotokawa is a gas-rich high-temperature system (Giggenbach, 1995) with three aquifers: i) shallow meteoric groundwater in the first 100–300 m depth; ii) a complex intermediate aquifer between 300 and 1,000 m, with several different fluid types, including steam-heated groundwater, acid–sulphate–chloride fluids, and boiled reservoir (chloride) fluids; and iii) a chloride geothermal reservoir of >300°C below 1,000 m depth (Winick et al., 2009; Addison et al., 2015). Rotokawa emits 441 Mg d−1 of CO2 and up to 31 Mg d−1 of H2S (Bloomberg et al., 2014). The CO2 and H2S gases, coupled with boiling at shallow levels and mixing with shallow aquifer groundwater, yield acid–sulphate fluids above the upflow zones and bicarbonate fluids at the margins of the outflow. Shallow hydrothermal alteration is primarily due to acidic condensates, depositing large amounts of native sulphur in association with kaolinite, smectite, opal, and minor alunite (Krupp and Seward, 1987; Chambefort, 2021; Brooks-Clarke, 2021; Simpson et al., 2021). The main alteration assemblage in the deep reservoir is propylitic, formed by high-temperature, near-neutral pH chloride fluids. The alteration mineralogy includes quartz, chlorite, albite, illite, calcite, pyrite, and epidote, plus minor adularia, rare wairakite, and hematite (Krupp and Seward, 1987; Price et al., 2011; Simpson et al., 2021).
2.1 Geothermal features and subsurface geology
Thermal manifestations in the Rotokawa geothermal field (Figures 1, 2; Collar and Browne, 1985; Krupp and Seward, 1987; Bloomberg et al., 2014) are concentrated in two areas:
1) In the southern area, the most prominent thermal feature is the acid–sulphate (pH ∼2) Lake Rotokawa (Te Reo Māori for “bitter lake”) that occupies a hydrothermal eruption crater partly filled by the <2-kyr-old pyroclastic deposits and volcanoclastic sediments of the Taupo Pumice Formation (Figure 2; Healy, 1975; Collar, 1985; Wilson, 1993; Browne and Lawless, 2001). Further hot springs (“the lagoon”), fumarolic fields, and collapsed structures within the DOC thermal area lie in a steam-heated zone northeast of Lake Rotokawa. Many of the DOC thermal features were modified by sulphur mining during the 1960s–1990s (Jury, 1984; Sinclair, 1989; Bardsley and Williams, 2017). Fumaroles, acid–sulphate–chloride, and silica-rich springs are also found in isolated spots along the Parariki Stream (Sriaporn et al., 2020). Northeast of the DOC thermal area, a third zone contains a series of large collapse pits with boiling springs, steaming grounds, and fumarolic vents at Sulphur Cliff (Figure 2).
2) In the northern area, there are fewer thermal features with chloride–bicarbonate springs along the banks of the Waikato River and localised small areas of steaming ground (Browne, 1988; Browne, 1989).
[image: Figure 2]FIGURE 2 | LiDAR image of the DOC thermal area and surroundings showing the location of the main geothermal features and the approximate extension of domains 1, 2, and 3. Areas surrounding these features were investigated for subsoil characterisation, measurements of temperatures, and petrophysical properties and for sampling of soil and sinter material for laboratory analyses.
Surficial geology around Lake Rotokawa includes several hydrothermal eruption breccia units, collectively mapped as the Parariki Breccia, and thick sequences (tens of metres) of Holocene tephra fall (e.g., Hinemaiaia, Waimihia, and Mapara tephra) and pyroclastic flow deposits (e.g., Taupo Pumice), mainly sourced from the Taupo Volcano (Collar and Browne, 1985; Browne and Lawless, 2001; Leonard et al., 2010; Milicich et al., 2020b). Below this, the shallow (<400 m) geology consists of a series of ignimbrites (Oruanui ignimbrite), rhyolitic dome deposits (Oruahineawe and Fulljames rhyolites), and volcaniclastic succession (Huka Falls and the Waiora Formation; Milicich et al., 2020a; references therein).
3 METHODS
This study applies a combination of field and laboratory methods to analyse the physical and mechanical properties of hydrothermally altered soils and hard, sulphur-cemented grounds present within the Rotokawa DOC thermal area. Field methods include mapping the surface geothermal features, describing top and subsoil layers (in pits and natural exposures), and characterisation and sampling areas of hardened lithologies. For each analysed soil layer or hard ground, where possible, we measured temperature, permeability, and shear and compressive strength. Soil layers were also distinguished by the alteration degree defined by their macroscopic features (change of structure, colour, and mineral assemblage). Collected samples were also taken as representative of the soils and hard grounds in the mapped but uncharacterised areas. We also measured the distribution of surficial temperatures (<15 cm). Geothermal feature mapping and temperature measurements were conducted simultaneously and were focused in the central–eastern portions of the DOC thermal area (Figures 2, 3), albeit restricted by vegetation cover and unstable ground. A Trimble Juno 3D handheld GPS device and a 0.5 m-resolution georeferenced drone image were used to locate temperature measurements and soil profiles. Surface features, temperatures, and soil logs were integrated into a GIS to produce digital maps. Laboratory methods included measurements of dry petrophysical properties (density and connected porosity) of consolidated (e.g., hard ground, pumice, and sinters) and unconsolidated samples. Additional definitions, information, and maps related to geothermal feature mapping (3.1) and subsoil and exposed surface profiles (3.2) are reported in the Supplementary Material (SM).
[image: Figure 3]FIGURE 3 | Map of geothermal features and shallow geologic settings. (A) LiDAR image of the DOC thermal area and surroundings, showing the distribution of main geothermal features (each site is indicated with a colour associated with the main geothermal feature group), mining areas, basins with cold waters, and collapse structures. In situ characterisation in the mapped areas included permeability (m2) of soil levels, as well as temperature (°C) and strength (kN/m2) profiles (stratigraphic logs and measured properties of representative profiles are shown in Figures 8‒10). The dashed line represents the profile of the conceptual cross section shown in b. (B) Schematic cross-section (×10 vertical exaggeration) shows the outcropping lithological units around the DOC thermal area and the shallow fluid flows expected within the Taupo Pumice and breccia fallback deposits.
3.1 Geothermal feature mapping
Geothermal manifestations in the DOC thermal area were mapped according to the “Guideline for mapping and monitoring geothermal features” (Scott, 2012) and include mixed flowing springs and non-flowing pools; mud pots and pools; superheated and hot fumaroles; and steaming and heated grounds (see details in Supplementary Material 1). We recognised four typical groups that include one or more of these features characterising specific sites of the DOC thermal area (Figures 2‒6), and those can be divided as follows:
[image: Figure 4]FIGURE 4 | Main geothermal features in domain 1. (A, B) Typical collapsed structures and sulphur-cemented grounds around site 1. (C, D) Collapsed structures and sulphur-cemented grounds around site 2. (E) Springs, mud pools, and fumaroles in the Middle Earth (site 3). (F, G) Springs and mud pools within site 4.
[image: Figure 5]FIGURE 5 | Main geothermal features in domain 2. (A) Aerial view of the Lagoon showing the location of sites 4–7. (B–E) Details of the sinter-type deposit in the Lagoon varying from stromatolitic deposits (B, C) to fine-grained, laminated silica sinters (D, E). (F) Examples of mud pots and pools with associated deposits at site 8. (G, H) Mined areas with reworked material mounds and surfacing springs around site 9. Patchy sulphur-cemented and highly altered areas can be recognised.
[image: Figure 6]FIGURE 6 | Main geothermal features in domain 3. (A) Detailed view of the Rainbow crater at site 10. (B) Sulphur-cemented tread tracks at site 11. (C) Highly degassing dissolution structures and a collapsed pit at site 12. On the left and in the central part of the depression, altered soil made of the Taupo Pumice deposit. On the right side, vegetation is covering the altered breccia deposit.
Spring and pools comprise mixed flowing springs and pools of both turbid or milky waters, as well as mud pots and pools of muddy waters and/or mud dominated. The rims and outflows of pools are covered in silica sinter deposits. Sulphur-cemented ground is defined as areas where surficial decimetre-thick sandy subsoils are cemented by native sulphur. These may be over large areas or form isolated patches. Fumaroles and steaming and heated grounds are areas with intense degassing and warm ground likely associated with subsurface fractures. Unstable ground and collapse structures include areas characterised by unsafe and subsiding soils in the proximity of highly degassing zones and/or collapsing structures. Generally, the ground can consist of reworked material mounds, fractured bedrocks, and in situ geological units strongly leached by rising and acidic fluids.
In addition to these groups of thermal manifestations, we included excavated areas that were delimited by using historical orthophotos and maps from the last 70 years, during which significant mining efforts took place (Bardsley and Williams, 2017).
3.2 Subsoil and exposed surface profiles
Two types of soil profiles were measured: those dug in the ground for subsoil characterisation and the exposed surface around fumaroles and/or steaming spots (Supplementary Figure S1A). For the investigated profiles, we carried out measurements of petrophysical properties of the main soil types (Figures 7–10) and sampled some soil materials for laboratory analyses. Due to their abundance in subsoils and their highly porous nature, pumices likely played a key role in controlling the permeability of fluids around the DOC thermal area. Therefore, we also measured the in situ permeabilities of unaltered and altered pumice clasts from primary and reworked hard grounds and soils. As well, we collected pumice samples from representative sites for determining their densities and porosities in the laboratory (Supplementary Tables S1, S2).
[image: Figure 7]FIGURE 7 | Main subsoil layer types. (A) Unaltered or weakly altered Taupo Pumice fine-grained layers (T1). (B) Moderately altered Taupo Pumice fine-grained layers (T2). (C) Strongly altered Taupo Pumice fine-grained layers (T3). (D) Weak to moderately sulphur-altered Taupo Pumice coarse-grained layers (T4). (E) Highly sulphur-altered Taupo Pumice coarse-grained layers (T5). (F) Sand to very fine gravel dark grey layers (E1). (G) Silty grey to white layers (E2). (H) Sandy dark to light pink and brown layers (E3). (I) Dark red clayey layers (C1). (J) Variegated clayey layers (C2). (K) Layers rich in clay commonly found in excavated and depressed areas with mud pools (M). (L) Variegated silty and sandy layers crossed by roots and show clear signs of oxidation (O).
[image: Figure 8]FIGURE 8 | Subsoil and exposed profiles in domains 1 and 2. Permeability, compressive (blue bar) and shear (orange bar) strength, and temperature profiles are reported for each soil layer and exposed profile. The missing spot properties are listed in Table 1.
[image: Figure 9]FIGURE 9 | Subsoil and exposed profiles in domain 3. Permeability, compressive (blue bar) and shear (orange bar) strength, and temperature profiles are reported for each soil layer and exposed profile. The missing spot properties are listed in Table 1.
[image: Figure 10]FIGURE 10 | Permeability (A), normal (B) and shear strength (C) in relation to the connected porosity of soil layers measured at Rotokawa’s DOC thermal area. Permeability values were measured in the field using TinyPerm III.
3.2.1 Field-based methods
Measurements of permeability of unconsolidated material representative of subsoil types and hard ground at the DOC thermal area were taken using a PL-300 soil permeameter and a portable air permeameter (Supplementary Material 2, 3 and Supplementary Figure S2; Umwelt-Geräte-Technik 2012; Heap et al., 2017; Mayer et al., 2017; Montanaro et al., 2017; Rott et al., 2019). For some of the investigated sites, the permeability of soils or hard ground could not be measured because of the increased pore humidity and/or temperature. A total of 83 soil strength measurements and 53 soil permeability measurements were collected from 25 subsurface soil profiles (Figures 8‒10 and Table 1). Moreover, 197 measures of permeability were taken from hard grounds (Supplementary Table S1). Cylinders of known volume were used to collect samples for laboratory investigations and were weighed to determine bulk density. This technique allowed the preservation of sample texture and water content. Soil strength was determined by a pocket penetrometer (Zimbone et al., 1996) and a torvain (Farquhar et al., 2001), giving unconfined compressive and undrained shear strengths, respectively (Supplementary Figure S2).
TABLE 1 | Soil properties for all measured profiles (see location in Figures 8, 9 and Supplementary Figure S1). Sample names are included where permeability measurements correspond to a specific layer. Soil layers are described in the text. For a few of the measured soil profiles, some of the parameters were not measured due to the samples being unconsolidated or showing too high temperature and humidity for the instrument. For exposed sections, height values are positive above the ground level.
[image: Table 1]All measured petrophysical and mechanical properties were well within the range of the applied instruments. Field methods are often not comparable in terms of the standard error of measurement with well-constrained laboratory methods (Heap et al., 2017); however, they are internally consistent.
3.2.2 Laboratory-based methods
Soil samples, sinters, sulphur-cemented crusts, and pumices were further characterised in the laboratory to determine their petrophysical properties (Supplementary Table S2). Selected sinter and crust samples were cored perpendicular to layering, if present, and selected pumice samples were cored parallel to the long axis of the elongated vesicles in the pumice. Samples were dried in an oven at 65°C for at least 24 h until fully dry. Weighing of samples before and post drying allowed determination of their water content. The dry powder density of all samples was obtained by a helium pycnometer (Ultrapyc 1200e®, Quantachrome). Knowing the volume of the sampling cylinder, as well as the water content and dry density, allowed the determination of the porosity of the samples, which is a key parameter controlling their mechanical behaviour (Pola et al., 2014; Heap et al., 2015).
3.3 Temperature measurements
Soil temperatures were measured using a digital thermocouple (0.01°C accuracy) inserted approximately 15 cm within the ground surface, within the depth range where air temperature can play a role in the soil temperature (Brown et al., 2000). Air temperatures never remained below 20°C during the field mapping. In areas with thick hard ground, a rock hammer was used to break through and reach an appropriate measurement depth.
Generally, temperatures were measured in transects with a spacing of approximately 5 m. In colder areas with little temperature variation between measuring points, spacing was increased to approximately 10 m. In areas with higher temperature variation (>10°C), measurement spacing was decreased to as little as 0.5 m to efficiently capture local temperature variation. In areas with fumaroles and/or steaming features, the measurement grid was adjusted to determine the extent of surface heating.
Water temperatures of springs and pools were measured using a wired thermocouple (0.01°C accuracy) fully submerged in water. In case of large pools, we tried to get the thermocouple as close as possible to the bubbling vent area to obtain the most representative possible water temperature values.
4 RESULTS
4.1 Morphology of the DOC thermal area and surroundings
The overall morphology of the investigated area results from a combination of eruption craters filled by the Taupo pumice deposit, later modified by mining excavation (Supplementary Figure S1B). In general, the DOC thermal area shows i) a flat area at 335–336 m above sea level (a.s.l.) that extends 100–400 m north of the lake shoreline, connected by gentle to steep slopes to ii) a series of terraces ranging in elevation between 339 and 345 m, and iii) a gently sloped ground rising to 353.5 m, which connects terraces to the steep eruption crater rims (elevation up to 360–400 m). A localised 360-m-high mound is located between domain 1 and the Parariki Stream. Most of the features in the W and SW portions of domain 1 (e.g., sites 3 and 4) and the depressions in domain 2 have been excavated down to a depth of 335 m. As well, many of the naturally collapsed structures in domains 1 and 2 and at sites 19–22 have their bottom filled by springs at the water table level of ∼334.5–335 m.
4.2 Surficial features of the DOC thermal area and surroundings
Detailed mapping and in situ analysis allowed us to distinguish three main spatial domains based on the prevalent groups of geothermal features, soil types, and the apparent differences in alteration, namely, domains 1, 2, and 3 (Figures 2, 3). Domain 1 with numerous and closely spaced collapsing structures and springs/pools is located in the eastern terraced part of the DOC thermal area (sites 1–4). Domain 2 is located in the central field, around the flat area surrounding the lake, which includes three large depressions with a large variety of springs and pools (sites 5–9). Domain 3 is located in the northern portions of the DOC thermal area, over the gently sloped ground connecting terraces to the eruption crater rims, where degassing features and sulphur-cemented and unstable grounds dominate the landscape (sites 10–12). All of these domains developed within areas of intense mining and are separated and/or surrounded by zones with sulphur-encrusted ground, reworked material, and abundant vegetation.
Small areas with geothermal features can also be found in the northern (sites 13 and 14), western (sites 15 and 16), eastern (site 17), and northeast (sites 18–22) sides of the DOC thermal area.
All the described areas and features are shown in Figures 3‒6, as well as reported in detailed maps within the Supplementary Material (Supplementary Figures S3‒S5).
4.2.1 Domain 1
Domain 1 occupies most of the eastern sectors of the DOC thermal area, and the surficial expressions are aligned along a NE–SW axis (Figures 2, 3 and Supplementary Figure S3). In the central and northeastern portions of the domain (sites 1 and 2), there are abundant natural collapse structures with and without springs and pools at their base. Springs and pools are mostly milky to turbid in colour, with mild to intense bubbling and steaming activity. Collapse pits can be isolated with a 10–30 m maximum diameter or form coalesced structures up to 45 m wide (Figures 4A–C). From NE to SW, the depth of these structures decreases from ∼10 to ∼6 m. Other typical features surrounding the collapse structures and often-occupying excavated areas include sulphur-cemented, steaming and heated grounds with spotted fumaroles (Figures 4B, D). Unstable grounds, consisting of altered, reworked, or in situ material, are normally found in areas between collapse structures. In the southwest portions of the domain (sites 3 and 4), the presence of springs and pools of different compositions characterises depressed areas produced by mining activity (Figures 4E–G). Site 3 is one of the most spectacular geothermal manifestations, informally known as “Middle Earth.” Here, a variety of bubbling milky-to-green waters and blackish mud pools, sulphur-rich deposits, fumaroles, and intensively degassing pools are found within a 50×30-m-wide area (Figure 4E). Site 4, in the south-western part of domain 1 (Figures 4F, G), contains a range of water springs mixed with muddy pools, within a rectangular area.
4.2.2 Domain 2
Domain 2 is located in the central sector of the DOC thermal area (Figure 2; Figure 3; Figure 5A and Supplementary Figure S4) and includes five main sites: sites 5‒7 are located within a ∼180×110-m-large, ∼E–W directed, depressed area dominated by mixed water springs and pools, known as the Lagoon; site 8 corresponds to a ∼N–S elongated, ∼100×60-m depression showing a mixture of water springs and abundant mud pools; and site 9 consists of a series of ∼10×10 m–∼80×70 m large depressions containing a mixture of water springs. All depressions are located within partially or extensively excavated areas related to the mining phase.
Springs and pools in site 5 form almost continuous coalesced structures, ∼100 m long and directed NE–SW, and are mostly milky in colour, showing mild to intense bubbling and steaming activity (Figure 5A). Microbial mats and stromatolites are present at several localities around these hot pools (Figure 5B). Muddy and laminated sinter deposits, with localised hot water springs and stromatolites (Figures 5C, D), dominate site 6. The springs at site 7 include isolated pools 3–30 m wide with turbid waters showing mild bubbling (Figure 5E). The surface outflow area of all springs and pools, marked by a strandline of pumice pebbles, is characterised by the presence of various sinter deposits.
The depression at site 8 is filled with a variety of bubbling milky waters on its western side and bubbling mud pools on its eastern and north sides (Figure 5F). Sulphur-cemented ground can be found in the northern portion, while most of the pools are surrounded by unstable ground and locally by collapsing structures. A zone between the two large depressions is characterised by the presence of a patchy sulphur-cemented and cold ground (Supplementary Figure S4).
The area around site 9 includes a variety of natural and mining-related features, with emergent water springs and/or mud pools, as well as overimposed natural collapsed structures (Figures 5G, H, and Supplementary Figure S4). In particular, the largest depression in site 9 contains mostly milky-coloured water, with a couple of turbid water springs, all showing mild to intense bubbling (Figure 5G). The other depressions show mostly turbid to muddy waters, with mild to intense bubbling activity accompanied by weak degassing (Figure 5H). Unstable ground characterised the rim and inside the walls of these excavated areas, while heated grounds and sulphur cementation had developed on tread tracks and were locally present on the rim and surrounding areas.
4.2.3 Domain 3
Domain 3 occupies the northern sector of the DOC thermal area (Figures 2, 3 and Supplementary Figure S5) and includes site 10, characterised by scattered depressions and collapse pits, varying in size from ∼10×10 m to ∼20×40 m; site 11, comprising two shallow excavated sites from ∼35×40 m to ∼40×60 m large; site 12 is a ∼200-m-long and ∼10-m-wide depression, W–E oriented. Many of the features overlap or develop within mined areas.
In site 10, degassing depressions and collapsed structures surrounded by unstable ground occur with or without bubbling pools (Figure 6A). Site 11 is mostly dominated by sulphur-cemented ground developed on tread tracks, with localised fumaroles and steaming and heated ground (Figure 6B). Site 12 is one of the hottest features in the whole DOC thermal area and is dominated by highly altered, friable, and unstable ground with collapsing rims. The fissure is located at a geological contact—likely a crater rim—between the Taupo Pumice deposit and a bedrock made of Oruanui ignimbrite and Parariki breccia deposits (Figure 6C). At the west end of the fissure, there are excavated areas with unstable grounds and a ∼10 m large collapsed pit, as well as fumaroles and steaming and heated ground (Supplementary Figure S5).
4.2.4 Thermal features outside the main domains
North of the DOC thermal area, within one excavated area at site 13, we found dominant sulphur-cemented and heated grounds surrounding the unstable and degassing areas (Supplementary Figure S6A). Adjacent to this, there is a ∼50×60 m large area with unstable ground and collapsed pits 5–10 m wide, as well as a small excavated zone with degassing pits (Figure 3A). In the northern end of the DOC thermal area, at site 14, a ∼6×60 m large section is characterised by small fumaroles, degassing, and heated, unstable ground (Supplementary Figure S6B). Along the western lakeshore at sites 15 and 16, respectively, we found patches of sulphur-bearing pumice clasts and slightly heated ground, as well as water springs showing weak bubbling (Supplementary Figure S6C). At site 17, siliceous stromatolitic sinters are formed in acid–sulphate–chloride spring outflows (Supplementary Figure S6D; see also Schinteie et al., 2007). Along the Parariki Stream, several other spots are characterised by active degassing with mild to intense bubbling in the water (Figure 2, and Supplementary Figure S6E).
In the NE sector outside the DOC thermal area, within the excavated site 18, there is a large fumarole (at Sulphur Cliff) that is altering a substrate of Oruanui ignimbrite and breccia deposits (Supplementary Figure S6F). In the same sector, there is a series of ∼30×40 m–∼70×90 m large and ∼20-m-deep collapsed structures (sites 19–22) all containing milky waters showing intense bubbling and accompanied by vigorous steaming (Supplementary Figures S6G, H).
4.3 Unconsolidated subsoil types
4.3.1 Top and subsoil layers and their distribution
Soil layers were categorised as undisturbed vs. reworked and unaltered and altered, as well as depending on their granulometry and average petrophysical and mechanical properties (Figures 7‒10; Table 1). The first group includes soil layers within the in situ Taupo Pumice deposits (T) and generally shows no obvious reworking or mechanical disturbances to the original textures, though their degree of chemical alteration is variable. The main layer types are as follows:
Unaltered or weakly altered Taupo Pumice fine-grained layers (T1). These layers show a light grey to light brown, silt to sand-sized matrix, supporting granule- to boulder-sized pumice (Figure 7A). Layers T1 can vary from matrix to clast-dominated, show a low permeability (4.3×10–15 to 1.7×10–14 m2) and low porosity (11%–19%), are hard in consistency (3.7–5.5 kg/cm2), and have a high shear strength (3.3–5.5 kg/cm2).
Moderately altered Taupo Pumice fine-grained layers (T2). In this layer, the primary clasts, matrix, and original colour are recognisable. The matrix is light to brown orange and consists of silt to sand-sized materials, supporting granule- to boulder-sized pumice clasts (Figure 7B). Pumice-rich parts are generally altered, but their texture is still recognisable. Layers T2 have low permeability (1.1×10–15 to 7.1×10–14 m2), low-to-medium porosity (18%–33%), is very stiff to hard in consistency (3.5–5.5 kg/cm2), and have a low to very high shear strength (1.5–7.4 kg/cm2).
Strongly altered Taupo Pumice fine-grained layers (T3). Such layers have a white to grey matrix dominated by silt and clay-sized particles, with a minor sand component. Portions rich in pumiceous granule- to cobble-sized clasts show stronger alteration and are much weaker than matrix-rich variants. Pumices may be altered to the point where their texture becomes entirely unrecognisable (Figure 7C). Layers T3 show a low to high matrix permeability (1.1×10–15 to 1.4×10–13 m2), medium-to-high porosity (22%–69%), a highly variable consistency ranging from very soft to hard (0.2–5.5 kg/cm2), and have a low to very high shear strength (0.6–4.7 kg/cm2). It is to be noted that the very soft to firm layers (σ<1 kg/cm2) have a double value of shear strength (up to 1.5 kg/cm2).
Weak to moderately sulphur-altered Taupo Pumice coarse-grained layers (T4). These layers are dark grey, pebble- and cobble-rich soils with abundant centimetre-sized sulphur nodules and sulphur crystals <0.5 mm in size (Figure 7D). Such layers generally show a clast-supported texture and develop within coarse layers of the Taupo Pumice deposits in warm areas proximal to degassing sites, where measurable layers T4 show high permeability (2.9×10–13 m2), low porosity (18%), are stiff to hard in consistency (1.2–5.3 kg/cm2), and have a low to medium shear strength (1.3–4.2 kg/cm2).
Highly sulphur-altered Taupo Pumice coarse-grained layers (T5). These layers are yellow-stained and rich in sulphur mineralisation. The original lithology is often disrupted, though a coarse-grained texture could be recognised, and sulphur is distributed throughout the layer as crystals or nodules less than a few centimetres in size (Figure 7E). Layer T5 occurs nearby (<1 m) to active degassing features, shows low to high permeability (3.2×10–15 to 8.7×10–13 m2), low porosity (18%), is firm to hard in consistency (1–5 kg/cm2), and has a low to medium shear strength (1.9–5.8 kg/cm2).
The second group of soil layers is typical of areas that have been excavated for mining (E) and includes mostly reworked materials. These layers may be similar in granulometry and component to the Taupo Pumice type, but the original deposit texture and geometry have been disrupted, and the material has been reworked and/or compacted. This layer group comprises
Sand to very fine gravel dark grey layers (E1). These layers generally are dominated by sandy material and contain <10% pumice with sizes <2 cm (Figure 7F). They can only be found in the excavated area on the eastern side of the DOC thermal area (location of s1‒s4 and e1 at site 1; Supplementary Figure S1A). Layers E1 show a very low-to-low permeability (<5.6×10–16 to 2.4×10–14 m2), a medium porosity (32%–47%), a varying consistency from very stiff to hard (2.2–5.5 kg/cm2), and a low-to-medium shear strength (2.2–3.4 kg/cm2).
Silty grey to white layers (E2). Such layers are dominated by a silty matrix and a minor sandy component, with <15% of pumice granule (<3 cm) and sporadic pebble-sized clasts (up to ∼6 cm; Figure 7G). Layers E2 are similar in appearance to T3, but show a lower permeability (4×10–15 to 3.7×10–14 m2), a lower porosity (6%–58%), a harder consistency (3–5.5 kg/cm2), and a higher shear strength (2.6–4.8 kg/cm2).
Sandy dark to light pink and brown layers (E3). These layers are very heterogeneous, with significant horizontal variation in texture and physical properties. Pumice content is <30%, with clasts commonly being in the granule to pebble size range (up to ∼5 cm). Brown to dark brown soil lenses and large sulphur-mineralised pumiceous clasts are common (Figure 7H). In the E3 layers, only the properties of more consistent layers were measurable, while very friable lenses were too hot and highly degassing for measuring any reliable value. The measured lenses show low-to-moderate permeability (4.5×10–15 to 2.7×10–13 m2), low-to-high porosity (11%–65%), very stiff to hard consistency (2.6–7.5 kg/cm2), and low-to-very high shear strength (2.6–7.5 kg/cm2).
The third group includes layers made of clay-rich reworked and highly altered material (C), which typically lies between the undisturbed Taupo Pumice and reworked material via sharp contacts. Such layers are found in warm areas and in proximity to degassing features. This group includes the following:
Dark red clayey layers (C1). Fine matrix and embedded pumices are generally altered to clay (Figure 7I). The pumice content can vary from absent to up to 30%, with sizes typically in the range of granules to pebbles (<5 cm). These layers show low permeability (4.3×10–15 to 1.7×10–14 m2), medium porosity (34%–41%), very soft to stiff consistency (0.2–1.1 kg/cm2), and low shear strength (0.9–2.5 kg/cm2). Similar to T3, C1 material has a shear resistance higher than its normal strength.
Variegated clayey layers (C2). This type of soil layer includes a clay-rich matrix exhibiting orange, purple, and red colours within irregular, streaked patterns (Figure 7J). Altered pumices are a major component (up to 50%), with mainly granule- to pebble-sized clasts (up to 8 cm in diameter). These layers show low-to-medium permeability (2.7×10–14 to 4.4×10–13 m2), low-to-medium porosity (17%–44%), variable consistency ranging from very soft to stiff (0.1–1.5 kg/cm2), and low shear strength (0.9–3.3 kg/cm2). C2 also shows a higher shear resistance than its normal strength.
The fourth group is characterised by variegated silty and sandy layers crossed by roots and shows clear signs of oxidation (O). Minor pumices (<5%) of fine pebble to coarse sand size (<1 cm) occur in the soil matrix (Figure 7K). Layer O is present near or at the ground surface in apparently undisturbed areas, with no geothermal manifestations. This layer shows low-to-high permeability (5.7×10–15 to 1.9×10–13 m2), low porosity (16%–22%), stiff to hard consistency (1.5–4.2 kg/cm2), and low-to-high shear strength (1.5–6.7 kg/cm2).
The fifth group consists of layers rich in clay commonly found in excavated and depressed areas with mud pools (M). These layers can be laminated and show alternation of beds of clay and very fine sand, with a high water content (Figure 7L). They show a very low permeability (<5.6×10–16 to 2.8×10–15 m2), high porosity (50%–59%), and are stiff to hard in consistency (1–5.2 kg/cm2), with low to very high shear strength (2.8–7.1 kg/cm2). As for other clay/silt-rich layers, the M layer shows a high shear resistance.
The sixth group is characterised by a light brown brecciated layer (Br). This layer develops over a breccia deposit found in the excavated area at site 13, with granule- to cobble-sized tuffs and lithics embedded in a sandy matrix that appear generally indurated by alteration. At a representative measured spot, layer Br shows very low permeability (9.4×10–16 m2) and low porosity (21%), with a very stiff consistency (3 kg/cm2) and low shear strength (2.9 kg/cm2).
4.3.2 Soil distribution
In the central and northeast excavated areas of domain 1, subsoils are mostly developed in the Taupo Pumice deposits (s1‒s7 and e1 and e2 in Figure 8 and Table 1). Soil layers of the first group can be found with different alteration states (T1–T5), with more altered layers closer to or in correspondence with degassing spots and fumaroles. The layers filling the excavated depression and covering the surrounding undisturbed ground consist of variably altered and reworked materials from the second group (E1–E3). The contact layers of the third group (C1 and C2) generally separate these two types of layers. Often, sulphur-cemented grounds develop on top of the reworked material filling the depression. The temperature in layers below such cemented grounds ranges between 26°C and 38°C within the first 15–20 cm and increases to 66°C–87°C at a depth >50 cm (s1‒s7). Above the ground and in the proximity of degassing spots (e1 and e2), temperatures can vary between 31°C and 80°C. Southwest of domain 1, layers of Taupo Pumice covered by modern soil layers of the fourth group (O) are predominant (e3‒e5 in Figure 8 and Table 1). Generally, their alteration state increases in the proximity of degassing features (e.g., fumaroles), as shown by exposed profile e5a–e5c, where dominant T2 gradually passes into T3‒T5. Here, the temperature of the measured layers within the first 30 cm increases to 55°C and 93°C (e5a‒e5c).
In domain 2, soils within the depressed areas are dominated by sinter formation and mud deposits (e.g., M layers; s8, e7, and e8 in Figure 8 and Table 1). The surrounding rims are instead characterised by unaltered to moderately altered Taupo Pumice layers. For instance, layers T1–T3, covered by modern soil layer (O), can be found on the rim of the site 8 depression, at locations e8s and e8n. Soil layer temperatures are generally low and range between 15°C and 24°C within 45–130 cm from the ground level.
In domain 3, subsoils show a similar sequence to that observed in the excavated sites along domain 1, but with altered layers being more abundant. For instance, at exposed profiles e9‒e14, the highly altered T4 is often found below T3, which is in turn covered by C1 and C2 or by modern O layers (Figure 9; Table 1). Layer temperature ranges between 12°C and 44°C within 180 cm, while it can increase to 89–97°C in the first 30–40 cm below the ground. Close to fumaroles (e.g., at e14), the temperature above the ground reaches 56°C and 74°C within the first 60 cm, whereas in the presence of sulphur-rich layers (e.g., at e9), the temperature can decrease from >90 to <50°C (Figure 9; Table 1).
In areas with the cold sulphur-cemented ground, north of the DOC thermal area (e.g., s9 and s10 at site 13), subsoils below the sulphur-cemented crusts comprise excavated material (E1‒E3) overlaying Taupo Pumice (T) and/or breccia deposit (Br) layers. The temperature of the layers quickly increases to 64–94°C below the crusts but is normally <40°C within the low-permeable, firm breccia material (Figure 9; Table 1).
Partial measurements possible around collapsed structures of domains 1 and 3 (Figures 4A‒D; Figure 6) showed that the top and subsoils were mostly moderately to highly altered Taupo Pumice such as T3 and T5.
4.3.3 Soil-embedded pumices
Pumices are widely distributed throughout the field, and especially those with granule to boulder size represent a dominant component of many recognised soil layers. In addition to being found as reworked pumices (or pumiceous material) in subsoil layers and hard grounds, they are more often located in situ within the Taupo Pumice deposit. We measured permeability, porosity, and density of unaltered and altered (sulphur-bearing) pumices along an exposed transect (e3, e4, and e5) southwest of domain 1 (Figure 8 and Supplementary Tables S1, S2). Unaltered to weakly altered pumices are very permeable, with values ranging between 1.2×10–13 and 1×10–11 m2, whereas their moderately to highly altered counterpart shows permeability between 5.3×10–15 and 6.5×10–13 m2. In terms of porosity, unaltered pumice shows a very similar range (57.5%–64.1%) compared to the sulphur-bearing clasts (60.6%–61%), whereas the density of the former is slightly higher (0.9–1.2 g/cm3) than that of the latter (0.8–0.9 g/cm3). It is to be noted that the measured porosity and density of sulphur-cemented pumice from pumiceous mounds (s1 and s5 samples in Supplementary Table S2) are less porous (22.4%–47%) and can be denser (up to 1.4 g/cm3).
4.4 Main hard ground types
4.4.1 Sulphur-cemented grounds
Three main types of sulphur-cemented ground were recognised in the field based on their texture, structures, and physical properties (Figure 11 and Supplementary Figures S7, S8 and Supplementary Tables S1, S2). Generally, the sulphur-cemented grounds develop on top of either in situ Taupo Pumice deposits or over mixed reworked materials (clay–sand or granule–pebble dominated) related to the mining activities. The first type is flat cemented grounds consisting of hard layers >5–25 cm thick, tabular in shape, distributed over large areas or found in small patches, with surficial patinas and degassing cracks. Surficial patinas can be very fine-grained or show a coarser grain texture (Figure 11A and Supplementary Figures S7A, B). The second type is crusted hummocks, which are mound-shaped structures characterised by a surficial fine- to coarse-grained patina, the presence of cracks, and several small degassing vents. Native sulphur occurs typically as yellow encrustations at these fumarolic vents and along cracks (Figure 11B and Supplementary Figures S7C–E). The third type includes cemented pumiceous mounds and tread tracks. These are abundant around excavated areas with the heated and degassing ground where the precipitation of sulphur encrusts both reworked materials and tracks left by mining machinery (Figure 11D and Supplementary Figures S7F–H). In areas of intense degassing, pumiceous mounds can grow by sulphur precipitation and form patina and cracks similar to hummocky grounds. Wrinkle-like features and fractures are very common and lie parallel to the main cracks, showing a spreading of soils occurring around the central cracks. Overall, it appears that sulphur precipitation is more abundant in coarse-grained levels, independent of the ground type.
[image: Figure 11]FIGURE 11 | Structures and components of sulphur-cemented grounds. (A) Flat cemented ground section showing the presence in the crust structure of fine-grained silty or sulphur layers. A series of degassing pathways or sulphur-bearing fractures are observed in the soil layers below the encrusted grounds, as rooted in surficial cracks. (B) Example of a sulphur-bearing fracture. (C‒F) Section and examples of crusted hummocks and pumiceous mounds. The section shows the alternation of silty and coarse-grained layers with the central growing portion and a surficial patina covering the hummock. Similar to flat grounds, degassing pathways are crossing the soil layers below the crusted hummocks and appear connected to surficial cracks or vents.
The permeability of flat cemented grounds measured in spots without the surficial patina varies between 4×10−15 and 8×10−12 m2, with lower values associated with the presence of compact silty or sulphur-rich levels (Figure 11A and Supplementary Table S1). In both heated ground and cold areas, degassing pathways or sulphur-bearing fractures linked to surficial cracks are observed in the soil layers below the encrusted grounds (Figures 11A, B). Crusted hummocks have permeability ranging between 1.5×10−16 and 1.3×10−12 m2, depending on the presence of silty vs. coarse-grained levels within their structure. Degassing pathways cross the soil layers below crusted hummocks and are connected to surficial cracks or vents (Figures 11C–E). In the pumiceous mounds, the permeability is highly variable depending on the dominant component and ranges from 8×10−15 to 8×10−13 m2 for variably cemented clay–sand portions (Figure 11F); from 1.7×10−15 to 7.4×10−13 m2 for sulphur-bearing pumiceous pebbles and cobbles; and from 2.2 to 3.5×10−12 m2 for sulphur-free pumices (see site 2 values in Supplementary Table S1). In all the sulphur-cemented types of ground, the presence of surficial patinas can strongly reduce permeability, as shown by measured values ranging between 2.5×10−15 and 5×10−13 m2 (Supplementary Table S1).
The porosity and density of selected sulphur-cemented samples from flat, hummocky, and pumiceous mounds show a wide range of values, reflecting the inner structure of the samples, the degree of cementation, and the dominant grain sizes. The measured samples are representative of warmer and highly degassing sites close to site 1 and of colder crusts in mildly heated grounds surrounding site 13. In warmer areas, the crusted material has a variable porosity (13.5%–30.9%) and density (2.1–2.4 g/cm3), with the more porous sample showing a texture of porous course-grained clasts cemented by coarse sulphur grains. In colder areas, cemented crusts show a porosity of 17.2%–19.3% and a density of 2.1 g/cm3, mirroring a fine-grained texture of the cement and more widespread sulphur precipitation (Supplementary Figure S8 and Supplementary Table S2).
4.4.2 Stromatolites and silica sinters
At the Lagoon, stromatolites and silica sinters are the dominant ground type. In the eastern part of the Lagoon, at site 5, stromatolitic deposits form bands 1–2 m wide that lie parallel to the shoreline (Figures 12A–C). They form two to three zones, including 1) spicular to small diameter (<5 mm) columnar stromatolites with increasing height away from the pools; 2) upward expanding blade-shaped stromatolites, with blades perpendicular to the shoreline and forming a distinct ridge that is higher than the columnar stromatolites; and 3) scattered columnar stromatolites (up to 1 cm high), clusters of bulbous stromatolites, or smooth, flat sinter surfaces (Figures 12A, B). The inner structure of stromatolites is laminated (Figure 12C). The surficial permeability of stromatolites, where measurable on smooth surfaces, ranges between 4.2×10−15 and 1.4×10−14 m2 (Supplementary Figure S9A and Supplementary Table S2).
[image: Figure 12]FIGURE 12 | Sections and components of sinters from site 5 (A‒C), sites 6 and 7 (D‒G), and site 9 (H). (A‒C) Microbial mats and siliceous stromatolites with characteristic morphologies (spicular–columnar, blade-shaped, and columnar bulbous) and fine laminated texture are formed east of the hot pools at site 5. (E‒G) Sites 6 and 7 are dominated by muddy and laminated sinter deposits with different degrees of cementation and abundance in granular material. (H) Relict silica sinters made of an alternation of very fine silt and sandy, porous level are found buried at site 9 by the reworked material.
In the western and central portions (sites 6 and 7), silica sinters are made of alternating layers of green, yellow, and grey muds with different degrees of cementation (Figure 5D, 12d‒g and Supplementary Figures S9B–D). Such deposits were found to be composed of kaolinite, elemental sulphur, alunite, and amorphous silica and commonly contain many diatoms according to Krupp and Seward (1987). A deposit of relict sinters >1-m-thick outcrops on a side of the excavated area at site 9 is buried beneath reworked materials. Such outcrops and scattered blocks around the site indicate a wider distribution of the sinter deposits than at present, before mining activity. The upper portions of sinters are richer in granular material more typical of outflow deposits (Figure 12H), likely indicating a lowering of spring level in time at this site. The field-measured surficial permeability ranges between 8.4×10−15 and 1.5×10−14 m2. Porosities and permeability of some of the most representative samples measured in the laboratory, instead, are in the range of 65%–78% and 1×10−14 to 7×10−12 m2, respectively (Supplementary Figures S9A–D).
4.5 Surface temperatures
Surface temperatures in the Rotokawa DOC thermal area range from 20 to >90°C. The map of temperature distribution in subsoils and springs/pools shown in Figure 13 was obtained by using the nearest neighbour interpolation and manually adjusted to better fit the modelled isolines when they deviated strongly from the data points. Elevated surface temperatures from 80 to >90°C were only measured at vents of active fumaroles or at collapsed structures, such as those along domains 1 and 3. Some other isolated spots showing high temperatures are found north of the DOC thermal area (e.g., at site 13).
[image: Figure 13]FIGURE 13 | Map of surface temperatures including both near-surface soil (<15 cm) and water temperatures (see also Supplementary Figure S1A). Soils and cemented/hard ground temperatures were measured using a digital thermocouple (0.01°C accuracy). Water temperatures of springs and pools were measured using a wired thermocouple (0.01°C accuracy) fully submerged in water as close as possible to the bubbling vent area.
Temperatures >50°C are common for many of the springs and pools along domains 1 and 2. Interestingly, temperature profiles in exposed sections of the Lagoon’s site 7 show an increase from <30 to >50°C below sinters and/or hardened clay layers. We used the values measured from many of the spring and pool waters (>95°C) to estimate the temperature distribution at the Lagoon.
In areas with steaming and heated ground, temperatures >50°C could be measured from cracks in the cemented grounds, while surrounding patinas are colder than 30°C. Many of the areas covered by sulphur-cemented ground, distributed in the central part of the DOC thermal area and in the northern portion of the lagoon, are generally colder than 20–30°C.
5 DISCUSSION
5.1 Distribution of thermal features
At the surface, geothermal manifestations are limited to specific zones, and the alteration effects derived from diffuse degassing typical of many of these thermal features decrease rapidly in magnitude with distance. Thermal features may have been more limited in extension in pre-mining times, but likely distributed in the same areas where we observe thermal manifestation (Bardsley and Williams, 2017). Following the sulphur mining activities, new thermal features rapidly superimposed where the land surface was excavated and/or a confining low-permeable cap removed.
Diffuse degassing via fumaroles occurs all over the three domains within the DOC thermal area and outside. Fumarolic manifestations vary from isolated sulphur-encrusted vents to cracks in cemented grounds. In areas of intense degassing of sulphur-rich gases, native sulphur is deposited in permeable sandy or pebble-rich layers, forming crusted grounds with or without abundant pumices. In the case of highly degassing spots or areas, the sulphur crystal growth pushed apart the ground materials to form bulging mounds (hummocks) made of exfoliating yellow sulphurous crusts (Cody, 2003; Piochi et al., 2015; Montanaro et al., 2017). Mined areas show abundant encrusted structures (including tread tracks) and hummocks of different shapes, sizes, and components, all indicating rapid precipitation of sulphur minerals after excavations/disturbances (Labrado et al., 2019; Pirajno, 2020). In case of intense degassing along a geological discontinuity (e.g., between the Taupo Pumice deposit and older bedrock at site 12), the acidic leaching resulted in the formation of collapsed structures, unstable ground, and multiple fumarole vents (Isaia et al., 2015; Kanakiya et al., 2021; Troiano et al., 2021).
Individual or coalesced warm-to-hot springs and pools are found mostly close to Lake Rotokawa, as well as in deeply excavated sites (e.g., sites 3–9) and collapsed structures intersecting the water table (e.g., sites 19–22). The upflow of sulphate–chloride waters in these areas causes mineral precipitation of silica sinters, clays, and zeolites, while variation in groundwater levels and proliferation of bacteria change the sulphur oxidation rates to favour sulphur precipitation (Krupp and Seward, 1987; Jones et al., 2000; Rodgers et al., 2002). In hotter spots (e.g., site 5), precipitation begins around pool margins with the build-up of siliceous stromatolites, composed of opaline silica, kaolinite, and native sulphur (Krupp and Seward, 1987; Jones et al., 2000). The laminated muds around the Lagoon (e.g., sites 6 and 7) are instead formed by the deposition of muddy sediments, diatoms, and minerals during the outflow period of warm water (Renaut and Jones, 2011; Montanaro et al., 2017). Active spots of acid springs producing silica sinters can also be found along the Parariki Stream at the Mars Flat (Schinteie et al., 2007). Areas of past sinter deposition (or paleosurfaces; Sillitoe 2015) include site 9, where sinter formed slightly above (≥1 m) the actual groundwater level; sites 19–22, where sinter likely formed in a steam-heated environment before the growth of collapsed structures.
Many of the depressions in the western part of the DOC thermal area (e.g., at site 9) and southwest of domain 1 (e.g., sites 3 and 4) contain abundant mud pots that are dominated by fine-grained sediments suspended in the water columns accumulating on their floors. These mud-rich waters are the products of rock dissolution by hot, acidic fluids (Delmelle and Bernard, 1994; Hedenquist and Taran, 2013; Hedenquist et al., 2017; Hedenquist et al., 2021), and their finely laminated sediments are known to contain amorphous silica along with sulphates such as gypsum, barite, anatase, native sulphur, and pyrite (Rodgers et al., 2002; Rodgers et al., 2004).
Most of the DOC thermal area terrain and the thermal ground northeast of it rise to >10 and >20 m above the groundwater table, respectively (Supplementary Figure S1B). In these vadose zones, the reactive H2S-bearing steam condensate causes advanced argillic steam-heated alteration, producing native sulphur, together with clay-rich and hydrothermally altered rocks that are weak and prone to mechanical failure (Frolova et al., 2014; Mayer et al., 2017; Mordensky et al., 2018; Frolova et al., 2019). In the thicker vadose portions, the intense leaching of material from the subsurface—just above the groundwater table—likely generated subsurface cavities, whose destabilisation led to formation of the large collapse structures observed in domains 1 (e.g., at site 1) and 3 (e.g., at site 10) and at sites 19–22 (Sillitoe, 2015; Al-Halbouni et al., 2018).
In all the domains, the presence of hard ground types thicker than 10–15 cm appears to buffer the heat flow at the subsoil level (Figure 3; Figure 13). These sulphur-cemented ground and associated surficial patinas act as efficient thermal insulators that can locally mask elevated subsoil temperatures (up to 80–90°C).
5.2 Distribution of soils
Soils in undisturbed and altered areas developed within the Taupo Pumice, and their characteristics are controlled by the structure of the original flow deposit, which is made of alternating slightly consolidated, fine-grained (ash-dominated), and coarse-grained (pumice-dominated), poorly consolidated layers (Figure 14). Generally, a dark, low-porous and mid-to-low permeability vegetated topsoil layer made of silt/sand (layer O) is found above subsoil layers that range from being silty to pebble/boulder-rich (Figures 7, 10). In the mined areas—both in the excavated sections and on spoil piles at the sides—soil layers developed in reworked material with variable grain sizes and degrees of alteration (from an unaltered to a highly altered state) produced by rising fluids in pre-excavation times (e.g., at site 2). In natural-occurring, highly degassing collapsed features formed where lithological and/or structural discontinuity are present (e.g., at site 12), soils are essentially made of weakly to highly altered Taupo Pumice, mostly reduced to friable, unstable, locally cemented, clayey material.
[image: Figure 14]FIGURE 14 | Conceptual sections of typical geothermal features and domains in the DOC thermal area. (A) Typical profile for excavated areas such as at site 2. Idealised pre-excavation profile is also shown. (B) Profile of subsoil and deeper structure in areas of degassing through a significant geological/structural contact (e.g., at site 12). (C) Profile of the variation of geothermal features from water and muddy waters/mud in the proximity of Lake Rotokawa (e.g., sites 5–8) up to the collapsed and degassing structures forming in the relatively higher terrain (up to 11 and 16 m above the water table.
In both undisturbed and excavated/reworked settings, silt- and sand-rich layers have low-to-medium porosity and permeability, variable compaction, and degree of alteration (Figures 10, 14; Table 1). Slightly compacted ash-rich layers (T1) in undisturbed sites have low porosity and mid-to-low permeability and typify stable, cold ground. In areas with thermal manifestations and mild degassing activity, the properties of ash-rich soils are degrading toward fumarole vents: more porous and mid-to-highly permeable, slightly compacted ash-rich layers (T2) are found away from degassing vents. Loosely compacted, friable layers (T3) with mid-to-high porosity and mid-to-low permeability are characterising vent areas. Layers rich in unaltered pebble- /boulder-sized pumices have mid-to-high porosity and high permeability, whereas sites with mild to intense degassing activity and layers rich in altered and degraded pumices (T4–T5) show lower porosity and permeability. Backfill and reworked piles around excavated areas are often made of silt-to-pebble-sized ashy/pumiceous material differently altered (E1–E3) that show mid-to-high porosity and low-to-high permeability. In some of the hottest and intensively altered excavated sites (e.g., site 2), highly altered, low-to-mid porous, and low-to-high permeable clayey material (C1 and C2) is found between in situ and reworked materials. These layers probably derive from the excavation and piling of highly altered soils near fumarolic areas. Depressions with springs and mud pools (e.g., at site 8) are paved and dominated by laminated soils with very low-permeable dark clays (M). In the north, mining activity exposed warm-cemented breccia (Br) that is dominated by heterolithic products of hydrothermal eruptions.
5.3 Relationship between thermal features and soil types
Conceptual cross sections cutting through sites within domains 1, 2, and 3, showing the main relationship between the different thermal features and soil patterns within the DOC thermal area, are given in Figure 14. The relationship between the different domains and their soils and hard ground properties (permeability, temperature, and strength of the individual layers) reflects the interaction of the hydrothermal system with the subsurface geology and mining activities. A clear distinction in features appears between areas located approximately at the water table level (334.5–335 m) and areas 10 and 20 m above it in the steam-heated portions (Figure 14A). In the former areas, the deposition of mud deposits, sinters, and stromatolites around warm springs and mud pools dominates within excavated sites. In the vadose portions, the leaching and degradation of the Taupo Pumice produce broad, unstable grounds and collapse structures in proximity or above fractures, while extensive formation of sulphur-encrusted grounds and sulphur-rich soils occurs in excavated sites (Figures 14B, C).
Overall, the natural and mining-derived geothermal features correspond to the areas of low-to-intense degassing recognised by Bloomberg et al. (2014). Their distribution along linear and circular patterns suggests a strong connection with subsurface faults or eruption crater rims (Curewitz and Karson, 1997; Schöpa et al., 2011; Germa et al., 2013; Báez et al., 2017; D’Elia et al., 2020; Montanaro et al., 2021). The high concentration of collapsed structures and the widespread unstable grounds aligned along an NE–SW direction likely reflect the intense processes of leaching and dissolution produced by fluids rising from the main field fault system (e.g., the Central and Injection Faults in Figure 1; Wallis et al., 2013). Other thermal features aligned in the E–W direction (e.g., at site 12) or distributed along circular patterns (e.g., features around sites 8, 10, 11, and 19–22) can result from fluids rising through fractured portions adjacent to the eruption crater (Roberts et al., 2011; Bloomberg et al., 2014; Isaia et al., 2015). The presence of fractures propagating through the Taupo Pumice deposit (Whelley et al., 2012) and lithological discontinuity between the pumice flow and bedrock/breccia deposits around the DOC thermal area (Collar, 1985) represent other pathways that facilitated the vertical diffusion of fluids (Figures 14A, B).
Properties of investigated top and subsoil layers show that degraded and clay-rich soils produced by alteration in a geothermal environment represent very weak and low-permeability units that can affect the degassing of hydrothermal active areas (del Potro and Hürlimann, 2009; Harris et al., 2012; Montanaro et al., 2017). Altered soils rich in clay observed in the close vicinity of degassing vents or depositing within depressions dominated by mud pools (Figure 4; Figure 5; Figure 10) could further contribute to a decrease in permeability and create a “sealing” effect close to the surface (Mayer et al., 2017; Frolova et al., 2019). On the other hand, an abundance of unaltered to weakly altered, permeable pumice-rich layers within the Taupo Pumice likely allowed arising fluids to rapidly migrate both vertically and horizontally (Heap et al., 2017; Jácome-Paz et al., 2020). Moreover, the diffusion of acid gases within poorly consolidated, permeable pumice-rich soils and/or backfill and reworked piles further favoured leaching processes that resulted in the formation of highly unstable, sinking grounds (Churchman and Lowe, 2012; Cigna et al., 2019), one of the most spatially distributed features within the DOC thermal area (Figure 3).
In concert with other studies from the Valley of Desolation in Dominica Island (Mayer et al., 2017), Solfatara in Campi Flegrei (Montanaro et al., 2017), several fields in the Kamchatka Peninsula (Frolova et al., 2019; Frolova et al., 2020a), and Whakaari (White Island) in New Zealand (Heap et al., 2017), our results show the important role of top and subsoil in modulating surficial degassing processes within geothermal environments.
5.4 Geothermal hazard implication
Hydrothermal alteration observed at the Rotokawa DOC thermal area resulted from two main processes, i.e., leaching or precipitation, with opposite influences on porosity, permeability, and strength (Pola et al., 2012; Frolova et al., 2014; Mayer et al., 2016; Mordensky et al., 2019). Such changes in petrophysical and mechanical properties of rocks in shallow portions of geothermal areas can have important implications for ground deformation hazards (e.g., unstable grounds, sinkholes, and subsidence; Bromley et al., 2015; Frolova et al., 2020a).
A quite evident effect is the intense leaching of Taupo Pumice and the formation of collapsing structures. Some of the unstable ground areas can likely represent sites of future collapse. Risks may also derive from hidden cavities below the sulphur-encrusted ground. Cavity enlargement due to intensified acidic alteration during strong rain periods can lead to sinkhole formations, yielding lethal threats when gas-filled, as in the tragic accident at Campi Flegrei’s Solfatara (Italy) in September 2017 (Costa et al., 2022). Another important implication due to subsoil alteration is related to the development of subsidence anomalies. The past occurrence of such phenomena at Rotokawa has been suggested by Powell (2011) based on the modelling of levelling data from the 1950s (i.e., before geothermal development). However, the causes of the subsidence were attributed to the alteration of deeper reservoir rocks, resulting in porosity development, and the natural subsidence was inferred to be due to the gradual collapse of this pore space. Subsidence with a relatively shallow (<50 m) origin has instead been reported from the nearby Tauhara geothermal field (Bromley et al., 2009). In this case, the combined presence of intensely altered, highly compressible ignimbrite below the hydrothermal breccia deposit and the lowering of water levels in a shallow boiling aquifer caused ground deformation. In particular, the failure of porous silicified pyroclastic material initiated the subsidence, which has been later intensified by the compaction of highly degraded and clay-altered pumice-rich levels of the ignimbrite. If the intense steam-heated alteration observed at the Rotokawa DOC thermal area became extensive at depth, for instance, along geological contacts, faults, or in gas-rich permeable layers (Heap et al., 2017; Frolova et al., 2020a), it may result in the formation of intensely degraded, clay-rich layers and porous sulphur-cemented layers, which can be prone to compaction, potentially causing subsidence.
6 CONCLUSION
The geothermal activity across the DOC thermal area within the Rotokawa geothermal field reflects the complex interaction between the underlying hydrothermal system, regional faults, shallow explosive crater, and subsurface geology, which has been further modified by recent mining activities. Combined field and laboratory methods allowed us to evaluate the type and pattern of superposed hydrothermal features and alteration of soils developed after mining activities and assess their role in the degassing processes. The spatial distribution of all thermal features and soils generally relates to the local and regional geological and structural settings and the occurrence of mining, perturbating the circulation of surficial fluids.
Together with isolated thermal spots scattered around the DOC thermal area, three domains with characteristic thermal features are located in the eastern, central, and northern parts of the DOC thermal area:
1) Domain 1 has numerous features aligned along an NW–SE direction. In its central and NE portions, there are abundant natural collapse structures with and without springs and pools at their base and excavated areas with sulphur-cemented grounds and fumarolic activity. In the W and SW portions, warm springs and pools of mixed compositions and mud pots characterise depressed areas produced by mining activity.
2) Domain 2 includes the Lagoon with two sub-areas of depositional environments (eastern hot pools forming sinters, microbial mats and stromatolites, and western/central springs depositing muddy and laminated sinters) and two other depressions dominated by bubbling mud pools, unstable grounds, and warm springs with old sinter deposits.
3) Domain 3 shows widespread degassing features, sulphur-cemented, and unstable grounds. In this domain lies the hottest feature in the whole DOC thermal area, consisting of a W–E-oriented fissure with highly altered, friable and unstable ground with collapsing rims. Such a thermal feature developed along geological discontinuities (explosive crater rim) where the ignimbrite deposits (Taupo Pumice) overlie the local bedrock (altered Oruanui ignimbrite and Parariki Breccia).
We also provide the first detailed top and subsoil stratigraphy and a map of the Rotokawa DOC thermal area, supported by a robust dataset of petrophysical and mechanical soil properties. Soil layers develop mostly in the Taupo Pumice and reworked material and were grouped into five different main categories according to the environment in which they occur (undisturbed vs. reworked and unaltered vs. altered), as well as depending on their granulometry and average petrophysical and mechanical properties. Generally, but not in a linear manner for all layers, the increase in alteration intensity is accompanied by an increase in porosity and permeability and a decrease in strength. Other soil types consist of low permeable and hard sulphur-cemented grounds and silica sinters that are found as a top layer in many excavated sites or surrounding springs and isolated heterolithic breccia.
Surface temperatures (<15 cm) range from approximately ∼20 to >90°C. Elevated values (80 to >90°C) are only measured at vents of active fumaroles, or at collapsed structures, while >50°C are common for many of the springs and pools. In many areas, the presence of colder (<30°C) topsoil layers, such as sulphur-cemented ground, sinters, and/or hardened clay, appears to buffer the heat flow from a hotter (>50°C) subsoil.
We found that within excavated areas close to the water table, the acidic fluids produced deposits of mud, sinters, and stromatolites around warm springs and mud pools. In the vadose, steam-heated portions, fluids degrade the Taupo Pumice, promoting formation of unstable grounds and collapse structures, as well as extensive deposition of sulphur within the soils of excavated sites. In this setting, the dominant layer and alteration type can strongly control the fluid circulation and surfacing within the top and subsoils. Moreover, our results highlight the importance of sulphur precipitation within steam-heated zones of geothermal environments, especially if perturbed by mining. We observe that pumiceous and more permeable soil layers within the in situ Taupo Pumice and reworked material can act as lateral/vertical fluid pathways. On the contrary, the presence of lower permeability layers (e.g., clay/silt rich) in the subsoil, and/or the formation of silica sinters and sulphur-cemented, hard grounds, can inhibit surficial fluid degassing.
Rotokawa’s DOC thermal area is one peculiar geothermal spot where changes of permeability in the very shallow portions (top–subsoils) of the hydrothermal system were produced by both natural (alteration) and anthropic (mining) processes and resulted in rapid changes and/or migration of thermal features. Such changes can further evolve in the future, bearing potential hazards that include the formation of new unstable grounds, localised ground collapses, and larger-scale subsidence. The results presented in this study may be considered a contribution to new methods for monitoring changes in surficial thermal features and soil properties, which can improve the assessment of geothermal hazards in similar environments.
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