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ABSTRACT 

This report has been assembled to provide parameters to assist with the design of geothermal 
wells that are expected to encounter supercritical geothermal conditions at depth in the Taupō 
Volcanic Zone (TVZ).  

To advance well design, two synthetic well prognoses have been developed, structured to 
define the conditions expected to be encountered and to be contained by a supercritical 
geothermal well in the TVZ drilled to a depth of ~6 km. Two sites were selected for hypothetical 
wells: (i) in a location midway between Ohaaki and Ngatamariki (SC-1), some distance from a 
currently identified geothermal system, and (ii) on the margin of the Rotokawa Geothermal 
System (SC-2).  

The main difference in the prognoses is the expected depth from the surface to the 
metasedimentary basement rocks; in SC-1 the contact is predicted at 2800 m, whilst in SC-2 
it is predicted to be ~2000 m. Above the basement metasedimentary rocks is a volcanic 
stratigraphic pile. The wells are anticipated to reach 400 and 500°C at depths of about 4000 
and 6000 metres respectively. 

Pressure-depth conditions expected are hydrostatic from the surface down to the 
metasedimentary contact, and probably sub-hydrostatic in the metasedimentary rocks. 

Though it is challenging to predict the composition of supercritical fluids, we propose an 
analogy here based on the physicochemical conditions of supercritical fluids that have been 
variously encountered in other parts of the world compared with analyses from subcritical 
conditions encountered in the Rotokawa Geothermal System in the TVZ.  

Based on the geoscience information, we outline what might be expected from the well once 
constructed. Equipment, materials, and drilling and well testing procedures are proposed 
that could reasonably be expected to ensure a satisfactory well completion and an acceptable 
well life.  

There is significant preparatory work required to prepare for the drilling and testing of an 
exploratory supercritical well, the development of methods, procedures and tools capable of 
withstanding the anticipated conditions are discussed.  

KEYWORDS 

Geological prognosis, supercritical well design, supercritical fluids, geochemical conditions, 
supercritical geothermal well testing, exploratory supercritical well siting, Taupō Volcanic Zone. 
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1.0 INTRODUCTION 

This document has been prepared as part of the Geothermal: The Next Generation research 
programme managed by GNS Science under Ministry of Business, Innovation and 
Employment contract C05X1904. The material reported here is for two well prognoses that 
have been structured to support the design and associated preliminary estimated cost of 
drilling a very hot, potentially supercritical, geothermal well in the Taupō Volcanic Zone (TVZ).  

The well locations have been selected on the basis of what will likely produce expected 
conditions and costs associated with deeper wells drilled to a depth of ~6 km closer to partial 
melted rock conditions (temperature of ~700°C) whilst targeting adequate permeability to 
produce fluid from the formation. 

The report includes assessed / projected conditions at the two locations including anticipated 
geological conditions, thermal and pressure conditions, fluid geochemical makeup, and a 
range of other aspects including possible corrosion potential, well life, well utilisation, sampling 
during drilling and well testing.  

1.1 Site Selection and Location Information 

Two well locations have been selected based on publicly available magnetotelluric (MT) 
inversion models that were generated from data collected in two broad swathes in the TVZ. 
The two areas of the inversion models are shown in Figure 1.1. 

The two locations selected for prognoses are shown in Figure 1.2 and Figure 1.3, overlaid on 
respective slices of the MT inversion model at 5 km and 8 km depths (Bertrand et al. 2015). 
The two supercritical wells (SC-1 and SC-2) have both been purposely located above isolated 
zones of deep low-resistivity (Figure 1.2 and Figure 1.3) that will be encountered with deep 
(6 km) vertical drilling. These zones have been interpreted to be linked to recent intrusions that 
feed heat and magmatic fluid into the shallower geothermal reservoirs. The inference from this 
interpretation is that the deep conductors and feeders are associated with volumes of 
fractured, permeable rock. 

One of these locations may or may not be the location that is finally recommended, on 
geoscientific evidence, as the most prospective for the first supercritical exploratory well in 
New Zealand, as this work is ongoing at the time of publishing this report. 

The thinking behind selection of the well locations, for the purpose of the analysis discussed 
in this report, is to cover two different situations:  

1. One well is significantly beyond a currently identified geothermal system boundary1:  
SC-1 is located centrally between the Ohaaki and Ngatamariki geothermal systems. 

2. One well is near the edge of a currently identified geothermal system: SC-2 is on the 
south-eastern edge of the Rotokawa geothermal system2. 

 
1  The system boundaries are as defined in Waikato Regional Council Geothermal Planning documents and are 

based largely on the extent of shallow resistivity anomalies. 
2  The Rotokawa system boundary is as defined in Waikato Regional Council Geothermal Planning documents.  
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Figure 1.1 MT Inversion models at 5 km depth showing coverage of the TVZ from the two models. MT inversions
 from Bertrand et al. (2015) and Heise et al. (2016). Red dashed lines represent geothermal field or 
 system boundaries, based mainly on shallow resistivity anomalies. Figure 1.2 and Figure 1.3 focus 
 on the southern model. (https://nzgeothermal.org.nz/nz_geo_fields/). 

https://nzgeothermal.org.nz/nz_geo_fields/
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Figure 1.2 Proposed SC-1 and SC-2 well locations (white dots) shown overlaid on the southern MT Inversion 
 model at 5 km depth (Figure 1.1). Geothermal system boundaries are shown in red dashed outline. 
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Figure 1.3 Proposed SC-1 and SC-2 well locations (white dots) shown overlaid on the southern MT Inversion 

model (Figure 1.1) at 8 km depth. Geothermal system boundaries are shown in red dashed outline. 



 

 

GNS Science Report 2021/36 5 
 

2.0 PROGNOSES AND COMMENTARY 

2.1 Geological Conditions 

Two stratigraphic columns for each supercritical well are presented in Figure 2.1. The rock 
type and formation depths are inferred from the nearest deep geothermal well(s), using only 
information available in published public domain. Currently in the TVZ, geothermal wells are 
considered deep if drilled to a depth of 2500 m or beyond. 

For SC-2, located in the southeast of the Rotokawa geothermal field, on the fringe of the low 
resistivity anomaly, the closest geothermal wells are ~1 km away, being RK21 (2578 m vertical 
depth (VD)) and RK22 (2968 mVD), both with maximum measured temperatures of 337°C 
(Rotokawa Joint Venture 2020, Milicich et al. 2020). These wells provide reasonable 
confidence for the nature of the volcano-sedimentary stratigraphic sequence and the depth to 
the top of the metasedimentary basement, expected to be at ~1950 mVD. 

The geological prognosis for SC-1 on the other hand is considerably less certain, requiring 
significant projection of stratigraphic sequences from the closest Ngatamariki (Chambefort et 
al. 2014) and Ohaaki wells (Mroczek et al. 2016), some 4 to 5 km distant from SC-1. This 
projection has a significantly thicker volcano-sedimentary sequence than SC-2, with the top of 
the metasedimentary basement inferred to be at ~2800 mVD. 

For the drilling of both supercritical wells, rock conditions encountered through both volcano-
sedimentary sequences will be similar to those encountered by any typical deep (>2500 m) 
TVZ geothermal well. Average rock hardness and density of the volcano-sedimentary rocks 
increase with depth, such that beyond 2 km depth there is little to distinguish the densities of 
the deep volcanic rocks from the densities of the underlying basement metasedimentary rocks 
(Soengkono 2012).  

Past experience of drilling through the volcano-sedimentary sequence on the periphery of 
geothermal fields in the TVZ (i.e., outside the shallow geothermal field boundary as indicated 
by DC resistivity surveys) is that the permeability through the volcanic sequence is generally 
low creating few, if any, issues relating to time spent working with circulation losses while 
drilling. Buried rhyolite bodies, however, are a notable exception to this generalisation in that 
they can be permeable in both the matrix and at the contacts. 

However, with increasing depth and possibly deeper than 4 km depth, it should be expected 
that the metamorphic grade of the metasedimentary rock will increase. This change to higher 
grades is likely to involve an increase of rock density and development of metamorphic 
penetrative rock fabrics, such as slaty cleavage and/or schistose foliation. This fabric 
development will impose changes to the rock properties of the metamorphic rocks, including 
hardness anisotropy and non-uniform density profiles that are likely dependent upon the 
orientations of the penetrative fabrics. 

Metasedimentary rocks and their more metamorphosed equivalents are inherently 
impermeable, with any primary porosities having been eliminated via metamorphic deformation 
processes. As such, pathways for fluid movement will be along secondary structural 
discontinuities, such as damage zones proximal to penetrative faults and possibly any 
volcanic/magmatic structures, such as caldera boundary faults or host-intrusion rock contacts. 
These are only to be expected in shallower parts of the crust that undergo brittle deformation. 
At greater depths, under conditions of plastic or ductile deformation, structural discontinuities 
may not be expected to remain open pathways for fluid movement (Watanabe et al. 2020). 
The depth to the brittle-ductile transition zone in the TVZ is inferred to be 6–7 km below sea 
level (Hurst et al. 2016), and therefore possibly deeper than the termination depth of these 
supercritical wells.  
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Figure 2.1 Prognostic geological sequences for supercritical wells SC-1 and SC-2. (Fm = Formation; Gp = Group). 
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2.2 Thermal and Pressure Conditions with Depth  

Pressure-depth conditions expected are hydrostatic from the surface down to the 
metasedimentary contact, and probably sub-hydrostatic in the metasedimentary rocks.  

Thermal conditions with depth have been derived for each supercritical well (Figure 2.2). There 
are inferred shallow, relatively cool conditions (<50°C) in formations down to 500 m depth with 
temperature gradients of 150°C/km in the volcanic sequence and 50°C/km in metasedimentary 
basement rocks below. It would be reasonable to anticipate that the metasedimentary gradient 
is less than 50°C/km away in regions away from heat sources and with no significant 
permeability. Partial melt conditions at 700°C are assumed at 7 km.   

If fluid-filled fractures are encountered as the target zone is approached, then pressures in the 
order of lithostatic could be encountered. However, actual pressures would depend on 
structural environment, i.e., in a dilation zone the fracture fluid pressure would be expected to 
be much lower. 

 

Figure 2.2 Temperature – depth profiles for SC-1 and SC-2. 
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2.3 Geochemical Expectations 

It is challenging to assess the composition of the fluids that will be present under supercritical 
conditions, as this is dependent on the prevailing temperatures, pressures and host rocks. 
Also, chemical equilibrium may not necessarily have been established. However, we propose 
here an analogy based on the physicochemical conditions of supercritical fluids that have been 
variously encountered in other parts of the world compared to the subcritical chemistry 
analysed from samples from the Rotokawa geothermal system.  

Based on the composition of supercritical fluids already intercepted in silicic systems  
(Table 2.1: The Geysers, USA), total dissolved solids are expected to be low, due to the 
supercritical fluid density (reduced relative to liquid water) and thus a decrease in solubility of 
solids in the supercritical fluids. For example, silica concentrations are two orders of magnitude 
lower under supercritical conditions (Table 2.1), whilst gas components (such as CO2) are 
highly variable. In Iceland’s Krafla geothermal system (location of the IDDP1 Project), where 
both subcritical and supercritical CO2 data exist, the CO2 concentrations are lower in the 
supercritical reservoir (5230 and 1637 ppm respectively; Heřmanská et al. 2020). At USA’s the 
Geysers, CO2 concentrations in supercritical wells varies by two orders of magnitude (~780 to 
11200 ppm; Table 2.1).  

These chemical variations highlight the challenges for forecasting the compositions of 
supercritical fluids expected to be encountered in proposed TVZ supercritical wells.  

Table 2.1 Chemical compositions of subcritical geothermal reservoir fluid from Rotokawa and supercritical fluids 
from various global geothermal systems. Rotokawa water is from well RK4 (sampled: 5/02/1985) and 
represents a total discharge composition recalculated to reservoir conditions (Krupp and Seward 1987). 
Supercritical fluid compositions are as reported by Heřmanská et al. (2020). All concentrations are in 
ppm. pH is at aquifer temperature. *H2CO3 is CO2 total discharge. 

 
Subcritical Fluid Supercritical Fluid 

Rotokawa,  
New Zealand 

Krafla, 
Iceland  

The Geysers, 
USA 

Los Humeros, 
Mexico 

Larderello, 
Italy 

Kakkonda, 
Japan 

T (°C) 318 440 ~400 ~400 ~430 ~500 

pH 5.75 nd nd nd nd nd 

SiO2 670.49 6 <1–4.1 22 nd nd 

B nd 1.41 nd 958 ~20–90 ~1700 

Na 446.01 0.51 <0.1–0.15 0.58 nd ~72000 

K 135.68 0.12 <0.5 0.36 nd ~47000 

Ca 1.63 0.16 <0.1–1.3 0.55 nd ~21000 

Mg 0.01 0.02 0.0005–0.05 0.04 nd ~40 

Fe nd 5.25 1 8.21 nd ~51000 

Al nd 0.05 nd nd nd nd 

CO2 - 1637 ~780–11200 ~32000 ~7000–115000 nd 

*H2CO3 12236 - - - - - 

SO4 5.43 32.70 <0.01–10 45 nd ~250 

H2S 229.83 630 ~100–650 ~3700 ~90–1500 nd 

H2 3.74 nd nd nd nd nd 

F Nd nd nd nd nd nd 

Cl 806.13 105 <1–120 31 <0.01–120 ~270000 
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Upon consideration of the dominant chemical species in the fluids (Table 2.1) diffusion into 
materials, as well as material corrosion and erosion, might reasonably be anticipated in 
exposed well casing materials used in supercritical wells. The low levels of silica (SiO2) could 
develop fine deposits on casing walls. A lower level of chloride (Cl-), and higher concentration 
of hydrogen sulphide (H2S) could reasonably be anticipated in the supercritical fluids than are 
present in subcritical geothermal fluids. Carbon dioxide (CO2) will be present, however 
concentrations, relative to subcritical geothermal fluids, are difficult to predict. Oxygen will not 
be present in the supercritical geothermal fluids but will be present in the drilling fluids that will 
have been used to clean and cool the hole whilst drilling or well maintenance work is undertaken.  

2.4  Other Aspects 

2.4.1 Well Utilisation  

Important for casing sizing and well design is to identify what is expected from the well once 
constructed. If the well is to have a short life so that it is drilled, tested and abandoned by being 
cemented back to surface relatively soon after testing, then materials of construction might be 
different to that of a well drilled to become part of a permanent geothermal production 
development, where the latter well might be designed to last a several decades.  

A slim bore well design for characterising downhole conditions is an approach sometimes used 
for exploration. However, the restricted well diameter will substantially restrict the capacity to 
produce fluid, likely meaning that the well is unable to be produced. This would leave 
information gaps in the ability to flow fluid up from 6 km underground, an inability to assess 
the fluid and energy production, and an inability for chemical characterisation of fluids to 
be undertaken.  

The preferred approach is for a production well design with casing adequately sized to enable 
fluids to flow to the surface. This would enable well testing for fluid and energy production and 
fluid sampling for geochemical characterisation. These data will be important in moving from 
inferred to actual measured characteristics, and in furthering progress on utilisation of deep, 
hot fluids.  

Information collected as part of the post completion testing will be fundamental to developing 
understanding of the deep hot conditions, providing important information for pilot plant design, 
in the ongoing assessment of suitable materials for commercial facilities, and in business 
case preparation. 

2.4.2 Well Life 

In essence, an exploratory well with a longevity sufficient to test and obtain information to 
generate further confidence in supercritical geothermal conditions would suggest a well life of 
less than five years. 

The well designs are anticipated to be challenging regarding materials of construction, required 
to withstand the thermal stresses, pressure and chemistry. Oxygen is not going to be present 
in the in-situ supercritical fluids, but will be present in the drilling fluids. The use of high nickel, 
chrome, molybdenum alloys is being studied and reported in the international literature (Krogh 
et al. 2021).  

Material selection will be influenced by the anticipated lifetime of the well, the fluid’s anticipated 
chemistry, as well as the short-term ability to withstand the stresses of well construction and 
heating. Important for consideration is the material lifetime under the high temperature 
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conditions, where creep could reasonably be anticipated, along with the chemical changes 
experienced as the fluid state changes from the supercritical phase with reducing pressure 
and changes in temperature. At the point of phase change, the potential for deposition and/or 
corrosion could reasonably be anticipated.  

Wells will need to be cased below where the thermal conditions transition to supercritical if the 
well is genuinely to produce supercritical fluids.  

2.4.3 Sampling During the Drilling Process 

During drilling, drill cuttings returned to surface will be collected and stored for petrological 
description and analysis. These samples will be collected every 5 m of drilled depth, their being 
representative composite samples from each 5 m interval. If hole conditions are stable, it is 
recommended that drill core samples are obtained from deeper parts of the metasedimentary 
basement, but especially if drilling is blind, where drilling losses are total and circulation non-
recoverable. 

2.4.4 Well Testing 

2.4.4.1 Downhole Logging 

Temperature and pressure conditions at the planned depths will limit the options for downhole 
well logging, due to temperature and pressure limitations of available tools. If sufficient 
permeability is encountered at depth, it may be possible to cool the well sufficiently to allow a 
short period of time in which to make conventional high temperature geothermal logs before 
the well heats fully. The expectation is that below 4 km depth the formation temperatures will 
be greater than 400°C and specialist downhole logging equipment will be needed. 

Existing electrical logging cables, which support telemetry for real time surface read out whilst 
logging, are limited to maximum temperatures of a little less than 300°C (with short term 
excursions to ~330°C). Thus, logging equipment will be limited to self-contained “memory” 
designs, where the data is recorded by the instrument and downloaded once it has been 
returned to the surface. No “live” telemetry of the downhole data will be possible. Planning 
should be based on using “slickline” cable with flasked electronic temperature-pressure logging 
tools. Standard, off-the-shelf, memory tool equipment is available to work at temperatures up 
to 370°C (e.g., Probe 2021). SINTEF developed slickline tools (Sintef 2015) rated to 450°C 
and 450 bar (Vedum et al. 2017) that were used in the European DESCRAMBLE Project in 
the Venelle 2 well in Tuscany, Italy. This SINTEF PT tool is designed to operate at these 
conditions for up to eight hours of logging. To achieve the very high temperature ratings 
anticipated in the TVZ wells at the proposed target depth and fluid composition, it will be 
necessary to build custom downhole equipment, such as tools, flasks and pressure housings. 

In the first instance, well logs should be limited to temperature and pressure only. It could be 
useful to investigate using fully mechanical temperature-pressure logging equipment as a 
backup for the more sophisticated electronic memory equipment.  

In the DESCRAMBLE project in the Venelle 2 well, temperature sensitive paints (rated up to 
~600°C) were also used in some of the logging runs (Bertani et al. 2018). Various eutectic 
mixtures with different temperature range capabilities should be investigated for the 350°C to 
650°C temperature range. It would be useful to include thermo paints and eutectics in all the 
downhole logging performed and possibly also on the bottom hole drilling assemblies as the 
final drilled depth of the well is being approached. 
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Additionally, it could be useful to undertake some development work to enable the older clock 
type mechanical temperature gauges to work at very high temperatures. 

A practical issue with logging a 6 km deep high temperature well is the very long cable lengths 
involved such that the bottom of the cable may well be doing something quite different from 
what the logging tool depth and direction readings are indicating at the surface. Management 
techniques and procedures to compensate for expansion, stretch, elasticity, delay in direction 
change, etc will improve as logging experience develops.  

2.4.4.2 Initial Measurements 

In the period soon after drilling is completed, the near well conditions will usually be somewhat 
cooler than the final stabilised temperatures. Providing sufficient permeability is encountered 
at depth, the wellbore could be cooled sufficiently to gather useful information using 
standard “high temperature” equipment before the well temperatures become extreme (i.e., if 
temperature can be kept below 350°C). Depending on the cooling period beforehand and 
subsequent wellbore changes, the heat up period could take up to 10 days before high tech 
(>350°C) equipment is required for well logging. This early heat-up period would provide 
valuable experience with deep well logging techniques. In particular, during this initial period, 
a standard “completion test” to identify zones of permeability and permeability characteristics 
would be carried out. 

2.4.4.3 Wellbore Heatup  

Usually for geothermal wells, a series of four to five pressure-temperature profiles are 
measured over the four to six weeks following completion of drilling. This data provides 
information to confirm the permeable depths, and assists with predicting the final fully heated 
temperatures. For the proposed deep well a similar program is envisaged, perhaps focussing 
more on the early heating period, in case the final temperatures exceed the capability of the 
downhole equipment (in which case the early data can possibly be used to predict stabilised 
pressure-temperature conditions). 

2.4.4.4 Flow Testing 

The fluid entering into the well at very high temperature and pressure will undergo substantial 
change, and perhaps chemical reaction, as it passes up the wellbore to the surface. The 
measurement of fluid components produced at the wellhead needs to be such that the source 
fluid can be reconstructed for the downhole pressure-temperature conditions.  

To characterise any produced fluid, measurement of the flowrates and sampling of separated 
liquid and gas phases will be required. This can best be achieved using standard geothermal 
methods after separating the phases (if any separation is required). However, the flowing 
wellhead conditions are somewhat uncertain, and for planning purposes it would be better to 
initially measure the total flow using a two-phase flow measurement system (orifice plate / 
tracer dilution / physical measurement). Once the flowing conditions and fluid chemistry are 
approximately known for the well, more accurate information can be obtained by sampling the 
separated fluid phases, if these are present. It is anticipated that the flow at near atmospheric 
pressure would volumetrically be mostly gas with only a little water / steam. 
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There are a range of aspects to consider in detail as planning progresses for well testing, 
including: 

• The possible need for a very high pressure rated test separator. 

• Chemical sampling equipment rated for high pressures and temperature. 

• Appropriate disposal of produced liquid water (potentially including acidic fluids). 

• Non condensable gas management. 

• Noise abatement. 

2.4.4.5 Chemical Sampling 

This is a crucial part of the well test program. The issue revolves around the ability to 
reconstruct the in-situ chemistry from the surface samples taken, using the analytes from those 
samples. Alternatively, if possible, obtain samples of the reservoir fluids before they are 
modified through transitioning up the wellbore. This would need to be achieved by downhole 
sampling, for which equipment would have to be custom built to withstand the high 
temperature/pressure and fluid corrosivity. 
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3.0 CONCLUDING COMMENTARY 

Significant work is required to prepare for the drilling and testing of an exploratory supercritical 
well in the Taupō Volcanic Zone. The material in this report has been developed to assist with 
the well design process by providing an assessment of the conditions underground that could 
reasonably be anticipated, that will need to be designed for. The report also identifies that 
significant development work is required to enable any well drilled to be characterised, with a 
range of equipment to be designed, built and tested ahead of any well testing. 
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