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RESEARCH ARTICLE

Physical and mechanical depth relationships of rocks from the Rotokawa 
Geothermal Reservoir, Taupō Volcanic Zone, New Zealand
Marlène C. Villeneuve a, Timothy P.C. Jonesb*, Michael J. Heapc,d, Ben M. Kennedyb, Jim W. Coleb and 
Paul A. Siratovichb*
aSubsurface Engineering, Montanuniversitat Leoben, Leoben, Austria; bSchool of Earth and Environment, University of Canterbury, 
Christchurch, New Zealand; cUniversite de Strasbourg, CNRS, Institut Terre et Environnement de Strasbourg, UMR 7063, Strasbourg, 
France; dInstitut Universitaire de France (IUF), Paris, France

ABSTRACT  
The Rotokawa geothermal field is in the Taupō Volcanic Zone, New Zealand. It hosts two 
geothermal power plants, Rotokawa and Ngā Awa Pūrua, which together have a capacity 
over 170 MWe. The permeability of the rock mass comprising a geothermal field controls 
the volume of hot fluids that can be extracted for energy production. In this research we 
produce a stress model to estimate in-situ rock matrix permeability for a unique set of intact 
rock samples obtained from depths up to 2600 m in the Rotokawa geothermal field. We 
show that permeability generally decreases with sample depth, both intrinsically and in 
response to increasing confining pressure. We explore this confining pressure effect on 
other petrophysical and mechanical measurements, and highlight how rock texture and 
composition affect how the rocks respond to confining pressure. For example, we compare 
two altered andesite samples: a breccia with microfractures and infilled pores that tends to 
experience less compaction and porosity decrease than a lava with rounded, unfilled pores. 
We suggest that, when developing depth-models, measurements should be conducted at 
relevant in-situ conditions, if possible. Finally, we explore relationships between different 
physical parameters and provide estimating functions for those with the clearest correlations.
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Introduction

Permeability of reservoir rocks is a critical factor to the 
viability of a commercial geothermal field. In New 
Zealand, the geothermal fields are mainly located in 
the Taupō Volcanic Zone (TVZ), a very active volcanic 
region on the North Island with a remarkably high heat 
flux (4200 ± 500 MW; (Bibby et al. 1995; Hochstein 
1995)). The TVZ has successfully been exploited for 
power generation since 1958, starting with the Waira
kei Power Station. There are several fields that have 
been commercially developed for power generation 
in the TVZ, including the Rotokawa geothermal field, 
which is the study area of this research.

There are three factors controlling whether a 
geothermal resource is viable for exploitation; heat 
to provide initial energy, ground water to provide a 
mode of transport for this energy and a pathway for 
this heated fluid to flow, ultimately to the surface. 
The permeability of the rock mass comprising a 
geothermal system is dictated by the porosity and per
meability of the intact component, or rock matrix, as 
well as its propensity to host permeability-enhancing 
fractures at all scales (e.g. McNamara et al. 2015; 

Heap and Kennedy 2016; Massiot et al. 2017; Heap 
et al. 2020). The physical and mechanical properties, 
such as matrix porosity and permeability, mechanical 
behaviour, and strength, of the intact component of 
the rock mass can vary significantly due to the influ
ence of variable heat fluxes, dynamic fluid flow 
regimes and active tectonics present in geothermal 
systems (Davidson et al. 2012; McNamara et al. 
2015). Combined, these factors produce commercial 
fields in the TVZ dominated by highly altered, frac
tured and micro-structurally complex rocks (Sirato
vich et al. 2014; Siratovich et al. 2016).

A major challenge for characterising the subsurface 
properties is the difficulty in obtaining measurements 
due to sparse coring in geothermal reservoirs. Devel
oping relationships between parameters that can be 
measured without core samples, for example from 
wireline logs or cuttings, can be useful for estimating 
the parameters necessary for the optimisation and 
maintenance of geothermal resources. Investigating 
relationships between key chemical, physical and 
mechanical properties can be complicated (e.g. 
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Kereszturi et al. 2023). Cant et al. (2018) conducted a 
depth-analysis of physical properties of geothermal 
reservoir rocks for a unique sample set from core 
obtained during well drilling at the Ngā Tamariki 
geothermal field, which is located about 10 km north 
of the Rotokawa field. The objective of this work is 
to carry out a systematic physical and mechanical 
property study of another unique set of samples of 
intact rocks from the Rotokawa geothermal field, 
under laboratory conditions, to provide a similar 
depth-analysis, while also focussing on building 
relationships between properties that can only be 
measured in the laboratory and those that could be 
obtained from well logging and cuttings. Using the 
results of the laboratory testing, we have investigated 
the effect of microstructure and porosity on the matrix 
permeability and mechanical behaviour, explore 
potential relationships between the different par
ameters, for example how ultrasonic wave velocities 
relate to other parameters, determine the effect of 
increasing confining pressure on matrix permeability 
and develop a lithostatic model to generate depth 
profiles for the physical properties.

Geological setting

Rotokawa geothermal field (RGF)

The Rotokawa geothermal field (RGF) is situated in 
the central TVZ on the North Island of New Zealand 
and is approximately 10 km north-east of Taupō 
township (Figure 1a). The RGF is located within the 
Whakamaru Subdomain (Rowland and Sibson 2001) 
and on the boundary of the Whakamaru Caldera 
(Figure 1a). The TVZ has developed over the last ∼2 
Ma, and has become one of the most active regions 
of silicic volcanism in the world (Houghton et al. 
1995). The volcanism is related to the active rifting 
arc/back-arc system, associated with the Hikurangi 
subduction trough where the Pacific Plate descends 
underneath the Australia plate (Cole et al. 2014). 
There are 23 geothermal systems, including 17 high 
temperature systems (>250 °C) within the greater 
TVZ area (Bibby et al. 1995) (Figure 1).

Rock types at and near the surface of the RGF 
include rhyolite intrusives, lavas and pyroclastics, 
pumice alluvium, Wairakei breccia and hydrothermal 
eruption breccias (Rae 2007; McNamara et al. 2016; 

Figure 1. a) Location of Rotokawa geothermal field relative to other geothermal fields in the Taupō Volcanic Zone; modified from 
(Siratovich et al. 2014) with added Whakamaru Caldera boundary based on (Brown et al. 1998). b) Wells of the Rotokawa geother
mal field; modified from (Milicich et al. 2020). Wells highlighted with red dashed boxes are the source of core used in this study. c) 
Simplified cross section through the Rotokawa geothermal field showing approximate depths and stratigraphic units from which 
the samples were taken; modified from Milicich et al. (2020); legend only contains units from Table 2.
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Montanaro et al. 2023). The subsurface geology is com
plex and is the result of regionally extensive northeast 
trending faulting followed by post basement volcano- 
stratigraphic sequences from andesite and rhyolitic 
volcanic complexes (Rae 2007). A full description of 
the RGF subsurface geology has been given in McNa
mara et al. (2016) and references therein.

Methods and materials

Sample preparation and testing was carried out on sec
tions of core supplied by the Rotokawa Joint Venture 
(Mercury Limited & Tauhara North No.2 Trust) from 
their Rotokawa core shed. The core pieces were from 
eight wells across the field (RK09, RK20, RK24ST1, 
RK25, RK27, RK29, RK30 and RK34) and from var
ious depths (501 m to 2606 m below the local drilling 
relative level; Figure 1b,c). This ensured the data col
lected were from varying lithological units across the 
field. Table 1 provides a numbered system for each 
prepared sample set, along with well number, depth 
and rock type. Testing and preparation were carried 
out at the University of Canterbury (UC) School of 
Earth and Environment (New Zealand) unless other
wise stated. The samples were drilled to 20 mm in 
diameter and cut and precision-ground to as close to 
40 mm in length as possible (i.e. twice their diameter). 
Samples were all drilled parallel to the core long axis. 
Following their preparation, all samples were washed 
and dried. A set of four individual samples were 
drilled from each well and depth; a total of 44 samples.

Thin section interpretation

Thin section interpretation was carried out on 13 
polished thin sections, one to represent each sample 
set. Thin sections were examined to highlight key min
erals, textures and alteration. Key minerals identified 
from each thin section can be found in the supplemen
tary data. Each thin section was categorised by level of 
alteration: none, minor, moderate or high. These cat
egories were selected in accordance with the similar 
detailed thin section descriptions in the GNS Science 
reports (Rosenberg 1997; Milicich et al. 2008; Rae 
et al. 2009; Ramirez and Rae 2009; Rae et al. 2010; San
ders et al. 2015).

Each thin section was carbon coated for analysis using 
a JEOL JSM-7000F Field Emission Scanning Electron 
Microscope (SEM) in the Mechanical Engineering 
Department (UC). Rather than calculating quantitative 
values for thin section porosity and fracture density (as 
in Cant et al. (2018) and Siratovich et al. (2014)), quali
tative descriptions of the SEM images are used to help 
indicate relationships with texture.

Lithostatic stress model

Many studies assume a constant rock density of 2500 
kg/m3 for their lithostatic models and ignore fluid 
densities (e.g. White and Mroczek 1998; Sibson and 
Rowland 2003). To improve on this a lithological 
effective vertical (lithostatic) stress model was devel
oped in order to estimate the in-situ effective confi
ning pressure applied to each sample set in the 
reservoir. The method for developing the model was 
similar to that used in Cant et al. (2018), although 
we also considered the changes in rock and water den
sity with increasing temperature and depth. Thickness 
and sequence of the rock units for each of the eight 
wells were collated from the well logs produced by 
GNS Science (Rosenberg 1997; Milicich et al. 2008; 
Rae et al. 2009; Ramirez and Rae 2009; Rae et al. 
2010; Sanders et al. 2015). Estimates of dry densities 
were either averaged from those calculated in this 
research or obtained from the literature (Table 2).

Water density decreases with increasing temperature. 
For each rock unit, an average water temperature was 
calculated using temperature logs supplied by Mercury 
Ltd. When in aqueous phase, pressure has little effect 
on the density of water (i.e. it is incompressible) and is 
not accounted for in Equation 1.

rw = 1000 1 −
T+ 288.9144

508929.2(T + 68.12963)
(T − 3.9863)2

􏼔 􏼕

(1) 

Where ρw = density of water (kg/m3) and T = tempera
ture (°C). The two end member densities at 4 and 350° 
C are, respectively, 1000 and 640 kg/m3, showing that 
the effect of increasing temperature within this range 

Table 1. Depth and well information for each sample set 
provided by the Rotokawa Joint Venture with associated 
stratigraphic units and sample set numbers. Stratigraphic 
units are according to Milicich et al. (2020).
Sample 
set

Depth 
(m) Well # Rock type

Stratigraphic 
Unit

16 501 RK34 Rhyolite breccia Oruahineawe 
Rhyolite

1 905 RK09 Rhyolite lava Oruahineawe 
Rhyolite

15 1113 RK30 Rhyolite pumice 
ignimbrite

Whakamaru 
Ignimbrite

3 1511 RK09 Fine-grained 
sandstone 
conglomerate

Waikora 
Formation

7 1821 RK24ST1 Brecciated andesite Rotokawa 
Andesite

11 1852 RK27 Andesite breccia Rotokawa 
Andesite

12 1854 RK27 Andesite lava clast Rotokawa 
Andesite

14 2081 RK29 Andesite lava Rotokawa 
Andesite

4.2 2121 RK27 Andesite lava Rotokawa 
Andesite

13 2147 RK27 Andesite lava Rotokawa 
Andesite

10 2200 RK25 Andesite breccia Rotokawa 
Andesite

21.4 2320 RK30 Andesite breccia Rotokawa 
Andesite

6 2606 RK20 Fine grained 
sandstone

Torlesse 
Supergroup
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results in a 35% density reduction. Increasing tempera
ture also reduces rock dry density, however, for tempera
tures less than 400°C, (Zhu et al. 2022) showed that the 
dry density decrease is less than 1%. The porosity was 
used to calculate a saturated density using the proportion 
of solids and water, and their corresponding densities. 
For the density of the solids, we used a grain density ran
ging between 2250 and 2800 kg/m3, and for the water we 
used Equation 1.

Using Equations 2, 3 and 4, the estimated total and 
effective lithostatic stresses were calculated for each 
unit and well. The cumulative stress was used to gen
erate a stress model for each sample set.

s = rlgh (2) 

s′ = s − u (3) 

u = rwgh (4) 

Where σ′ = effective stress (MPa), σ = lithostatic 
stress (kg/m3), ρl = density of lithological unit (kg/m3), 
u = pore pressure (MPa), ρw = density of water (kg/ 
m3), g = gravitational acceleration (m/s2), and h =  
depth of interest (m).

There are many possible formulations for develop
ing a lithostatic stress model. We selected different 
rock density (dry, saturated, constant, variable), 
water temperature (variable, constant at 4 °C), and 
pore pressure conditions to compute eight lithostatic 
stress models, described in Table 3.

Several assumptions are made for these lithostatic 
models: 1. Each unit is considered homogeneous, 
but can show slight variation. 2. Averaged densities 
for each unit were used. 3. The hydrostatic component 
assumes a continuous linked aquifer and the entire 
system is ‘wet’ with no gas present and each unit is 
at the same temperature throughout. 4. The density 
calculations assume pure water rather than brine. 5. 
The water is assumed to be incompressible. 6. The 
rock density decrease with temperature (∼2% over 
the considered range) is assumed to be offset by the 
density increase with depth (less than 3% over the con
sidered range).

Petrophysical characterisation

Porosity and density
The International Society for Rock Mechanics (ISRM) 
standard for the saturation and buoyancy technique 
was used to determine the connected porosity (hence
forth called porosity) and bulk dry density (henceforth 
called density) of each sample (Ulusay and Hudson 
2007). Sample sets 1, 11, 15, and 16 (see Table 1) had 
swelling clays present. For these samples, gas pycno
metry was performed using an Ultrapycnometer 1000 
by Quantachrome Instruments at the University of 
Waikato (New Zealand) to determine their skeletal 
volume. Dry bulk density for these samples was deter
mined using the ISRM standard for the calliper tech
nique. The connected porosity for these samples was 
then determined using the skeletal volume from the 
pycnometer and the bulk volume from the calliper 
technique.

Permeametry
Permeability testing was carried out on a PDP-200 
Pulse Decay Permeameter in the Engineering Geology 

Table 2. Rock density information.

Stratigraphic 
unit Rock type Source

Dry 
Density 
(g/cm3)

Oruanui 
Formation

Pumice tuff and 
rhyolite lava

Palmer (1982)b 1450

Parariki Breccia Tuffaceous 
hydrothermal 
breccia

Montanaro et al. 
(2023)

2100

Huka Falls 
Formation

Siltstone and 
sandstone

Oetomo (2015)a 1033

Huka Falls 
Formation

Tuff siltstone Wohletz and 
Heiken (1992)c

2000

Oruahineawe 
Formation

Rhyolite lava and 
breccia

This research 2201

Waiora 
Formation

Tuff Oetomo (2015)a 2140

Whakamaru 
Ignimbrite

Ignimbrite This research 1913

Tahorakuri 
Formation

Lithic tuff 
volcaniclastics

(Wyering et al. 
2014; Cant et al. 
2018)a

2360

Waikora 
Formation

Greywacke 
conglomerate

This research 2509

Rotokawa 
Andesite

Andesite breccia This research 2481

Rotokawa 
Andesite

Andesite lava & 
breccia

This research 2496

Rotokawa 
Andesite

Andesite lava This research 2510

Torlesse 
Supergroup

Basement 
greywacke

This research 2509

aDensity estimate is from the TVZ but not from Rotokawa. 
bDensity estimate is from a similar rock description outside TVZ. 
cDensity estimated from a standard rock description. Stratigraphic unit 

names are according to Milicich et al. (2020).

Table 3. Lithostatic stress model descriptions.
Model name Model description

Total Stress (constant 
density 2500 kg/m3)

conventional, total stress model with 
constant dry rock density of 2500 kg/m3

Total Stress (variable 
density)

total stress model with dry rock density 
integrated over unit thickness

Total Stress (saturated) total stress model with saturated rock 
density integrated over unit thickness

Total Stress (temperature) total stress model with variable dry rock 
density, decreased by 1% to account for 
high temperature

Total Stress (pressure) a total stress model with variable dry rock 
density, increased by 1% to account for 
high pressure

Effective Stress (4 degrees) effective stress model with variable dry 
rock density and density of water at 4 °C

Effective Stress 
(temperature)

effective stress model with variable dry 
rock density and density of water 
corresponding to the increasing 
temperature

Effective Stress 
(temperature, saturated)

effective stress model with variable 
saturated rock density and density of 
water corresponding to the increasing 
temperature

4 M. C. VILLENEUVE ET AL.



Laboratory (UC), previously described in (Cant et al. 
2018; Mordensky et al. 2018). The PDP-200 has the 
ability to biaxially confine samples up to 60 MPa, as 
a proxy for lithostatic confining pressure. Permeability 
was measured on dry samples using gas as the pore 
fluid. Most samples were tested at confining pressures 
from 5 to 30 MPa, increasing by 5 MPa between each 
permeability measurement. For samples obtained 
from shallow depth, where the confining pressure is 
low, samples were only tested up to 15 MPa. A Klin
kenberg correction was applied to all results. Samples 
that were too permeable for the instrument (per
meability greater than 5 × 10−16 m2) were not 
measured. Samples with very low-permeability were 
only tested up to 20 MPa (at which point permeability 
was less than 1 × 10−18 m2). All measurements were 
performed at ambient laboratory temperatures.

Ultrasonic wave velocities
Ultrasonic wave velocity (vp and vs) measurements 
were carried out on each sample using a Computer 
Aided Ultrasonic Velocity Testing System (CATS 
ULT-100) manufactured by Geotechnical Consulting 
and Testing Systems (GCTS), as described in Mor
densky et al. (2018). Measurements were performed 
on dry samples at ambient laboratory temperatures. 
Ultrasonic wave velocities were determined along the 
long axis of the cylindrical core samples. Ultrasonic 
wave velocities were used to determine dynamic 
Young’s modulus and dynamic Poisson’s ratio.

Mechanical testing

Triaxial compression testing was carried out on two 
samples from sample sets 11 and 14 at the Strasbourg 
Institute of Earth & Environment (France) (see sche
matic diagram in Farquharson et al. (2017)). Water- 
saturated (deionised water) samples were deformed 
under triaxial conditions (i.e. s1 > s2 = s3) at a constant 
displacement rate corresponding to a constant strain 
rate of 10−5 s−1. For all experiments, the pore fluid 
(deionised water) pressure was kept constant at 10 
MPa, and experiments were performed at a confining 
pressure of either 50 or 80 MPa (i.e. effective pressures 
of 40 and 70 MPa, respectively, assuming a simple 
effective pressure law). All experiments were per
formed at ambient laboratory temperatures. Pore 
fluid and confining pressures were kept constant 
during the experiment using high-pressure pumps. 
Axial displacement was measured using an external 
linear variable differential transducer, and axial force 
axial load was measured using the oil pressure inside 
a pressurised chamber above the pressure vessel, the 
chamber diameter, and the diameter of the piston. 
Axial displacement and force were converted to strain 
and stress using the sample dimensions. Pore volume 
change (i.e. the change in sample porosity) was also 

calculated using data from the pore pressure encoder 
attached to the pore fluid pressure pump.

Results

Lithostatic stress model

Figure 2 provides a comparison of the eight different 
effective and total stress models for well RK 25. The 
conventional total stress model based on constant 
dry rock density provides the highest lithostatic stres
ses at all depths. The three total stress models based on 
variable dry rock density have similar lithostatic stres
ses, arising from the modest 1% increase or decrease of 
dry rock density for each model. The total stress model 
based on variable saturated rock density results in 
lithostatic stresses up to 5 MPa higher than those 
from the other total stress models at reservoir depth 
(∼2000m). The effective stresses are up to 20–25 
MPa lower than the total stresses at reservoir depth. 
The effective stress using variable water density 
according to temperature is up to 5 MPa higher than 
the effective stress using constant water density at 
reservoir depth. The differences in effective stress 
when considering dry or saturated density are less 
than 5 MPa. Considering the significant additional 
effort and uncertainty associated with calculating the 
saturated density, we consider the effective stress 
model with variable dry rock density and variable 
water density according to temperature (model 7, 

Figure 2. Lithostatic stress models of RK25 using different for
mulations; mBGL = meters below ground level.
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‘Effective Stress (temperature)’) to be sufficiently 
representative of the in-situ effective vertical stress.

Petrophysical characterisation

The results of the petrophysical characterisation are 
summarised in Table 4. The full dataset is provided 
in the supplemental data and, when plotted in a scatter 
matrix, shows that many parameters correlate to each 
other (Figure 3). The diagonal showing the dataset 

distributions also highlight that the data are not all 
normally distributed, and in particular, porosity, den
sity and permeability in this dataset may not be suit
able for statistical analysis. The quality of the 
correlations between the parameters are given in a 
correlation matrix (Figure 4), which shows the Pear
son’s R (strength and direction of a linear relationship) 
as a heat map (where red represents positive relation
ships, blue represents negative relationships and white 
represents no relationship). The coefficient of 

Table 4. Average porosity, density, ultrasonic wave velocity, dynamic Poisson’s ratio and dynamic Young’s modulus (refer to Table 
1 for sample set descriptions; refer to supplemental data for full dataset).
Sample 
set

Permeability at 5 MPa 
confining pressure (m)

Porosity 
(%)

Dry Bulk Density 
(g/cm3)

P-wave 
velocity (m/s)

S-wave 
velocity (m/s)

Dynamic 
Poisson’s ratio

Dynamic Young’s 
modulus (GPa)

16 2.46E-18 10 2.01 4024 2143 0.3 23.6
1 2.46E-18 10 2.38 4722 2529 0.3 38.9
15 - 25 1.91 2682 1573 0.24 11.7
3 1.16E-18 10 2.51 4774 2347 0.34 37.1
7 9.15E-19 9 2.58 4489 2476 0.28 40.4
11 6.93E-18 16 2.33 4101 2679 0.13 37.7
12 5.33E-18 16 2.36 4387 2201 0.33 30.4
14 2.24E-16 17 2.27 4225 2384 0.27 32.8
27_4.2 3.75E-19 6 2.59 4443 2603 0.24 43.5
13 - 2 2.80 4533 2553 0.27 46.4
10 5.39E-18 13 2.42 4545 2428 0.3 37.2
30_21.4 6.46E-19 7 2.58 4054 2514 0.19 38.7
6 3.84E-19 4 2.68 4878 2709 0.28 50.3

Figure 3. Scatter matrix of petrophysical characterisation results. Diagonal shows univariate distribution of each petrophysical 
characteristic as a histogram, which provides insights into the spread and concentration of the measurements. The y-axis for 
each plot differs according to the number of values.
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determination, R2, is also given, as text. For all datasets 
except for permeability, the R2 refers to a linear 
regression (derived using the scipy stats function lin
regress), whereas for permeability it refers to a fit to 
a power model (derived using the sklearn linear 
model function Linear Regression for a log-trans
formed power model; note the R2 values are for the 
linear regression on the log-transformed data used 
to derive the power function). For the datasets with 
R > 0.4, the linear regression is also given. For the per
meability, the three best power models are given. The 
datasets that show the best or most interesting corre
lations are plotted and discussed in more detail in 
the relevant subsections.

Porosity and density
The porosity and density of the samples range between 
2–25% and 1.9–2.8 g/cm3, respectively. The relation
ship in Figure 5 follows what has also been demon
strated for TVZ rocks (Siratovich et al. 2014; 
Wyering et al. 2014; Cant et al. 2018; Mordensky 
et al. 2018; Schaefer et al. 2023), as well as for other 

Figure 4. Correlation matrix showing Pearson’s R as a heatmap and corresponding coefficient of determination R2 for a linear 
regression, except for permeability, for which the R2 is for a power model. For the parameters with Pearson’s R > 0.4, the linear 
regression itself is also given. For the permeability, a power regression is given for the three best fits; note that the R2 values are for 
the linear regression on the log-transformed data used to derive the power function.

Figure 5. Porosity versus density, colour coded according to 
lithological description; see Figure 4 for the equation for the 
linear regression (regression excludes data for the altered 
rhyolite breccia).
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volcanic rocks, e.g. Massiot et al. (2022) (Brothers vol
cano, a Pacific Ocean submarine volcano in the Ker
madec Arc, 340 kilometres northeast Whakaari 
volcano at the northernmost end of the TVZ) and 
Heap et al. (2014) (Volcán de Colima, Mexico): the 
bulk dry density decreases systematically with increas
ing porosity. Our proposed linear relationship is also 
consistent with those provided in Wyering et al. 
(2014); Cant et al. (2018); and Massiot et al. (2022). 
The altered rhyolite breccia appears to have isolated 
porosity that is not captured by the connected porosity 
measurement, such that it does not fall on the trend. 
This may be associated with partially recrystallised 
pumice clasts with locally isolated pores within the 
breccia. As a result, for deriving the fitting relation
ships (permeability-density, permeability-Young’s 
modulus, porosity-density, porosity-wave velocities 
and the porosity-elastic moduli) in Figure 4, the data 
for the rhyolite breccia altered have been excluded.

Permeametry
Permeability at confining pressure of 5 MPa ranges 
from 3.64 × 10−19–8.4 × 10−18 m2. Permeability 
increases as a function of porosity, but decreases as a 
function of density and dynamic Young’s modulus 
(Figure 6). These data highlight a clear power relation
ship between porosity and permeability (Figure 6a), as 
previously shown for volcanic rocks from the TVZ 
(e.g. Mordensky et al. 2018) and elsewhere (e.g. (Far
quharson et al. 2015; Colombier et al. 2017; Rossetti 
et al. 2019)). We also find a that a power model can 
be fit to the density and permeability data if the data 
for the rhyolite breccia altered are removed (Figure 
6b). Contrary to Siratovich et al. (2015), we find no 
relationship between P-wave or S-wave velocity and 
permeability (Figure 3), likely because the range of 
ultrasonic wave values in our dataset is too small for 
the wide range of permeabilities to result in a mean
ingful relationship with Pearson’s R greater than 0.4, 
however, there is a weak relationship between 
dynamic Young’s modulus and permeability, again 

with the data for the rhyolite breccia altered removed 
(Figure 6c), likely because density is used in the calcu
lation of dynamic Young’s modulus.

The effect of confining pressure on permeability var
ies from minimal to up to one order of magnitude over 
the tested range (Figure 7) (as also shown in Vinci
guerra et al. 2005; Fortin et al. 2011; Nara et al. 2011; 
Cant et al. 2018; Heap et al. 2022). The largest decreases 
in permeability as a function of confining pressure are 
seen in the low-permeability sample sets (Figure 7). 
Sample set 6, for example, decreases from an average 
permeability of 3.48 × 10−19 to 7.15 × 10−20 m2 as confi
ning pressure is increased from 5 to 20 MPa. For the 
sample set with the highest permeability, sample set 
14, permeability does not change appreciably (average 
permeability decreases from 2.23 × 10−16 to 2.15 ×  
10−16 m2) as confining pressure is increased from 5 to 
30 MPa (Figure 7). The full permeability dataset is 
given in the supplementary material.

Ultrasonic wave velocities
Key relationships with ultrasonic wave velocities and 
dynamic Young’s modulus are porosity (Figure 8), 
density (Figure 9) and permeability (Figure 6c), as 
also highlighted for other volcanic rocks from New 
Zealand (Durán et al. 2019; Rossetti et al. 2019; Kana
kiya et al. 2022; Massiot et al. 2022; Schaefer et al. 
2023). P – and S-wave velocities decrease from 5043 
m/s to 2629 m/s and from 2808 m/s to 1500 m/s, 
respectively, when porosity increases from 2 to 25% 
and density decreases from 2.8 to 1.8 g/cm3 (Figure 
8a and Figure 9a). Similarly, dynamic Young’s mod
ulus decreases from 53.9 to 10.5 GPa over the same 
porosity and density ranges (Figure 8b and Figure 9b).

Thin section interpretation

Thin section images from the petrographic micro
scope can be found in the supplemental material. 
Five thin sections were additionally examined with 
the SEM for more detailed microstructural analysis: 

Figure 6. Permeability versus a) porosity, b) density and c) dynamic Young’s modulus, colour coded according to lithological 
description; see Figure 4 for the equations for the power models (regressions for density and dynamic Young’s modulus exclude 
data for the altered rhyolite breccia).
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Figure 7. Permeability plotted against confining pressure for each sample. Labels in legend are in order of increasing depth and 
colour coded according to rock type as in Figure 5. Numerals in plot help locate the plots for sample sets 14, 11 and 10.

Figure 8. Porosity plotted against a) ultrasonic wave velocities and b) dynamic Young’s modulus, colour coded according to litho
logical description; see Figure 4 for the equations for the linear regressions (regressions exclude data for the altered rhyolite 
breccia).

Figure 9. Density plotted against ultrasonic a) wave velocities and b) dynamic Young’s Modulus, colour coded according to litho
logical description; see Figure 4 for the equations for the linear regressions.
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1 (rhyolite lava), 6 (basement greywacke), 10 (andesite 
breccia), 11 (andesite breccia) and 14 (andesite lava). 
Figure 10 highlights the textural differences between 
samples 11 and 14 visible in the SEM images. In 
thin section 11 (Figure 10 left: altered andesite brec
cia), the pores in the rock are connected by microfrac
tures, which propagate through phenocrysts, but do 
not propagate through the groundmass. The majority 
of the surrounding groundmass appears to be filled 
pore space, which is common for an altered volcanic 
breccia (Mordensky et al. 2018). In thin section 14 
(Figure 10 right: altered andesite lava) no microfrac
turing is observed. The majority of the void space is 
composed of small, unfilled, connected pores in the 
matrix.

Table 5 provides the extent of alteration and 
microstructural description for each of the thin sec
tions examined under the petrographic microscope 
and SEM, supplemented by descriptions from GNS 
Science reports (Rae et al. 2009; Rae et al. 2010; Sir
atovich et al. 2014) for samples 13, 4.2 and 21.4, 
which were not thin sectioned. The alteration is as 
described for comparable thin sections in the GNS 
Science reports (Rosenberg 1997; Milicich et al. 
2008; Rae et al. 2009; Ramirez and Rae 2009; Rae 
et al. 2010; Sanders et al. 2015). For differentiation 
purposes, only sample sets with moderate-high or 
high alteration are labelled as ‘altered’ in the 
figures. We find that the samples do not show a sys
tematic relationship between alteration extent and 
depth (Table 5).

Mechanical triaxial testing

Triaxial deformation experiments were performed on 
samples from sample sets 11 and 14 at effective press
ures of 40 and 70 MPa. The stress–strain curves and 
porosity reduction curves as a function of axial strain 
are plotted in Figure 11a,b, respectively. We first note 
that all samples were brittle at the tested effective 
pressures: all samples contained macroscopic shear 
fractures following deformation, the hallmark of 
brittle deformation (see definitions in Wong and 
Baud 2012; Heap and Violay 2021). We find that the 
peak stress of sample sets 11 and 14 increased as the 
effective pressure was increased (Figure 11). For 
example, the peak stress at failure for sample set 14 
increased from ∼155 to ∼180 MPa as effective 
pressure was increased from 40 to 70 MPa (Figure 
11a). The axial strain required to reach the peak stress 
also increased for both sample sets as the effective 
pressure was increased (Figure 11a). For example, 
the axial strain required for the peak stress for sample 
set 11 increased from ∼1.5 to ∼2% as effective pressure 
was increased from 40 to 70 MPa (Figure 11a). We 
also highlight that, for both sample sets, an increase 
in effective pressure decreased the slope of the strain 
softening portion of the stress–strain curves (i.e. the 
stress drop); this is most evident in sample set 11 
(Figure 11a). The porosity reduction curves show 
that the samples first compacted followed by dilation, 
apart from the sample from sample set 14 deformed at 
70 MPa, which compacted throughout (Figure 11b). 

Figure 10. SEM images highlighting the microstructure contrast between sample sets 11 (left) and 14 (right). Features of interest 
are labelled on each panel.
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We also note that the amount of compaction, and the 
strain at which the samples began to dilate, increased 
as the effective pressure was increased (Figure 11b). 
Following deformation, the porosities of all samples 
were reduced relative to their starting porosities 
(Figure 11b).

The triaxial experiments on sample sets 11 and 14 
were conducted at effective confining pressures 
much higher than those in-situ and show that, if 
these rocks were buried deeper, samples 11_1, 11_2 
and 14_2 would likely undergo initial compaction fol
lowed by dilational microcrack formation and 

Table 5. Alteration extent from thin section interpretation and key textural observations from SEM images, augmented by 
descriptions from GNS reports.

Sample set
Depth 

(m) Alteration extent
Textural observations from thin section and SEM 

interpretation

16 Rhyolite breccia 501 Moderate 
Angular breccia clasts replaced by clays.

Phenocrysts show jig saw style fractures. Presence of 
pumice described for this unit in RK9 (Rosenberg 1997).

1 Rhyolite lava 905 Very weak 
Plagioclase phenocrysts are fresh, with traces of calcite 
and illite in microfractures; pyroxene and hornblende 
are completely altered to chlorite, calcite leucoxene 
and sphene; magnetite is fresh. (Rosenberg 1997).

Microfracture network within phenocrysts; dense 
groundmass surrounding phenocrysts.

15 Rhyolite pumice 
ignimbrite

1113 Weak-moderate 
Ash sized matrix and pumice clasts mostly replaced by 
clays, chlorite and oxides; plagioclase phenocrysts 
mostly unaltered.

‘Partially welded, crystal-rich pumice ignimbrite’ (Rae 
et al. 2010). Plagioclase and quartz phenocrysts highly 
fractured, surrounded by fine-grained pumice matrix.

3 Fine grained 
sandstone 
conglomerate

1511 None Unaltered sandstone clasts (detrital quartz and 
plagioclase) in matrix of micaceous clay and chlorite 
(Rosenberg 1997).

7 Brecciated andesite 1821 Moderate-high 
Most groundmass and phenocrysts are replaced with 
secondary minerals. Plagioclase altered to albite, 
calcite, illite; pyroxenes altered to biotite-chlorite, 
epidote, calcite, anhydrite and actinolite; groundmass 
has quartz, chlorite, calcite and epidote replacement 
(Ramirez and Rae 2009).

Phenocrysts of plagioclase and pyroxene are fractured 
and surrounded by fine-grained groundmass, 
throughgoing fractures filled with epidote and chlorite 
(veins).

11 Andesite breccia 1852 High 
Groundmass pore space is variably filled by secondary 
minerals, such as quartz, chlorite, calcite, leucoxene and 
epidote, while plagioclase phenocrysts are partially 
altered to epidote, calcite quartz and albite and 
pyroxenes are completely altered to chlorite, epidote 
and leucoxene (Rae et al. 2009).

Phenocrysts show remnant highly fractured textures. 
Some of these fractures persist within the phenocrysts 
but do not propagate into the groundmass.

12 Andesite lava clast 
within a breccia

1854 High 
Most of the matrix and phenocrysts replaced by 
secondary quartz, leucoxene, chlorite, calcite and 
oxides Plagioclase is partially to completely altered to 
albite, epidote, calcite, fine grained quartz, pyroxenes 
are completed altered to chlorite, epidote and 
leucoxene (Rae et al. 2009).

Porphyritic andesite with 10-15% phenocrysts 
dominated by plagioclase, pyroxene and ilmenite, 
within an extremely fine-grained groundmass (Rae 
et al. 2009). Phenocrysts are not fractured.

14 Andesite lava 2081 Moderate-high 
Plagioclase completed altered to epidote, albite and 
chlorite; pyroxene completed altered to chlorite and 
epidote; ground mass altered to chlorite, epidote, 
quartz 
(Ramirez et al. 2009).

No microfractures observed; few phenocrysts, the 
majority of the pore space is unfilled and connected.

4.2 Andesite lava 2121 Weak-moderate 
Plagioclases fresh to slightly altered to andaluria, 
pyroxenes highly altered to chlorite (Siratovich et al. 
2014).

Plagioclase phenocrysts show rare microfractures.

13 Andesite 
lava

2147 Weak 
Plagioclases are fresh, pyroxenes and groundmass have 
minor alteration.

Most pyroxenes and plagioclase phenocrysts fractured.

10 Andesite breccia 2200 High 
Plagioclase altered to epidote, chlorite and albite, 
pyroxenes completed altered to chlorite, epidote and 
titanite, matrix is altered to chlorite, epidote, titanite, 
albite, quartz and pyrite (Ramirez et al. 2008).

Microfractures through and around plagioclase and 
pyroxene phenocrysts; majority of the surrounding 
fine-grained groundmass contains filled pore space.

21.4 Andesite breccia 2320 Moderate-high 
Plagioclase partially to strongly altered to adularia, 
calcite and epidote, pyroxene completely altered to 
chlorite, epidote and calcite, magnetite completely 
altered to leucoxene and groundmass completely 
altered to hematite and quartz with calcite and chlorite 
(Rae et al. 2010).

Intergranular microfractures infilled as veins with quartz, 
epidote, biotite and calcite (Siratovich et al. 2014). 
Phenocrysts microfractured, partially crushed and 
fragmented (Rae et al. 2010).

6 Hydrothermally 
altered fine 
grained 
sandstone 
(Basement 
Greywacke)

2606 Weak-moderate 
Secondary mineralogy of clay, chlorite, leucoxene, 
pyrite, calcite and epidote; plagioclase altered to albite; 
minor iron oxide staining (Milicich et al. 2008).

Semi-metamorphosed clast-supported rock fabric 
composed of detrital quartz, altered felspars and 
indisctinct lithics (Milicich et al. 2008) in a fine 
groundmass with very few pores; fractures infilled 
(veins) with quartz.
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coalescence until failure (Figure 11). This is evident 
when visually inspecting the post-deformation 
samples, which display clear strain localisation (Figure 
12). Sample 14_4 exhibits consistent compaction 
(Figure 11b), however it also eventually develops a 
localised failure surface (Figure 12). It is likely that, 
at slightly higher effective pressures, these rocks 
would transition from brittle to ductile behaviour.

Interpretation

One of the most important properties in a geothermal 
system is permeability. Matrix permeability (i.e. intact 

rock permeability) is controlled by the quantity and 
tortuosity of the void space within the rock. The quan
tity and tortuosity of this void space are a result of 
many factors, including the mode of formation and 
any subsequent geological processes occurring after 
formation (Cant et al. 2018). Geothermal environ
ments, including the RGF, are typically situated in 
geochemically harsh, volcanically and tectonically 
active areas, creating highly altered, micro-structurally 
complex and spatially variable rocks. This highlights 
that while geological units may be grouped, significant 
variation exists within them.

Siratovich et al. (2014) showed that rocks of the 
Rotokawa Andesite contain a pervasive network of 
isotropic microcracks induced by thermal stress. Mul
tiple geological episodes, including initial eruption, 
burial in a faulted graben, hydrothermal alteration 
and exhumation during core recovery, have caused 
the rocks to undergo multiple heating and cooling 
cycles (Rae 2007; Siratovich et al. 2014). Siratovich 
et al. (2014) also demonstrated the extent of micro
fracturing influenced the physical and mechanical 
properties of the rocks, such as ultrasonic wave vel
ocities and uniaxial compressive strength. Here, phys
ical property relationships are discussed, in particular 
how they relate to the matrix permeability. This is fol
lowed by a discussion of how these relationships can 
be of use to geothermal exploitation and other 
applications.

Physical properties

The relationships between the various physical and 
mechanical characteristics highlighted in the results 
show that for the sample sets from the Rotokawa 
reservoir, ultrasonic wave velocities could be used to 
estimate porosity or density, but not permeability. 
Dynamic modulus, a function of vp, vs and density, 
could also be used to predict porosity and 

Figure 11. Differential stress (a) and porosity reduction (b) 
and as a function of axial strain for samples from sample 
sets 11 and 14 deformed under an effective pressure of 40 
and 70 MPa; colour coded according to lithological description 
in Figure 5.

Figure 12. Photos of cores post triaxial deformation showing the resulting macroscopic shear fractures. We highlight that samples 
11_4 and 14_4 (and to some degree sample 14_2), the samples deformed at the highest effective pressure, show some off-fault 
damage.
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permeability. The relationships between porosity and 
density and permeability are also robust, as also 
observed by several authors (Bourbie and Zinszner 
1985; Stimac et al. 2004; Siratovich et al. 2014; Farqu
harson et al. 2015; Cant et al. 2018).

Matrix permeability is not only controlled by the 
volume of the void space, but also by the morphology 
and tortuosity of the void space (Cant et al. 2018), 
resulting in the moderate data scatter in Figure 6a. 
An examination of the SEM images from thin sections 
11 and 14 (Figure 10), which have similar porosity but 
permeability differing by nearly two orders of magni
tude, highlights one of the sources of variation (Figure 
6a). The microfracture network in sample 11 creates a 
narrow, tortuous path, which does not extend from 
the phenocrysts to the filled pores, resulting in a 
rock with a low-permeability that is highly sensitive 
to confinement. The connectivity of the porosity in 
sample 14 does not rely on narrow microfractures, 
resulting in a rock with a high permeability that is 
not particularly sensitive to confinement. We also 
highlight that the pore space in 14 is more evenly dis
tributed than in 11, encouraging connectivity, further 
promoting the higher permeability.

Petrophysical depth profiles

Porosity, density, ultrasonic wave velocity and 
dynamic Young’s modulus tend to systematically 
change with increasing depth from which the sample 
was obtained (Figure 13), as also shown by Massiot 
et al. (2022), although there is considerable spread in 
the data. Our porosity measurements were undertaken 

at ambient pressure. We would expect them to 
decrease with confinement, up to 3% (Durán et al. 
2019; Eggertsson et al. 2020; Carbillet et al. 2021). 
This would be associated with a similarly small 
increase in density, an increase in ultrasonic wave vel
ocity (up to 20% for pressures at 50 MPa (Durán et al. 
2019)) and an increase in dynamic Young’s modulus 
(28−100% for pressures at 50 MPa (Durán et al. 
2019)). Therefore, the depth-related changes in these 
parameters observed for this dataset would be more 
pronounced if measured at in-situ pressures.

These depth-related variations at laboratory con
ditions highlight that burial and alteration processes 
have had a systematic, albeit variable, effect on the 
physical properties of the rocks in the Rotokawa 
geothermal reservoir. Certainly, compaction of the 
high-porosity volcanic and volcaniclastic rocks could 
be responsible for some of these changes, similar to 
compaction processes in sedimentary rocks. Altera
tion also has an effect, although these effects have 
been shown to be variable and secondary to the texture 
of the protolith (Mordensky et al. 2018; Durán et al. 
2019).

A closer inspection of Figure 13 shows that the 
properties of the altered andesite breccias do not 
change with depth, and the altered andesite lavas 
have higher porosity than the slightly deeper non- 
altered andesite lavas. It is important to note that 
physical properties can change within a single flow 
unit, for example porosity of less than 5% for dense 
coherent andesite lava and greater than 25% for its 
brecciated margin, as observed by Mordensky et al. 
(2018). In addition, the presence of unaltered or 

Figure 13. Depth profiles for ambient pressure a) porosity b) density, c) ultrasonic wave velocity and d) dynamic Young’s modulus.
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more porous or less dense material at greater depth 
than altered or less porous or denser material high
lights that increased depth does not necessarily corre
spond to increased alteration, decreased porosity and 
increased density. Meanwhile, the ignimbrites have 
higher porosity than the shallower rhyolite lavas and 
breccias, which have similar porosity to the deeper 
sandstone. Clearly, primary texture continues to play 
a significant role on the physical properties of the 
studied rocks, even after deep burial. As a whole, the 
rhyolite lavas and breccias tend to have a higher por
osity, and lower density, ultrasonic wave velocity and 
dynamic Young’s modulus than the deeper andesite 
lavas and breccias. This highlights the complex inter
action of burial, alteration grade (e.g. argillic versus 
propylitic), and original texture on the physical prop
erties of the rocks in the TVZ, as also shown by Cant 
et al. (2018). This study provides additional data and 
interpretation of the properties of buried and altered 
volcanic rocks from geothermal systems to fill in 
some of the gaps remaining from Cant et al. (2018), 
while also confirming that systematic relationships 
are not evident in these environments. More studies 
on these materials are necessary to adequately charac
terise the highly variable subsurface.

Effect of confining pressure

Increasing the confining pressure acting on samples in 
a laboratory can be used as a proxy for increased 
depth. As observed in Figure 7, increasing confining 
pressure causes a decrease in permeability for most 
samples. It is shown in Cant et al. (2018) and 
(Durán et al. 2019), for example, that the type 
(rounded pores, microfractures, or a mix of both) of 
connected porosity plays a significant role as to how 
sensitive rocks are when pressure is applied. Cant 
et al. (2018) found that the permeability of volcanic 
samples with a porosity predominantly consisting of 
microfractures was much more sensitive to confining 
pressure, whereby a larger decrease in permeability 
was observed when confining pressure was applied 
than for samples with pore-dominated porosity.

This effect can be further demonstrated for this 
dataset by contrasting sample sets 11 and 14, which 
have similar porosity (16–17%) and density (2.33– 
2.27 g/cm3). As summarised in Table 5, the micro
structure of thin section 11 has a fracture network 
focussed in its phenocrysts and infilled pores, whereas 
thin section 14 exhibits unfilled porosity (Figure 10). 
The permeability of the pore-dominated sample set 
14 does not decrease, even when 30 MPa is applied, 
whereas, the permeability of sample set 11, a sample 
that contains some fractures, progressively reduces 
its original permeability by 50% at 30 MPa confine
ment (Figure 7). The comparison between the mech
anical behaviour of the sample sets 11 and 14 with 

that of fresh, unaltered volcanic rocks (for example 
from Heap and Violay 2021) suggests that the complex 
microstructure and alteration that characterises 
sample sets 11 and 14 has influenced their mechanical 
behaviour such that, when compared with fresh, unal
tered volcanic rocks of a similar porosity, they will 
likely transition to ductile behaviour at lower effective 
pressures.

Because of their aspect ratio, microfractures 
initially close elastically at low pressures or differential 
stresses, with surface roughness and asperity height 
controlling further, non-elastic closure at higher stress 
(Cant et al. 2018; Durán et al. 2019). In contrast, the 
closure or collapse of round pores requires high press
ures or differential stresses. Since both samples have 
similar moderate-high propylitic alteration (see 
Table 1) and porosity, this leaves the primary texture 
(breccia versus lava), pore size, the presence of pore 
infilling and microfractures as the main differences 
between the rock types, and presumably, results in 
the different observed mechanical behaviours. The 
infilled pores and crystal-limited microfractures in 
sample set 11 both reduce permeability and increase 
the strength, when contrasted to sample set 14, 
which contains unfilled pores.

Sample set 16 (altered rhyolite breccia from 501 m 
depth) exhibits the highest permeability sensitivity to 
confining pressure. The calculated in-situ stress for 
this shallowest sample is ∼3.5 MPa. The confinement 
was only increased to 15 MPa for this sample set 
because applying a confining pressure above the maxi
mum in-situ stress could cause non-recoverable defor
mation of the sample, resulting in permeability 
measurements that do not reflect the state of this 
material. The permeability decreased by nearly an 
order of magnitude over the tested range of confining 
pressures. Petrographic thin section analysis shows 
pervasive fractured phenocrysts (Figure 14), which 
are closed upon increasing the confining pressure, 
restricting fluid flow through the sample upon closure, 
again highlighting the role of microfractures on sensi
tivity of permeability to confining pressure.

In-situ permeability

A critical application of this dataset is to estimate in-situ 
permeability values. To determine an estimate of the in- 
situ permeability for each sample set, the dry density- 
based effective stress model was applied. Table 6 pro
vides a summary of the calculated in-situ effective stress 
values from the stress model for each sample set, along 
with the calculated permeability value from the per
meameter test run at the closest confining pressure. 
Figure 15 provides a permeability depth profile at the 
confining pressure closest to in-situ.

The permeability at the in-situ pressure shows a 
general decreasing trend; however, there is a wide 
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range of permeabilities for the andesite lava and brec
cia (Table 6). This is once again related to the micro
structure of each sample set, and how each rock 
responds differently to increased confining pressure, 
in particular for the Rotokawa Andesite, which varies 
laterally and vertically, and is the result of several 
eruptive flows (McNamara et al. 2015).

Application to geothermal exploration and 
exploitation

The purpose of conducting this research is to explore 
the ability to help predict hard to obtain parameters, 
such as permeability, for the exploitation of geother
mal systems. The core used in this study was extremely 

Figure 14. Plane polarised light photomicrograph for sample set 16 highlighting fracturing within the sample.

Table 6. In-situ confining stress calculated from the lithostatic model with the closest tested confining pressure and the 
corresponding permeability.

Sample set Lithology
Depth 

(m)
Calculated in-situ effective vertical 

tress (MPa)
Tested confining 
pressure (MPa)

Permeability at/near calculated in- 
situ stress (m2)

16_1 Rhyolite breccia 501 5 5 2.26E-18
16_3 Rhyolite breccia 501 5 5 2.67E-18
1_1 Rhyolite lava 905 12 12.5 1.09E-18
1_3 Rhyolite lava 905 12 12.5 1.24E-18
3_1 Sandstone 

conglomerate
1511 23 25 2.77E-19

3_3 Sandstone 
conglomerate

1511 23 25 2.22E-19

7_3 Andesite breccia 
altered

1821 30 30 1.15E-19

11_1 Andesite breccia 
altered

1852 25 25 3.43E-18

11_3 Andesite breccia 
altered

1852 25 25 4.23E-18

11_4 Andesite breccia 
altered

1852 25 25 4.20E-18

12_2 Andesite lava altered 1854 25 25 1.96E-18
12_3 Andesite lava altered 1854 25 25 1.53E-18
14_1 Andesite lava altered 2081 30 30 1.72E-16
14_2 Andesite lava altered 2081 30 30 2.36E-16
14_4 Andesite lava altered 2081 30 30 2.39E-16
27_4.2_1 Andesite lava 2120 32 30 1.91E-19
27_4.2_3 Andesite lava 2120 32 30 1.61E-19
10_1 Andesite breccia 

altered
2200 30 30 3.80E-18

10_3 Andesite breccia 
altered

2200 30 30 1.92E-18

30_21.4_4 Andesite breccia 
altered

2320 29 30 2.45E-19

30_21.4_6 Andesite breccia 
altered

2320 29 30 3.02E-19

6_1 Greywacke altered 2606 38 20 5.42E-20
6_3 Greywacke altered 2606 38 20 8.88E-20
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expensive, time consuming and potentially risky to 
recover (Siratovich et al. 2014). There are downhole 
geophysical logging techniques for measuring porosity 
and ultrasonic wave velocity measurements (Massiot 
et al. 2022). With the use of the relationships described 
in this research, these measurements (in particular 
porosity, but also dynamic Young’s modulus derived 
from ultrasonic wave velocities and density) can be 
used to predict values which are more difficult to 
obtain, such as matrix permeability, using the 
regression formulas provided in Figure 4. These 
relationships, however, do not account for macro- 
scale features, such as macrofractures, which will 
have an effect on both permeability (e.g. feed zones, 
as described in McNamara et al. (2015) and (Massiot 
et al. 2017)) and the geophysical measurements them
selves. Additional work is needed to link downhole 
measurements, as in Massiot et al. (2022) and labora
tory measurements, such as those presented here.

It must be emphasised that these predictions are 
only estimates. The scatter of data, caused by the het
erogeneous nature of the rocks, results in a range of 
behaviour and properties at given depths and litholo
gies. A prime example of this is the similarities and 
differences between sample sets 11 (breccia) and 14 
(lava) from the Rotokawa Andesite unit. Another 
example is the very poor fit of ultrasonic wave vel
ocities with permeability. The Rotokawa Andesite is 

grouped based on a geochemical signature (McNa
mara et al. 2015), and not on physical and mechanical 
properties. From a rock mechanics perspective, the 
variability in the mechanical relationships described 
in this research demonstrate the importance of 
thorough investigation of localised samples, especially 
when hosted in a hydrothermally active system.

This research also provides depth profiles for sev
eral physical properties in the RGF. While the models 
show a systematic trend with depth, the cause of this 
relationship is manifold and complex. Nevertheless, 
these profiles can provide first-order estimates for a 
variety of properties representing a wide range of stra
tigraphic units present in the RGF. Siratovich et al. 
(2014) fitted microstructural and empirical corre
lations which took into account micro-structural var
iances in the model. The use of the data in this 
research could be used to further refine these models.

Conclusions

The objective of this research was to carry out a sys
tematic laboratory study of the physical and mechan
ical properties of the Rotokawa geothermal field using 
a unique sample set from core obtained during well 
drilling, and relate them to in-situ stress conditions, 
as well as to each other. The following are key con
clusions of the research: 

. While there is a general relationship between por
osity and permeability, the effect of microstructure 
can cause significant variation permeability, so cor
relation may be used taking into account a variabil
ity within half an order of magnitude.

. The complex microstructure and alteration of 
samples from the Rotokawa geothermal field reduces 
their strength and the pressure at which they tran
sition to ductile behaviour, when compared with 
mechanical data for fresh, unaltered volcanic rocks 
from the literature. Differences in the mechanical 
behaviour of the tested samples varies as a result of 
their different microstructures (primary texture, 
pore size, presence of microfractures), owing to 
their similar alteration grade and intensity. The 
large variations in microstructure observed within 
the Rotokawa geothermal field suggests a wide 
range of mechanical properties and behaviour.

. Bench-top ultrasonic wave velocities have minimal 
correlation with permeability; however, when com
bined with density to calculate the dynamic 
Young’s modulus, a power-law fit could be used 
to estimate permeability. A number of linear and 
power-law fits were also derived for various phys
ical parameters, which could be used for estimating 
difficult to obtain parameters.

. There is a general trend of decreasing permeability 
with increasing confining pressure. The presence of 

Figure 15. Depth profiles for permeability at the nearest confi
ning pressure to the calculated in-situ effective stress.
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microfractures results in a permeability sensitive to 
confining pressure. Samples with no microfractures 
and unfilled pores show little to no decrease in per
meability with confining pressure as long as the 
confining pressure is lower than the in-situ stress.

. Despite an overall trend with depth, there is a wide 
range in porosity, density, ultrasonic wave velocity, 
dynamic Young’s modulus and permeability that 
depends on both the original and altered micro
structural textures of individual samples.
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