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Abstract

Changes in permeability can impact geological processes, geohazards, and geothermal
energy production. In hydrothermal systems, high-temperature heat sources drive fluid
convection through the pore network of reservoir rocks. Additionally, thermal fluctuations
may-induce microfracturing and affect the mineralogical stability of the reservoir rock, thus
modifying the fluid pathways and affecting permeability and strength. This study describes
the results'of thermal heating events lasting several hours on a “moderately altered”
plagioclase-clinochlore-calcite-quartz andesite and a “highly-altered” plagioclase-
clinozoisite-quartz-clinochlore andesite from the Rotokawa geothermal field, New Zealand.
We use a low thermal gradient (~ 1.2 °C/min) in an H20-saturated, 20 MPa pressure
environment to constrain changes in petrophysical properties associated with transitory
thermal phenomena between 350 °C and 739 °C. As the treatment temperature increases, the
mass reduces, while porosity and permeability increase. These effects were greater in the
“moderately altered” andesite than in the “highly altered” andesite. Microfracturing is
responsible for these changes at lower temperatures (e.g. up to 400 °C). At higher
temperatures (e.g. > 400 °C), microfracturing remains partially responsible for these rock
property changes (e.g. higher permeability); however, these changes are also a product of
clinochlore, quartz, and (when present) calcite reacting out of the altered andesite, and
increasing porosity. We propose that at temperatures > 400 °C, volumetric phase changes
associated with heat driven reactions in a wet environment can contribute to micro-cracking
and porosity/permeability changes. Our data support observations where high-temperature
conditions at the margins of magma bodies can be associated with substantial increased

permeability and decreased strength.

Plain Language Summary

Fluids squeeze through pathways in rocks to reach the surface. These pathways may
consist of connected pores and/or cracks. Here we present experiments that test whether
changes in temperature can create new fluid pathways in rocks from a geothermal reservoir.
We slowly heat and cool the rocks to avoid shock heating, up to a maximum of 739 °C for
approximately 30 hours. We find that even this short-term heating can generate large changes
in the'fluid pathways. New cracks form as temperature-sensitive minerals change in the rock.

Our results show that heated rock around a magma chamber may allow more fluid to flow
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compared to ambient-temperature rock. The ability of rock around magma chambers to
release fluid and gas is an important constraint when considering geothermal energy or the

potential of a volcano to erupt.

1 Introduction

Hydrothermal fluids have long been sought for their utilisation as a heat source and
conversion to electrical energy (Cataldi, 1993). Geothermal systems, especially those hosting
an active hydrothermal system, provide a substantial resource to supply large populations
with reliable, environmentally-friendly, sustainable energy. The driving geological
components of a hydrothermal system (i.e. heat source, convecting fluid, and permeable
conductive zone; Grant & Bixley, 2011; Corrado et al., 2014) are complexly interrelated.
Therefore, the interplay between these three variables is of utmost interest. Active magmatic
provinces.commonly host important hydrothermal systems, e.g. in the Central Chilean Andes
(Grunder et al., 1987), North-Central Oregon (Ingebritsen et al., 1989), and the Taupo
Volcanic Zone, New Zealand (Rowland & Sibson, 2004). The thermal conditions directly
adjacent to magmatic magma bodies may reach circa 1200 °C (Sigurdsson et al., 2000; and
references therein), promoting vigorous fluid circulation (Scott et al., 2015). Although current
geothermal boreholes rarely record temperatures >350 °C, this is largely due to current
engineering limitations and associated risks; temperatures of 500-700 °C can be expected
closer to magma bodies (Mortenson et al., 2014; Annen 2017). The profitable development of
a geothermal power plant that uses high-enthalpy fluids targets reservoir rock with a narrow
range-of permeability (Scott et al., 2015). In hydrothermal systems for which the reservoir-
scale rock mass permeability is lower than 1026 m?, it is expected that heat transport is
primarily controlled by conduction, which is substantially less efficient for heat transport than
convection (Ingebritsen et al., 2006). In contrast, if the reservoir-scale rock mass permeability
exceeds 1014 m?, as may be possible if fractures are present (e.g., Heap and Kennedy 2016;
Lamur etal., 2017; Eggertsson et al., 2018), fluid convection is too rapid to promote optimal
enthalpy (Cathles, 1977; Norton & Knight, 1977; Hayba & Ingebritsen, 1997). Therefore,
understanding the impacts of heat sources on adjacent host-rock permeability will serve to

increase the efficiency of ongoing and future geothermal energy production efforts.

Hydrothermal systems are dynamic environments, in which heat, fluid composition,

reservoir rock permeability and strength fluctuate. Thermal stressing may cause relative

©2019 American Geophysical Union. All rights reserved.



expansion of solid (e.g. mineral) phases in the host rock (e.g. Barlett, 1832; Rosenholtz &
Smith, 1941; Siratovich et al., 2015b). When the rock temperature surpasses those previously
experienced, permanent damage may occur (i.e. the Kaiser effect; e.g. Wyering et al., 2014,
and references therein). Thermal cracking during heating has been attributed to several
processes: the mismatched thermal expansion of minerals, temperature gradients induced as a
function of heating rate, anisotropic thermal diffusivity of minerals, the bursting of fluid
inclusions, mineral decomposition and devolatilization (e.g. Simmons & Cooper, 1978;
Wong & Brace, 1979; Lo & Wai, 1982; Keshavarz et al., 2010; Heap et al., 2012). As rocks
are weaker in tension than compression (e.g., Harnett, 2019), cooling may be more likely to
induce thermal fractures than heating (for comparable rates of temperature changes in our
experiments; cf, Heap et al., 2014b; Schaefer et al., 2015; Browning et al. 2016); especially
with higher cooling rates as can be induced by ingress of cooler water (e.g., Siratovich et al.,
2015a; Villeneuve and Siratovich, 2015; Eggertsson et al., 2018). Yet the microstructure of
rocks-is.central to the development of thermal fractures (at the laboratory scale), as they
favourably develop in intact material originally containing few fractures; if fractures are,
however, initially abundant in a material, its propensity to thermally fracture lessens (e.g.,
Eggertsson et al., 2018). The generation of these thermal fractures augments the permeability
of the rock (Kendrick et al., 2013; Heap et al., 2014b; Browning et al., 2016; Eggertsson et
al/, 2018). Hydrothermal fluids and heat input may also dissolve or break down rock-forming
minerals, thus creating additional permeable porous pathways for fluid flow (e.g. Nemc¢ok et
al., 2007; Heap et al., 2012; Kanakiya et al., 2017; Cant et al., 2018; Farquharson et al.,
2019). Alternatively, hydrothermal fluids may induce the precipitation of minerals (e.g. clays,
salts, carbonates, silica polymorphs) within the pores and cracks (e.g. Rowland & Sibson,
2004 Griffiths'et al., 2016; Kanakiya et al., 2017) and thereby decrease permeability (e.g.
Heap et al., 2017). The permeability evolution of the reservoir rock is ultimately governed by
the temperature, stress field, and chemistry of the system (fluids and solids), which control
fluid convection (Fournier, 1985; and references therein). Magma provides the heat in many
hydrothermal systems. The intrusion and subsequent cooling of magma in host rock can
(re)activate and/or modify hydrothermal systems (Cathles et al., 1997; Grant & Bixley, 2011,
Liotta et al., In Press). An extreme example of this was documented at Krafla volcano,
Iceland (Mortensen et al., 2014; Scott et al., 2015), where large changes in rock mass
properties were encountered during drilling close to an active shallow rhyolite magma body,
providing evidence of the thermal and chemical impact of the magma body on the
surrounding host rock.
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The effects of temperature on the physical, chemical, and mineralogical properties of
volcanic.rocks has been the subject of a range of studies (e.g. Kitao et al., 1990; Bjérnsson,
2004; Siratovich et al., 2015a,b; Browning et al., 2016), but the range of scenarios (e.g.
heating versus cooling), conditions (e.g. magnitude of temperature fluctuations), and
reservoir rock types (e.g. unaltered versus altered) has prevented the generalisation of the
impact on the resultant reservoir rock permeability. For instance, cooling results in
contraction, which may generate macroscopic thermal cracks to promote fluid flow (Lamur et
al., 2018) yet it may also precipitate secondary mineralisation that can, through time, block
otherwise permeable pathways (Heap et al., 2017). In contrast, the impact of temperature
increase (e.g. from magma intrusion) on the resultant rock permeability remains poorly
constrained (Gaunt et al. 2016; Kushnir et al., 2017) as it has received noticeably less
attention.than the influence of changes in pressures on permeability (e.g. Gudmundsson,
2006; 2011; Heap et al., 2014a; Lamur et al., 2017; Heap et al., 2017; Eggertsson et al., 2018;
Cantetal., 2018). Understanding how the permeability of reservoir rock changes in response
to thermal fluctuation is critical to elaborate solutions to maintain the economic potential of
hydrothermal resources. In summary, previous experimental studies on the impact of heat on
the physical properties of rock have occurred either in wet conditions at lower temperatures
(Siratovich et al., 2015b) or high temperatures in dry conditions (e.g. Rocchi et al. 2004;
Heap et al., 2013a, b), including on altered rocks (e.g., Heap et al., 2012), but (to our
knowledge) no studies have focused on hydrothermally altered rocks collected from a

geothermal well.

In this study, we expose water-saturated reservoir rock (i.e. two suites of andesite with
propylitic alteration assemblages) from the Rotokawa geothermal field, New Zealand to high
temperatures (up to 739 °C) lasting several hours (up to 30 hours total heating and cooling
time with 30 mins at target temperature) to investigate the impact on porosity, permeability,

and mineralogy.
1.1 Geological context of the Rotokawa hydrothermal system

New Zealand, a world leader in geothermal power, hosts the majority of its
geothermal power production within the Taupo Volcanic Zone (TVZ; Fig. 1). The Rotokawa
andesite, encountered at 1.5 — 2.5 km depth in the TVZ serves as the primary reservoir rock
forthe Rotokawa geothermal field. This system is 14 km NE of Taupo and hosts > 13
production wells as part of a large industrial complex, producing 24 MWe at the Rotokawa |

power station and 140 MWe at the Nga Awa Purua power station.

©2019 American Geophysical Union. All rights reserved.



The 1.9 Ma Rotokawa andesite has a primary composition of medium- to low-K, calc-
alkaline andesitic lavas; however, these lavas have undergone extensive propylitic
hydrothermal alteration in a high-enthalpy hydrothermal system following their burial 0.34-
0.30 Ma ago (Chambefort et al., 2014; McNamara et al., 2016). Pre-alteration mineralogy
was predominantly composed of plagioclase and pyroxene phenocrysts in a microlitic
groundmass consisting of plagioclase and titanomagnetite. Rock-fluid interaction variably
altered the primary plagioclase to albite, adularia, calcite, pyrite, and epidote. Pyroxene
crystals were partially to completely altered to chlorite, quartz, calcite, and epidote. The
groundmass was replaced with chlorite, leucoxene, haematite, and silica minerals (see
Siratovich et al., 2016).

The aqueous ion chemistry in the Rotokawa hydrothermal fluids varies spatially and
temporally and is the product of interaction between the rock and meteoric, magmatic and/or
connate fluids (Rowland & Simmons, 2012; Siratovich et al., 2016). Consequently, the
chemistry:is partially dependent on the permeability of the crystallizing magma bodies and
surrounding host rocks (Norton, 1984), leading to the high degree of alteration and rock
property variability found in the hydrothermal system. The variation of in situ temperatures
(currently reaching 340 °C) and pressures at depths up to ~1.5 to 2 km (e.g. pore pressure
from 0 — 20 MPa; lithostatic pressures from 0 — 60 MPa with effective mean pressures of 0 —
10 MPa; Davidson et al., 2012) throughout the andesites’ history has promoted the spatial
development of rocks with a range of mechanical and physical rock properties (Siratovich et
al., 2012, 2014, 2016; Wyering et al., 2014; Massiot et al. 2017).

The mechanical and physical rock properties of the Rotokawa andesite are highly
variable because the petrological properties of the rock varies with alteration facies over short
distances (< 0.5 m; Siratovich et al., 2016). Vesicles (commonly irregularly shaped),
fractures, and inter-granular pore space are variably filled with secondary minerals (e.g.
chlorite, quartz, epidote, and/or calcite; Siratovich et al., 2016). The intensity of alteration
may evolve from moderate to high over short distances across transitions between the inner,
coherent parts of lavas to more brecciated parts (Siratovich et al., 2016). Consequently, the
samples collected from coring exhibit a spectrum of mechanical properties; for instance,
highly altered samples are weaker and dilate less than moderately altered rocks during
deformation in the brittle field, and microscopic damage is more diffuse in high-porosity than

in low-porosity samples (Siratovich et al., 2016).
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2 Materials and Methods

We investigate the impact of thermal treatment on the porosity and permeability of
hydrothermally altered andesite using two different mineral assemblages from the Rotokawa
hydrothermal system; an altered plagioclase-clinochlore-calcite-quartz andesite, which we
label the <“moderately altered” andesite herein, and an altered plagioclase-clinozoisite-quartz-
clinochlore andesite, which we label the “highly altered” andesite herein. Spot cores of the
moderately and highly altered Rotokawa andesite were obtained during the drilling of
Rotokawa production wells RK28 and RK29, respectively (Fig. S1; Siratovich et al., 2016).
The spot cores were further cored with a 20 mm-diameter diamond bit. The samples were cut
and ground to a length of 40 mm. Before the temperature treatment, we characterised the
physical rack properties of the samples to compare to those of post-treatment samples.
Porosity and density were measured by the Archimedes triple weight method. P- and S-wave
velocities were collected using a GCTS CATS interfaced with transducer-mounted
piezoelectric quartz crystals operating at a 900 kHz resonance frequency under unconfined
atmospheric conditions. Permeability was collected using argon gas in the PDP-200 steady-
state permeameter at an effective confining pressure of 1 MPa. See Mordensky et al. (2018)
for additional details on physical characterization methods performed at the University of
Canterbury. We ensured that the physical properties of the cores produced from each
respective rock type (moderately and highly altered) were similar (i.e. porosity, permeability,
p-wave velocity) so as to minimize the potential impact of sample variability in such

heterogeneous materials.

2.1 Thermal treatment

Altogether, we thermally treated 18 samples (9 moderately altered and 9 highly
altered,-one for each target temperature) in the temperature-pressure Magma Brewery
autoclave at the University of Canterbury, New Zealand (Fig. 2). A pump applied 20 MPa
pressure using distilled H20. The temperature was then raised to 350, 400, 450, 500, 550,
600, 650;,700, or 739 °C. As temperature increased, excess H20 was bled via a manual
micro-metering pressure release valve from the confinement system to maintain 20 MPa
pressure. To minimise the generation of thermal cracks from thermal gradients caused by
rapid heating (e.g. Todd, 1973; Richter & Simmons, 1974; David et al., 1999; Siratovich et
al., 2011; Browning et al., 2016) and thus concentrate our investigation on the impact of

mineral instability on the resultant physical properties of the rock, we estimated the thermal
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diffusivity using the mineral conductivity and specific heat for the mineralogy of a typically
altered Rotokawa andesite with 55% plagioclase, 5% each of quartz and calcite and 35%
chlorite as 1.8e® m?/s. This is consistent with the values for upper mantle rocks in Gibert et
al. (2003), and for Waiora Formation fresh andesites (Mielke et al. 2015). Based on a
simplified version of the diffusivity equation given in Carslaw & Jaeger (1959) and Gibert et
al. (2003), and ignoring the impact of water in the pores, we estimate a theoretical heating
rate = radius?/thermal diffusivity = 1.1 °C/min. In order for most of our experiments to be at
temperatures >100 °C for less than 24 hours and to minimize safety issues we heated the
cores at a rate of approximately 1.2 °C/min and cooled at a constant rate of approximately 1.1
°C/min to ambient temperatures (Fig. 3). To assess the impact from exposure to high
temperatures in an H20-saturated environment, we left them to dwell at the peak temperature
for 30 min. In order to avoid barometrically stressing the samples due to phase changes
associated with the liquid-vapour phase transition during cooling, pressure was released to
ambient atmospheric conditions (~50 kPa/min) once the sample reached 390 °C. After

thermal treatment, the physical properties were characterised again.
2.2 Scanning electron microscopy

Energy-dispersive X-ray spectroscopy (EDS) analysis was completed using a JEOL
IT-300 scanning electron microscope (SEM) interfaced with an Oxford X-MAXN 50 with an
accelerating voltage of 15 kV, a working distance of 10 mm, a spot size equivalent to a 40
JEOL probe current as defined by Japan Electron Optics Laboratory Company Ltd. Samples
were cut, ground, and polished using diamond-tipped instruments and then carbon coated.
Backscattered electron images were collected for both sample suites on untreated, 400 °C-
treated, 600 °C-treated and 739 °C-treated samples.

2.3 X-ray diffraction analysis

Sample compositions were determined by X-ray powder diffraction (XRD) analysis
using a Bruker D8 Advance Bragg-Brentano theta-theta powder diffractometer at the
University of Leicester, UK. The machine uses Cu Ka radiation and is equipped with a
LynxEye position-sensitive detector and a 90-position auto-sampler. The scan range was 4 to
90 degrees 2-theta, with a step size of 0.01 degrees and a scan rate of 0.5 s per step. Phase
identification was carried out using DIFFRAC.EVA software, interfaced with the PDF-4
database from the International Centre for Diffraction Data (ICDD), Philadelphia, USA. This
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analysis was conducted on the original (untreated) moderately and highly altered samples as
well as on the samples subjected to temperatures of 600 °C and 739 °C.

2.4 Thermo-gravimetric analysis

Thermo-gravimetric (TG) analysis was conducted by simultaneous thermal analysis
(STA) using a Netzsch STA 449 F1 Jupiter at the University of Liverpool, UK (see also
Siratovich et al. (2015b) for details on the measurements of the Rotokawa andesites). Sample
chips (circa 50-60 mg) were oven dried at 70 °C for several hours and held in an air-tight
desiccator for thermal equilibration to atmospheric temperature and to minimise the presence
of residual water molecules (that could affect weight determination) prior to testing. The
sample chips were then loaded in a platinum sample crucible in an atmosphere flushed by
argon gas.at a flow rate of 20 ml/min. The sample assembly was heated at a rate of 5 °C/min
t0900 °C, whilst measuring thermo-gravimetric changes in sample weight (at an accuracy of
+ 25'ng), which may fluctuate due to reactions (e.g. dehydration, calcination or
oxidation/reduction). These measurements were conducted on 6 samples (i.e. untreated, 600

°C-treated, and 739 °C-treated samples from the moderately and highly altered andesites).
3 Results
3.1 Microstructural and sample composition analysis

Thermal treatment induced microfracturing in both the moderately and highly altered
andesite. In the moderately altered andesite the microfractures in the untreated samples are
short (< 200 um (Fig. 4a)), have narrow aperture, and are mostly independent of each other.
Following treatment to 400 °C the microfractures, although more common and longer than in
the untreated samples, remain short (< 300 um), have narrow aperture and are predominantly
independent of each other (Fig. 4b), whereas following treatment to 600 °C the
microfractures are slightly wider, longer and more interconnected (Fig. 4c). After treatment
to 739 °C long (> 500 um) microfractures cross-cut phenocrysts and the groundmass, and
have a wider aperture (Fig. 4d). The long, through-cutting microfractures intersect other

microfractures.

In the highly altered andesite microfracture density and intersection are not as
prevalent as in the moderately altered andesite. The microfracture length, density, width and
interconnectedness are similar for the untreated sample as the sample treated to 400 °C (Fig.
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5a,b), while the density, width and interconnectedness all increase in the sample treated to
600 °C (Fig. 5¢). For the sample treated to 739 °C long (> 500 um) microfractures cross-
cutting phenocrysts and the groundmass are present, in addition to an increase in width and
interconnectedness of the shorter microfractures (Fig. 5d). Also of note is that microfractures

are predominantly within clinochlore, quartz and plagioclase phenocrysts.

The electron-dispersive X-ray spectroscopy (EDS) and X-ray powder diffraction
(XRD) composition analyses produced generally consistent results. EDS shows that the
moderately altered andesite is composed of plagioclase (45 — 55%), clinochlore (OH-bearing,
magnesium-rich chlorite; 30 — 35%), quartz (5 — 10%), and calcite (5 — 10%) phenocrysts
with.a groundmass predominated by 10 — 20 um interlocking crystals with the same
composition as the phenocrysts (Fig. 6a). The highly altered andesite contains plagioclase (80
— 95%) and quartz (5 — 20%) phenocrysts with interstitial clinochore. The plagioclase grains
display varying states of partial alteration to clinozoisite (10 — 30%). The 10 — 20 um
crystalline'groundmass is predominantly plagioclase and clinochlore with pores and traces of

clinozoisite, quartz, and calcite (Fig. 6d).

The EDS results also highlight the textural differences between samples treated to
different temperatures. In the treated samples, the clinochlore, quartz, and calcite have
reaction textures not present in the control samples (Fig. 6). The moderately altered sample
treated to.600 °C shows reaction textures at the quartz-clinochlore interfaces, but not at the
quartz-calcite, nor the quartz-plagioclase interfaces (Fig. 6b). The moderately altered sample
treated to 739 °C shows similar quartz interface textures, in which a substantial volume of
clinochlore and quartz have reacted out of the rock, and additional reaction textures in the
calcite phenocrysts (Fig. 6¢). The highly altered sample treated to 600 °C shows minor
reaction-textures at the quartz-clinochlore interfaces, but not at the quartz-plagioclase
interfaces (Fig. 6e), while the highly altered sample treated to 739 °C shows similar quartz
interface textures (Fig. 6f) with a breakdown texture visible in the clinochlore-quartz-
plagioclase groundmass. For all samples, the plagioclase and the clinozoisite do not display

reaction textures.

The EDS mineralogy results for the untreated samples are confirmed by X-ray
diffraction (XRD) analysis (Fig. S2). XRD analysis of the samples treated at 600 °C found
the same phases as in the untreated samples, but did not detect clinochlore in samples treated

at 739 °C. That is, XRD analysis only detected plagioclase, quartz, and calcite in the
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moderately altered samples treated at 739 °C and plagioclase, quartz, and clinozoisite in the
highly altered samples treated at 739 °C.

3.2 Thermo-gravimetric analysis

The TG analyses of the control samples of moderately altered and highly altered
andesites exhibit two reactions initiating around 500 °C and at 650 °C (Fig. 7). For the
moderately altered sample treated to 739 °C, only one reaction is detected because the
minerals involved in the reaction initiating at 500 °C are no longer present, while those of the
second reaction initiating at 650 °C remain. In the discussion below we proposed possible
reactions to explain these mass losses. For the highly altered andesites the second reaction is

either very minor or does not occur.

The highly altered control samples have noticeably smaller total mass loss than the
moderately altered samples during both reactions (mean mass loss for highly altered 0.05 g,
compared to 0.67 g for moderately altered (Table 1)). The highly altered sample subjected to
600 °C exhibits greater mass loss compared to its respective control sample. We note some
weight loss at low temperatures (< 100 °C) during STA in the highly altered sample treated to
739 °C. Siratovich et al. (2015b) observed comparable mass loss at similarly low
temperatures in untreated samples from the Rotokawa andesite. When considered with the
XRD analysis, this anomalous TG behaviour is most likely due to adsorbed atmospheric

molecular water loss.
3.3 Pre- and post-treatment physical properties of the Rotokawa andesite

The untreated bulk rock density of the moderately altered andesite is higher than that
of the highly altered andesite (Table 1). This distinction is the result of the difference in
porosity between the two sample series and remains true irrespective of the temperature
reached for the thermal treatments in this study (Table 1). It is also important to note that
sample volume increased as a result of higher treatment temperatures (> 650 °C). Neither
sample suite displays a systematic density evolution with temperature (Table 1); however, the
density of both the moderately and highly altered andesites generally decreases with
temperature of the thermal treatment. In general, the changes in bulk sample density are < 1%
forthermal stressing to moderate temperatures (350 — 500 °C) and decrease more (by > 2%)
at higher temperatures (> 550 °C in the moderately altered andesite and > 739 °C in the

highly altered andesite; Table 1). The temperature associated with the greatest changes in
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density correspond with the temperature at which the second reaction was initiated during the
TG analyses (Fig. 7; Table 1).

Thermal treatment resulted in the creation of porosity for both moderately and highly
altered andesites (Fig. 8a) with porosity increasing non-linearly with treatment temperature.
The increase in porosity of the highly altered samples was less than that of the moderately
altered samples. The moderately altered andesite suites exhibit consistently lower original
(pre-treatment) permeability than the highly altered andesite (Table 1). The thermal treatment
increased the permeability of the moderately altered andesite by up to one order of magnitude
(Fig. 8b; Table 1); and by a smaller magnitude in the highly altered andesite. Larger changes
in permeability generally coincide with larger changes in porosity (Fig. 9).

The initial P- and S-wave velocities of the moderately altered samples are generally
higher than those of the highly altered samples (Table 1). Both series show an initial increase
in P-wave velocity followed by a decrease as treatment temperature increases (Fig. 8c).
While post-treatment S-wave velocity values are generally lower than the initial values, there
is-no.clear relationship between treatment temperature and change in S-wave velocity (Table
1).

4 Discussion
4.1 Porosity and permeability

It is important to acknowledge that the original samples used in this study contain
varying fractions of mineral phases (Figs. 4-6, S1, S2a,d) and spatially variable
microstructure as the samples were sourced from a naturally occurring hydrothermal system.
The compositional heterogeneity also explains the discrepancy between the TG, XRD, and
the EDS results (i.e. phase(s) absent after 600 and 739 °C treatment). Therefore, the relative
changes in physical properties between samples subjected to different temperature increments
may not be entirely attributable to the different thermal conditions, as abundances of certain
phases or structures may affect thermal susceptibility. Nonetheless, we observe that the
physical properties of moderately and highly altered Rotokawa andesite change after
exposure to temperatures as low as 350 °C, and that temperature increase consistently results
in an increase in porosity (Table 2). We attribute the observed porosity and permeability

increase to a combination of mineralogical breakdown of clinochlore, quartz, and calcite and
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to microcracking resulting from inevitable small stresses induced by thermal gradients and
reaction driven volume changes during both heating and cooling (Ryan et al. 1978;
Vinciguerra et al. 2005; Heap et al., 2014b; Browning et al. 2016; Lamur et al., 2018;
Eggertsson et al., 2018). In addition, the altered samples are heterogeneous and crystalline
and the assumptions used to calculate the appropriate heating and cooling rate may, therefore,
lead to overestimation. Thermal gradients are unavoidable, although we endeavoured to

minimise these to the extent that our experimental constraints allowed.
4.2 Porosity and permeability: mineralogical breakdown

Thermo-gravimetric changes during STA indicate mass loss events at temperatures
consistent with previous studies on the Rotokawa andesitic lavas. Siratovich et al. (2015b)
observeno significant change in sample mass after thermal treatment in altered andesites
exposed to < 450 °C, but observe mass loss exceeding 2% (in the case of the moderately
altered andesite) and ~1% (in the case of the highly altered andesite) following thermal
treatment above 500 °C due to the breakdown of chlorite, quartz, and calcite, similar to what
we.observed in our STA analyses (Fig. 7). It is important to note that the treatment of the
samples in our study occurred at high pressure (20 MPa) under water-saturated conditions (as
opposed to the dry, ambient pressure conditions in the STA analysis); therefore, the reactions
(and resultant physical changes) following the thermal treatment may not occur at exactly the
same temperatures as in the STA analysis. For example, the second reaction in the
moderately altered andesite begins at ~650 °C (Fig. 7), substantial change in permeability
around this temperature is not observed until > 700 °C (Fig. 8b).

The absence of clinochlore in the XRD data (Fig. S2) in samples treated at 600 and
739 °C suggests that the total experimental time at elevated temperatures in our tests may
have allowed complete reaction out of clinochlore in the part of the sample analysed for
XRD. However, EDS mapping and backscattered imaging in other parts of the sample found
clinochlore still present, but with clear reaction textures, showing that the reactions were not
complete. Alternatively, although compositionally the same, the crystal structure of the
clinochlore may have been sufficiently altered that it is no longer detected in XRD as
clinochlore. This suggests the > 450°C temperature reactions from the STA analyses (Fig. 7)
can.be attributed to these phases and is consistent with the breakdown of chlorite-quartz into
talc, cordierite, and water (Eg. 1) at 500 — 600 °C observed in other studies (e.g. Fleming &
Fawcett, 1976; Massonne & Massonne, 1989; Vidal et al., 2001).
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Eqg. 1 Clinochlore + Quartz = Talc + Cordierite + water

6 MgsAl2Siz010 (OH)s + 29 SiO2 = 8 M@sSisO10(OH)2 + 3 Mg2Al4SisO1s * 0.5H20 + 14.5
H20

(Eq.1 presents the Mg-rich end member of clinochlore)

We attribute the absence of the reaction products talc and cordierite in any of the
chemical analyses to the incomplete nature of the reaction and the mechanical removal of
these crystal phases as they formed by the water that was flushed through the open pore
structures at the interface of quartz and clinochlore. This reaction could be reversible during
cooling which could also explain the absence of talc and cordierite in the XRD and EDS data.
However, we see no textural evidence for this in our SEM analysis, but rather observe large
pores at the quartz-clinochlore interfaces seen in Fig 6¢-f, further suggesting the removal of

reaction products.

Additionally, calcite crystals in the moderately altered andesite have reaction textures
after having been treated to 739 °C (Fig. 6¢). The relatively large second reaction observed in
the TG analyses of the moderately altered andesite (Fig. 7a) is consistent with decarbonation
reactions of calcite in this temperature range, as shown in Eq. 2 (e.g. Mollo et al., 2012; Heap
etal., 2013b).

EQ. 2 Calcite = Calcium oxide + Carbon Dioxide
CaCOs3=Ca0 +CO2

The reaction textures and associated microfractures in calcite exposed to high
temperatures (Fig. 6¢) supports this interpretation. The changes observed in the clinochlore,
quartz, and calcite demonstrate the susceptibility of these minerals to thermally driven
physical property changes with even short-duration high-temperature pulses. Volume changes
associated with devolitisation and recrystallisation will also drive micropore and microcrack

creation and widening at high temperatures (Siratovich et al., 2015b).

4.3 Porosity and permeability: microcracking
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The microstructure of rocks serves as a first-order control on their mechanical and
physical properties (e.g. Heap et al., 2014b). This is especially important in a geological
context where rocks may be subjected to microcracking imparted by strong temperature
fluctuations and/or gradients (e.g. magmatic dike emplacement, contact metamorphism,
cooling of ' magma bodies; Siratovich et al., 2015a, and references therein). Thermal treatment
of rock cores conducted in an oven (heating all sides of a sample) has been shown to generate
microcracks without preferred orientation, resulting in isotropic elastic wave velocities (e.g.
Vinciguerra et al., 2005; Fortin et al., 2011; Siratovich et al., 2011; Heap et al., 2013a; Heap
et al., 2014a; Browning et al., 2016). Browning et al. (2016) also suggest cooling-driven
fracturing dominates over heating-driven fracturing, which is likely in our experiments
(wherein our cooling rates are similar to our heating rates). In addition, the altered Rotokawa
andesite is heterogeneous and crystalline, rather than homogeneous or glassy, and the
assumptions made when calculating the heating and cooling rate based on mineral
constituents to avoid thermal gradient induced cracking may overestimate the heating and
cooling rate. Elastic wave velocity analysis of the heated samples in our study suggests that
the microfracturing and/or mineralogical reaction(s) associated with the short-lived thermal
treatment began to inhibit P-wave velocity in samples subjected to temperatures > 600 °C
(Fig. 8c). Post-treatment S-wave velocities, while slower than pre-treatment S-wave
velocities (Table 1), do not display a relationship with temperature. This lack of correlation
suggests the heterogenous distribution of crystal size and composition within the altered
andesites led to the non-systematic increase in proportion and orientation of microfractures
and-pores (e.g. Simmons & Cooper, 1978; Wong & Brace, 1979; Lo & Wai, 1982; Keshavarz
et al., 2010), which then produced a complex interaction of S-wave splitting (see Ryall &
Savage, 1974). This is consistent with our backscattered electron images, which show that
microfractures are predominantly absent and, when present, short, in untreated samples Figs.
4a and 5a), while more abundant, longer and wider microfractures in the samples treated to
higher temperature are preferential to plagioclase and quartz phenocrysts (Figs. 4b-d and 5c-
d) and may be due to volumetric fluctuations driven by phase changes associated with

reactions.

Porosity and permeability changes increase with higher treatment temperatures in
both sample suites. At low treatment temperatures, microfracturing (e.g. Fig. 4b) imparts
higher porosity and permeability, especially in the moderately altered andesite (Figs. 8, 9;

Table 1). As temperature surpasses > 550 °C, the temperature at which the TG data (Fig. 7)
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depict the initial (likely clinochlore-quartz) reaction Eq. 1, we observe an increase in the rate
at which permeability changes relative to treatment temperature, suggesting mass loss
associated with the quartz-clinochlore reations (Fig. 6b-c and e-f) contributes substantially to
the increase in permeability above this temperature. The next increase in the rate of
permeability change relative to treatment temperature is above the temperature of the second
reaction, Eqg. 2 (Figs. 7, 8b). In the highly altered andesite, changes in permeability and
porosity do not appear to be as drastic as in the moderately altered andesite (Figs. 8b, 9),
which we attribute to the lack of calcite and smaller amount of clinochlore observed in the
chemical analysis and EDS, and hence fewer reactions associated with Eq. 1 and the
complete absence of the reaction in Eq. 2.

At temperatures below the mineralogical reactions in both sample suites (< 500 °C),
we attribute permeability changes to thermal gradient driven microfracturing mostly during
cooling, but above the clinochlore-quartz reaction and the calcite decarbonation reaction
temperatures, permeability change is driven by a combination of microfracturing and
mineralogical reaction(s). We also note the increases in porosity and permeability in the
highly altered samples are smaller and less systematic than in the moderately altered samples,
which we suggest may reflect a more heterogeneous highly altered sample suite, lower
abundance of clinochlore and absence of calcite.

It is important to note when applying these experiments to natural environments with
temperature fluctuations and cycles, that repeated exposure to high temperatures may deviate
from those of the single runs presented here due to hysteresis and the Kaiser affect (e.g. Yong
& Wang;1980; Lavrov, 2005; Heap et al., 2013a; Heap et al., 2014b). Additionally, the rate
of temperature change in nature (thermal gradient) adjacent to magma bodies are highly
spatially, and temporally variable (Annen 2017). The rates used in this study are most
applicable to areas within a few 10s of meters of a magma body, however, we acknowledge
that.on-average heating and cooling rates further from a magma body are likely to be much

slower than our experiments.
5 Implications

The experimental results indicate that even brief (30-min) excursions to higher
temperatures may modify the mineralogical and physical (e.g. porosity and permeability)

properties of altered volcanic rocks in active hydrothermal systems. Nevertheless, direct
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implications of our experiments are hampered by the inability of any geological experiment
to truly represent the timescales, thermal variations, and fluid chemistry of the natural system.
In particular a natural system may remain at elevated temperatures for much longer (Annen,
2017) and experience fluid injections of variable chemistry (e.g. Williams-Jones and
Heinrich, 2005; Farquharson et al., 2019) which will have profound influences on the
porosity-permeability evolution of the rock mass. These observations may have implications
for a range of phenomena and applications (e.g. slope stability, seismic interpretation, and
geothermal power production), which we evaluate here. However, before discussing the
potential consequences of the data in this study, we highlight that several of the
characterisation techniques (e.g. porosity, P-wave velocity, S-wave velocity) were performed
under atmospheric or near-surface conditions (e.g. permeability). The data reported would
likely differ slightly if characterisation had been completed under the pressure (~20 MPa) and
temperature (> 275 °C) conditions commonly associated with the Rotokawa andesite
reservoir rock. The microfractures created during thermal exposure would close as confining
pressure increases; therefore, porosity and permeability would decrease, while P-wave and S-

wave velocities would increase.
5.1 Reservoir geomechanics

The data presented in this study show that porosity increases as treatment temperature
increases.(Fig. 8; Table 1). Generally, an increase in porosity is associated with a decrease in
the strength of hydrothermally altered rock (e.g. Wyering et al., 2014, 2015; Mordensky et
al.;2018). Weakening intact rock (i.e. rock at the sample scale) will affect the behaviour of
the intact rock around the wellbore, for example contributing to changes in drilling
performance (as shown in Wyering et al., 2017). Additionally, weakening intact rock will
increase the susceptibility to instability-inducing processes like borehole breakout, which is
associated with stress-induced shearing of the rock at the wellbore (Plumb and Hickman,
1985). At the reservoir scale, increasing porosity can lead to changes in the behaviour of rock
from dilatant brittle fracture-dominated behaviour to compactant pore collapse-dominated
behaviour (as shown in Heap et al., 2015), leading to different responses of the reservoir
during fluid extraction and injection as the effective pressures change (as demonstrated in
Siratovich'et al., 2016).

5.2 Slope stability
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Weakening of intact rock also contributes to weakening rock masses (Hoek et al.,
2013).and may compromise the structural stability of a volcanic edifice (e.g. Voight &
Elsworth, 1997; Apuani et al., 2005; Moon et al., 2009; Takahashi & Yakata, 2018). Volcanic
rocks are frequently exposed to extreme temperatures and alteration (e.g. Rowland &
Simmons, 2012); the data we present in this study suggests that altered volcanic rock masses
can be weakened by temperatures as low as 350 °C. While it is worth noting that Heap et al.
(2014b) concluded that exposing unaltered andesite to high temperatures (450 °C) over short
timescales (60-min) would not greatly affect edifice strength and that Rocchi et al. (2004)
found temperatures < 600 °C (60-min timescale) would not affect the strength of unaltered
basalt, these volcanic materials were fresh and did not contain hydrothermally altered
materials. This distinction is important because fresh, primary volcanic phenocrysts and
groundmass are often microcracked (e.g. Heap et al., 2014b) as a result of their cooling
histories (e.g. David et al., 1999; Vinciguerra et al., 2005). Hydrothermal alteration infills
and/or seals these microfractures (e.g. Pola et al., 2012, 2014; Wyering et al., 2014, and
references therein), which can strenghten a rock mass (e.g. Pola et al., 2012, 2014; WYyering
et al., 2014, and references therein; Coats et al., 2019). In addition, hydrothermal alteration
will change the mineral assemblage, changing the types of reactions possible during heating
and cooling. Our data suggest that reheating to temperatures as low as 350 °C over short time
scales (30-min) can permanently damage hydrothermal material through additional
microcracking (Figs. 4, 10; e.g. David et al., 1999) and mineralogical reaction (Figs. 6, 7, e.g.
Siratovich et al., 2015b). Therefore, the presence of alteration, especially when infilling
original pores and microfractures, may increase the susceptibility of volcanic rock to thermal
weakening. The variation in pre-treatment porosity between individual samples precluded the
possibility of conducting meaningful strength tests in this study. We suggest future research
with hydrothermally altered volcanics of similar porosity be conducted in order to observe
the effect of high-temperature treatment on strength. Nonetheless, mass wasting event
deposits-are already linked with hydrothermally altered volcanics (e.g. Mt. Ruapehu, New
Zealand (Hackett & Houghton, 1989), Mt. Shasta, USA (Crandell, 1989), Citlaltépetl,
Mexico(Carrasco-Nufiez & Gomez-Tuena, 1993), Mt. Rainier, USA (Reid et al., 2001)). Our
data suggest that the hydrothermally altered rocks found in these mass collapse deposits

contributed to the initial failure processes that initiated the mass wasting events.

5.2 Geothermal power

©2019 American Geophysical Union. All rights reserved.



Permeability plays a critical role in geothermal power production (e.g. Cathles, 1977; Norton
& Knight, 1977; Hayba & Ingebritsen, 1997). This study suggests that the alteration
assemblage and the degree of alteration of a rock determine the susceptibility of its physical
properties (e.g. permeability) to change as a result of (re)exposure to high temperature (Figs.
4-8, 10). In New Zealand, reservoir temperatures can reach ~325 °C (Siratovich et al.,
2015b), however, rocks closer to magma bodies may have much higher temperatures (> 500
°C) as constrained by drilling at Krafla volcano, Iceland (Mortenson et al., 2014); however,
temperatures were likely > 900 °C before cooling from drilling fluids (Zierenberg et al.,
2013). Additionally, numerical modelling suggests temperature > 700 °C can be expected
immediately adjacent to magma bodies (Annen, 2017). Both sample suites experience the
greatest change in permeability at temperatures > 550 °C, but the permeability of the highly
altered andesite does not appear to be comparatively as affected as, or correlate as strongly
with, increasing temperatures as the moderately altered andesite (Fig. 8). Thicknesses of
alteration haloes are highly variable, are affected by magma type, local geology, and intrusion
style, and are difficult to map due to poor exposure (e.g. Shanks, 2012; Annen 2017). We
therefore emphasize the importance of constraining the lithologies thermally stressed by
geological processes or industrial development. Our data also suggest that zones of lower
elastic wave velocities within a lithological unit could indicate higher permeability as a
consequence of short-lived, high-temperature thermal treatment (Fig. 8c; Table 1).

6 Conclusions

In this study, we subject andesite lavas from the Rotokawa geothermal field with
plagioclase-clinochlore-calcite-quartz and plagioclase-clinozoisite-quartz-clinochlore
alteration assemblages to short-lived thermal treatment (350-739 °C) at a low thermal
gradient(~ 1.2 °C/min) and constant pressure (20 MPa). Increasing the thermal treatment
temperature increased porosity (from 7.8% to 15.1%) and permeability (from 1018 m? to 10
m?).while decreasing P-wave velocity (from 4253 to 3368 m/s) in the altered andesites. The
effects of .the thermal treatment appear greater in the moderately altered andesite than in the
highlyaltered andesite. Previous studies have suggested that short-duration excursion to high
temperatures of similar duration would not have significant impact on volcanics and, thereby,
edifice strength, structural stability, and geothermal reservoir operation. Although more
experiments are warranted to explore the impact on strength, our data suggest that

hydrothermally altered andesite should be more susceptible to mineralogical and
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microstructural change than unaltered andesite to temperature fluctuations. These results
demonstrate that the presence of altered material in a volcanic edifice may make the edifice
more prone to failure when it experiences high-temperature fluctuations. Our data also show
that alteration intensity and mineralogy partially control the degree to which heating and

cooling change the petrophysics in the geothermal reservoir.
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P-wave S-Wave

Temp. Sample Density Porosity Permeability
Sample Mass (9) Velocity Velocity
(°C) Volume (cm®) (kg/m®) (%) (x1018 m?)
(mfs) (mfs)

Pre Post Pre Post Pre Post Pre ~ Post  Pre Post  Pre Post Pre Post
M10 Control  12.58 31.23 2439 9.98 1.63 4069 2335
M2 350 1265 12.64 3194 3190 2508 2498 759 7.74 491 542 3862 3890 2066 1984
M1 400 1265 1265 31.63 3155 2504 2484 811 849 313 113 3958 3986 2177 1328
M3 450 1257 12,57 3157 31.38 2488 2460 853 9.62 3.04 146 4044 3888 1748 1899
M5 500 1266 1264 31.26 3091 2451 2412 9.92 116 272 124 3913 4158 1944 1349
M8 550 1251 1251 3113 3059 2452 2382 955 120 251 16.3 3990 3880 2168 1042
M9 600 12.74 1275 3152 3091 2486 2406 871 117 219 155 3980 4031 1666 1362
M7 650 12.71 12,78 3157 30.94 2476 2402 871 122 208 320 3991 3809 2043 1802
M4 700 12.74 1285 3156 29.32 2476 2283 897 161 1.06 888 3887 3301 2498 1557
M6 739 12.73 12.83 3190 30,55 2505 2367 7.75 151 1.09 73.3 4253 3368 2416 2227
H4 Control  12.75 29.16 2287 15.7 112 3777 1933
H6 350 12.71 1273 2886 28.83 2285 2286 16.4 181 490 511 3450 3578 1967 1133
H3 400 12.62 12.67 2843 2832 2246 2245 185 203 805 875 3268 3300 1713 1525
H2 450 12.69 12.77 2839 2824 2264 2262 174 193 762 848 3369 3514 1838 1346
H9 500 12,75 1275 29.03 2894 2297 2295 152 172 326 351 3630 3564 1907 1658
H5 550 12.67 12.73 2852 2841 2278 2270 16.3 17.7 340 384 3596 3574 1827 1594
H10 600 12,71 1272 29.20 29.08 2301 2267 14.7 165 146 228 3727 3550 2066 1755
H8 650 12.68 1291 29.07 2893 2279 2260 155 18.0 287 467 3602 3156 1700 1556
H1 700 12.74 1289 29.55 3025 2335 2355 120 145 434 601 3869 3552 2020 1757
H7 739 1268 1292 29.13 28.69 2291 2233 149 202 204 256 3747 3178 2018 1416

Table 1 Physical property data. "M" samples are moderately altered, and "H" samples are
highly altered. White-background columns depict pre-treatment data. Grey-background
columns depict post-treatment data. Standard Error < 1% of the reported value
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Treatment 0-400 °C

temperature

Process Minimal thermal
gradient driven
micro-fracture

STA and XRD No change

evidence

Petrophysical Small porosity,

evidence permeability and

seismic velocity

change
Microstructural and Minor increase in
textural evidence microfracture length
and density; no
quartz-clinochlore
interface pores;

calcite unaffected

401-600 °C

Quartz clinochlore

breakdown reaction

Distinct mass loss in STA; no
change in XRD

Small porosity, permeability
and seismic velocity change

Increase in microfracture
length, density, width and
interconnectedness; new
pores at quartz-clinochlore

interface; calcite unaffected

601-739 °C

Continued quartz clinochlore
breakdown reaction;

calcite devolatilization
reaction

Continued mass loss in the
STA,

no clinochlore in XRD

Large porosity, permeability
and seismic velocity change

Continued increase in
microfracture length, density,
width and
interconnectedness; new
pores at quartz-clinochlore
interface and within calcite;

calcite proportion reduced

739-0 °C

Likely thermal
gradient driven

microfractures

Table 2 Summary of interpreted alteration processes during heat treatment and cooling with

associated evidence.
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Figure 2. Schematic outline of the ‘Magma Brewery’ autoclave (diagram not to scale)
Furnace followed guiding rail down to envelope pressure vessel. This autoclave system has

an operational limit of 739 °C.
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Figure 3. Heating and cooling profiles of thermal treatment of the Rotokawa andesite.
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Figure 4, Backscattered electron images of sample microstructure of moderately altered
andesite: (a) untreated; (b) treated at 400 °C; (c) treated at 600 °C; (c) treated at 739 °C. (d)
Porosity is black. Clinochlore (Clc), Quartz, (Qz), Plagioclase, (PI) Calcite, (Cal). All images

were collected at 100x magnification.
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Figure 5. Backscattered electron images of sample microstructure of highly altered andesite:
(a) untreated; (b) treated at 400 °C; (c) treated at 600 °C; (d) treated at 739 °C. Porosity is
black. Clinozoisite (Czo), Clinochlore (Clc), Quartz, (Qz), Plagioclase, (PI). All images were

collected at 100x magnification.
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[3) Moderately Altered (control)”

Figure 6. False colour images of sample mineralogy identified by EDS. (a) Untreated
moderately altered andesite; (b) Moderately altered andesite treated at 600 °C with reaction
textures in clinochlore and quartz; (c) Moderately altered andesite treated at 739 °C with
reaction-textures in clinochlore, quartz, and calcite; (d) Untreated highly altered andesite; (e)
Highly altered andesite treated at 600 °C with minor reaction textures in clinochlore, quartz;
(f) Highly altered andesite treated at 739 °C with minor reaction textures in quartz and
clinochlore. Examples of reaction textures (Rxn Txt) marked in treated samples. Porosity is
black. Clinozoisite (Czo), Clinochlore (Clc), Quartz, (Qz), Plagioclase, (Pl) Calcite, (Cal). All

images were collected at 150x magnification.
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Figure 7. Results of thermo-gravimetric analysis for a) the moderately altered andesite
(originally collected as well as previously heated to 600 °C and 739 °C) and b) the highly
altered andesite samples. All samples display evidence of reactions initiating during heating
beyond circa 500 °C and 650 °C. Note the discrepancy in scale between (a) and (b).
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Figure 8. Changes in rock properties by treatment temperature. (a) Change in porosity
following thermal treatment relative to initial porosity versus treatment temperature. Higher
treatment temperature is associated with greater changes in porosity. (b) Change in
permeability following thermal treatment relative to initial permeability versus treatment
temperature. Treatment temperatures increases permeability more in the moderately altered
samples-than in the highly altered samples. (c) Change in P-wave velocity versus
temperature. Treatment temperature decreases ultrasonic P-wave velocity in the moderately
and highly altered Rotokawa andesite at > 600 °C. Standard Error < 1% of the reported

values.
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Figure 9. Change in porosity versus change in permeability. Change is given as the
difference between initial and post-treatment values. Treatment temperatures provided

adjacent to respective data points in °C. Standard Error < 1% of the reported values.
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