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ABSTRACT. Porphyry deposits are strongly associated, both spatially and temporally, with acid to meso-silicic 
intrusions. However, the mechanisms responsible for low-grade, large-volume mineralisation are not yet fully 
understood. Considering the relative thermal expansivity of key rock-forming minerals, measurements of their volumetric 
and morphological changes are critical to understanding the factors that control the emplacement of disseminated 
mineralisation. This study reviews the character and influence of differential thermal expansion between quartz and 
feldspar in porphyry deposits, with particular emphasis on the volumetric changes occurring at the α-β quartz transition. 
In a typical meso-silicic rock, expansion can reach approximately 1.2%. In addition, microfracturing and thermally 
induced openings can significantly enhance the transport and dissemination of late-stage mineralising fluids, with 
degassing resulting from thermal expansion further contributing to fluid enrichment and differential mineral deposition.
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RESUMEN. Contracción y expansión térmica del cuarzo y su rol en la mineralización de depósitos tipo pórfido: 
una revisión. Los depósitos tipo pórfido están estrechamente asociados, tanto espacial como temporalmente, con 
intrusiones ácidas a mesosilícicas. Sin embargo, los mecanismos responsables de la mineralización de baja ley y gran 
volumen aún no se comprenden por completo. Considerando la expansividad térmica relativa de minerales formadores 
de roca clave, la medición de sus cambios volumétricos y morfológicos resulta fundamental para comprender los 
factores que controlan el emplazamiento de la mineralización diseminada. Este estudio revisa la naturaleza e influencia 
de la expansión térmica diferencial entre cuarzo y feldespato en depósitos de pórfido, con especial énfasis en los 
cambios volumétricos que ocurren durante la transición α-β del cuarzo. En una roca mesosilícica típica, la expansión 
puede alcanzar aproximadamente el 1,2%. La microfracturación y las aberturas inducidas térmicamente pueden 
mejorar significativamente el transporte y la diseminación de fluidos mineralizantes en etapas tardías, mientras que 
la desgasificación resultante de la expansión térmica puede contribuir aún más al enriquecimiento de f luidos y a la 
depositación mineral diferencial.

Palabras clave: Cuarzo, Expansión-contracción térmica, Agrietamiento, Mineralización, Pórfidos.
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has typically been associated to microfracturing 
(e.g., Guilbert and Park, 2007). As a result, advected 
ore metals are accumulated in a downward-growing 
ore shell influenced by a steep P-T gradient (e.g., 
Heinrich, 2024). In particular, it is widely accepted 
that the mineralisation occurs over short geological 
times, where deposition from metal-rich fluids is 
rapidly followed by additional tectonic stresses.                              
For instance, Stanton-Yonge et al. (2025) documented 
a full cycle of fluid overpressure build-up, migration, 
and pressure release through small seismic events 
accompanied by swarm-like microfracturing. 
Similarly, Xu et al. (2025) showed that episodic 
hydrothermal pulses not only drive mineral growth 
but also induce stresses that generate new fractures, 
thereby enhancing permeability and facilitating the 
continued migration of ore-forming fluids. Similar 
to observations by Boulogne et al. (2026), the 
above controls are even more critical in epigenetic 
deposits, where the structure is the main factor 
determining the circulation, precipitation, and in 
many cases the generation of hydrothermal solutions 
that are associated with mineral deposits and/or their 
alterations. Therefore, a more accurate knowledge of 
the structural control, geometric configuration, and 
internal architecture of the mineralised bodies of a 
given deposit is important to not only understand 
ore-forming events (Fridovsky et al., 2023), but to 
guide the prospecting and exploration of economic 
minerals (Guilbert and Park, 2007; Smirnov, 1976).

Plutonic rocks are crystalline and typically contain 
>60% silica. Therefore, any potential volumetric 
changes are broadly related to their silica content, 
mostly present within quartz and feldspar minerals 
(Burnham and Ohmoto 1980). While there is abundant 
literature on mineral thermal properties, only a handful 
of studies will be mentioned here, giving preference 
to those about quartz. Raman and Nedungadi (1940), 
for instance, indicated that the thermal expansion 
coefficient of quartz gradually increases over the 
200-573 °C range, becoming theoretically infinite 
at the transition point and then suddenly dropping 
to negative values. Changes in cooling temperature 
can potentially affect the mechanical properties of 
minerals, leading to microcracking due to mismatches 
in the coefficients of thermal expansion (Bauer and 
Johnson, 1979). Vázquez et al. (2015) found that these 
thermally induced microcracks may subsequently 
coalesce and propagate into macrocracks. In this 
context, laboratory experiments by Johnson et al. 
(2021) demonstrated enhanced microcracking in rocks 

1. Introduction

Porphyry deposits, which are currently the world’s 
largest copper resources hosting Cu-Fe sulfides, 
have a strong spatial and temporal association with 
dioritic to granitic intrusions (e.g., Sillitoe, 2010). 
These deposits occur both in thick continental and thin 
oceanic arcs at depths between ~1 and ~6 km above 
parental magma chambers (e.g., Chiaradia, 2022). 
There is a very extensive literature on the genesis of 
porphyry systems and their alteration stages, with 
Phillips et al. (2023) providing a comprehensive 
summary of the key factors contributing to porphyry 
deposit formation. 

Hydrothermal processes are typically emphasised 
as a primary mechanism of mineralisation, noting 
the strong partitioning of both Cu and Au into high-
temperature, oxidising, high-salinity hydrothermal 
fluids. Of particular relevance to the present work, 
due to its similarity to an analysis of mineralisation 
related to tectonic mechanisms, Phillips et al. (2023) 
proposed that mineralised quartz veins are due to the 
injection of fluids during the hydraulic fracturing 
of the host intrusions once these stocks cooled 
significantly below their solidus temperature. Fluid-
rock interactions that mobilise dissolved ions can 
lead to spatially predictable hydrothermal alteration 
and mineralisation distributions (e.g., Sillitoe, 2010). 
Typically, alteration zones display a characteristic 
pattern, with potassic alteration dominating the deeper 
and central regions. Moving outwards and/or upwards, 
this zoning transitions through chlorite-sericite to 
sericite alteration, and further into (advanced) argillic 
or propylitic assemblages (e.g., Seedorf et al., 2005; 
Zhang et al., 2025).

As stated by Misra (2000) and Phillips et al. (2023), 
porphyry deposits refer to large, relatively low-grade, 
epigenetic, intrusion-related vein-network mineralisation 
(stockwork) and surrounding alteration that can be 
exploited by bulk-mining techniques. Despite the 
invariable association of these textures with porphyry-
style mineralisation, the controls on the stockwork 
dissemination remain unclear (e.g., McMillan and 
Panteleyev, 1998). This could be attributed to either 
the small size (often less than several centimetres) 
of the stockworks, or due to overprinting of several 
magmatic and hydrothermal stages as well as different 
pulses of alteration (e.g., Seedorff et al., 2008; Carter 
and Williamson, 2022). 

The genesis of large-scale mineralisation 
disseminated in fine and local veins and inclusions 



629Rossello and Gallardo / Andean Geology 53 (3): 627-642, 2026

as they cross the α-β quartz transition. In granites, 
microcracks would initiate at 300 °C and coalesce 
between 400 and 600 °C, inducing a decrease in rock 
strength (Xu et al., 2023), with cracks and small-scale 
microfractures propagating from 100 to 500 ºC (Dong 
et al., 2024). Finally, according to Brantley et al.                                                              
(1990), macrofractures (i.e., visible to the naked eye) 
transport most of the fluids as they seal relatively 
slowly, whereas microcracks (i.e., millimetre scale 
or smaller) are typically responsible for the pervasive 
penetration of fluids into the mass rock. 

The aforementioned studies and many others 
have contributed to a better understanding of the 
influence of temperature changes on rock mechanical 
properties. However, there are still uncertainties in 
relation to mechanical failure and the development 
of microfractures due to thermal stress on mineral 
particles within the rock. Intra-grain displacements 
and the initiation of microcracks caused by thermal 
stress are also poorly known.

Differential thermal expansion between quartz and 
other key, major rock-forming minerals, particularly 
feldspars, can lead to non-uniform rock volume 
changes. Accordingly, the present study investigates 
the influence of thermal processes, specifically the 
differential contraction and expansion of quartz during 
cooling in relation to other key rock constituents, on the 
genesis, transport, and emplacement of disseminated 
mineralising fluids in mesosilicic intrusives. We 
first review some fundamental thermal-expansion 
characteristics of major minerals to then investigate 
its influence on rock failure and the emplacement 
of disseminated mineralisation in porphyry settings. 

2. Geological considerations

2.1. Porphyry deposits

Magmatic rocks are the most important components 
of the continental crust (Streckeisen, 1974). These 
lithologies are associated with various types of 
hydrothermal mineralisation as well as disseminated 
mineral deposits originated from the cooling processes. 
Porphyry deposits are formed by fluids released from 
felsic magmatic intrusions of batholitic dimensions 
(e.g., Korges et al., 2020). Porphyry deposits share 
several common characteristics, including large tonnage 
with low grades, intrusion-related emplacement, 
formation at paleodepths of 1.5-4 km or greater, 
hydrothermal alteration, fracture- and vein-controlled 

mineralisation, and associations with breccias and 
stockworks (Sillitoe, 2000, 2010; Seedorff et al., 
2005). In addition, crypto-explosive breccias or 
crypto-explosive breccia pipes are often spatially, 
temporally, and genetically linked to many porphyry 
deposits (Xu et al., 2022). In this context, fluids 
migration and mineral deposition can be associated 
to several factors such as rock mechanical breaking, 
brecciation, grains’ rearrangements and thermally 
induced microfracturing. 

Fluids transport and the subsequent rock 
alteration and mineral deposition is typically largely 
controlled by an array of fissures and cracks, usually 
dichotomous and in random multi-scalar directions 
such as stockworks (Seedorff et al., 2005; Frenzel and 
Woodcock, 2014). The term stockwork specifically 
refers to a network of small-scale, closely spaced 
and randomly oriented veins occurring in localised 
swarms, making it necessary to mine the deposit by 
bulk-mining techniques. Stockwork veins are usually 
related to breccias, pipes and dykes, and in some 
cases, host high-grade mineralisation (Sinclair, 1995).

Mechanical failure and the development of fractures 
is widely attributed to the role of magmatic volatiles. 
Water entering micropores changes the composition 
and bond energy of minerals, resulting in increased 
micropores and weakened interlocking between 
grains (Ding and Tang, 2024). Over time, the magma 
pressure increases due to volatile exsolution from the 
melt as the magma reservoir cools, a process usually 
referred to as second boiling (Mittal and Richards, 
2019). Upon cooling and crystallisation, the portion 
of volatiles in the melt that is not incorporated into 
newly formed minerals is liberated as a fluid phase 
(Burnham, 1979). Owing to the magma rise, vapor 
phases expand and provide the energy for tensile cracks 
and hydrofracturing of the rock. Such hydrofracturing 
occurs whenever the fluid pressure is greater than 
the hydrostatic pressure and tensile strength of the 
rock (Tosdal and Richards, 2001). In this regard, 
the magma moves upward into the fractured crust, 
releases volatiles, and depressurises, leading to the 
precipitation of minerals (Sillitoe, 2000; Seedorff 
et al., 2005).

Porphyry deposits are characterised by a zonation 
of mineralisation and associated types of hydrothermal 
alteration (e.g., Mavrogonatos et al., 2018). These 
alteration halos can extend for more than 5 km from 
the ore deposit itself, and the magmatic fluids are 
likely to contribute to its development even over such 
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large distances (Pacey et al., 2020; McCann, 2024). 
Laminated veinlets and fractures of cm- to dm-scale 
spacing are typical of the inner, highly mineralised, 
high-temperature potassic alteration zone. More 
distally, an argillic alteration halo commonly extends 
into the outer rock. In here, veins and veinlets tend 
to be wider, more continuous, more widely spaced, 
and more variable in strike and dip. Millimetre- to 
cm-wide cross-cutting quartz veins and veinlets 
also occur in a strongly altered quartz-sericite zone 
(Ruiz et al., 2005). 

Cracks growth can also be affected by the grains’ 
composition and the temperature distribution within 
the rock. Increasing temperature reduces the rock 
failure threshold and prolongs the propagation of 
cracks (Shao et al., 2015; Qiu et al., 2024). Thermal 
stresses are likely to be significant and sufficient 
to create an extensive fracture network around the 
magma body by brittle yielding (Kiss et al., 2023).  
In effect, thermal processes induce volume changes, 
which can evolve into a fracture network by mineral 
dissolution and crystallisation, grains’ dislocation 
and rearrangement, hydraulic fracturing or thermal 
cracking on a cooling magma.  

2.2. The thermal expansion of minerals

Dilatancy refers to changes of rock volume 
under differential stress or thermal variations.                     
The generation of dilating spaces in the host 
rock is essential to facilitate the circulation and 
accumulation of mineralising fluids with economic 
potential (Rossello and López-Isaza, 2023). A higher 
temperature can potentially accelerate the dilatancy 
rate and increase the total volumetric expansion (Chen 
et al., 2019). In this regard, an overall increase in 
the rock volume corresponds to positive dilatancy or 
thermal expansion, whereas a reduction in volume 
refers to negative dilatancy or thermal contraction. 

When a rock undergoes thermal changes, the 
different mineral constituents, each with different 
values of thermal expansion, create volumetric 
strains that may result in microfracturing and grains’ 
realignment within the rock. In this context, temperature 
increase is the most relevant factor causing mineral 
transformations and bulk mechanical damage to rocks 
(Vázquez et al., 2021). Dilatancy can be generated 
by the differential thermal expansion exhibited by 
quartz grains relative to feldspars in the zone of 
quartz inversion (Skinner, 1966; Rossello, 2008). 

The thermal behaviour of quartz and feldspars is 
briefly explained below.

2.3. Quartz

Quartz exists in two polymorphs: α-quartz 
(trigonal, low-temperature) and β-quartz (hexagonal, 
high-temperature). α-quartz is stable below 573 °C 
but undergoes a phase transition to the β-polymorph 
at temperatures between 573 and 870 °C (Breuer 
and Schilling, 2021; Aoyagi and Takeda, 2022). 
The transition from α- to β-quartz is due to a 
modification of the atomic structure, leading to 
important changes in the optical, thermal and 
physical properties of the crystals (Rossello and 
Reynard, 1997). According to Rossello (2008), quartz 
shows two notable behaviours: 1) in the α-quartz 
field, thermal expansivity increases sharply as the 
temperature approaches the transition, and 2) in the 
β-quartz field, volume remains nearly constant at 
least up to about 800-870 °C (Fig. 1). This contrast 
results in significant volumetric variations at the 
transition temperature, with the β form having the 
larger volume (Johnson et al., 2021) (Fig. 1).

2.4. Feldspars

Feldspars are broadly classified into two major 
series: alkali feldspars, with orthoclase (KAlSi3O8) 
as the potassium-rich endmember, and plagioclase 
feldspars, with albite (NaAlSi3O8) and anorthite 
(CaAl2Si2O8) as the sodium- and calcium-rich 
endmembers, respectively. The behaviour of feldspars 
is complex, as it is influenced by displacive and 
diffusive transformations as well as order-disorder 
transitions (Tribaudino et al., 2010). For alkali 
feldspars, the average coefficient of thermal expansion 
is approximately 2±0.5×10-5 K-1 within the temperature 
range considered in this study (ambient to >900 °C; 
Hovis et al., 2010).

Albitisation significantly alters feldspar volume. 
According to Engvik et al. (2008), albitisation produces 
a volume decrease of ~7-9%, which results in stress 
accumulation and pervasive microfracturing. Similarly, 
Norberg et al. (2011) documented the pseudomorphic 
replacement of potassium feldspar by albite under 
conditions of 500 °C and 200 MPa, observing a 
~7% molar volume decrease. This generated elastic 
strain at reaction fronts and porosity development. 
The Norberg et al. (2011) study demonstrated that 
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interface-coupled dissolution-reprecipitation can lead 
to highly porous reaction rims and even visible cracks 
across mineral interfaces. For plagioclase feldspars, 
earlier studies (Kozu and Ueda, 1933; Skinner, 1966) 
reported that increasing anorthite content reduces 
the overall thermal expansion. 

More recently, laboratory analyses by Sokolar 
and Nguyen (2024) confirmed that heating test 
samples induced localised crystallisation of anorthite, 
typically accompanied by minimal volume change. 
The mean coefficient of thermal expansion shows 
a systematic decrease from ~3.1×10-5 K-1 for low 
albite to ~0.9×10-5 K-1 for fully ordered anorthite 
(Henderson, 2021). Standard samples of low and 
high albite yielded thermal expansion coefficients 
of approximately 2.5×10-5 K-1, a value that appears 
intrinsic to the mineral structure for a given degree 
of ordering. However, between 800 and 1050 °C, 
these same samples exhibit an increase in volume 
expansion (Fig. 1). Moreover, equilibrated albite 

specimens display greater expansion compared to 
unequilibrated albite, emphasising the influence of the 
structural state on thermal behaviour (Kroll, 1984).

3. Review

For simplicity purposes, the behaviour of minerals 
in a cooling felsic magma body considers the 
modelling of feldspars as a single phase controlled 
by their average thermal expansivity (e.g., Rossello 
and Reynard, 1997; Vigneresse, 2007; Kumar, 
2014). In this case, the thermal expansivity values 
were set to vary between 2.5×10-5 K-1, representing 
an average of alkali feldspar and unequilibrated 
plagioclase, and 2.1×10-5 K-1, corresponding to the 
equilibrium-order plagioclase, which reflects fully 
crystallised, compositionally stable plagioclase under 
equilibrium conditions.

There is a pronounced difference in the thermal 
expansion behaviour of quartz versus feldspars in 

FIG. 1. Change in mineral volume vs. temperature (°C) at standard atmospheric pressure for: 1) quartz (α and β forms); 2) alkali feldspar 
(average orthoclase, microcline and sanidine); 3) average plagioclase (3a: albite, 3b: anorthite). Below: schematic structures of 
α- and β-quartz. Diagram after Skinner (1966), Rossello and Reynard (1997), and Rossello and López-Isaza (2023).
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the temperature interval spanning the β-α quartz 
transition down to ambient conditions (Figs. 1 and 2).                                                                                           
In the porosity vs. temperature curves (Fig. 2), 
three main trends can be observed below the β-α 
transition: 1) a steep increase in porosity immediately 
following the transition, reflecting the rapid volume 
change associated with the phase transformation 
inferred from the literature; 2) a moderate increase 

in porosity over the temperature range ~200-573 °C, 
corresponding to gradual thermal expansion and 
possible minor reactions in feldspars; and 3) relatively 
stable porosity behaviour at temperatures below 
~200 °C, where both quartz and feldspars exhibit 
negligible thermal expansion and minimal porosity 
changes. Using this mechanism, and consistent with 
the trends seen in the curves, the maximum porosity 

FIG. 2. Porosity (%) vs. temperature (°C) diagram. Porosity varies with temperature due to the different thermal expansion coefficients 
of minerals: (a) quartz, (b) alkali feldspar, (c) albite, and (d) anorthite. The maximum porosity ranges from about 0.4% in 
quartz-poor granitoids to 1.2% in typical felsic rocks, such as granites with ~30% quartz and abundant feldspars (from Rossello 
and López-Isaza, 2023). The open symbols (squares, diamonds, circles, and stars) are based on an average minimum thermal 
expansivity of 2.5 × 10⁻⁵ K⁻¹ (averaging potassium feldspar and unequilibrated plagioclase). The closed symbols indicate a 
maximum thermal expansivity determined from equilibrated plagioclases (after Rossello and Reynard 1997).
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observed in typical granites with ~30% quartz and 
abundant feldspars, reaches approximately 1.2% 
(Rossello and López-Isaza, 2023).

Rossello and Reynard (1997) proposed that 
granitoids under cooling conditions exhibit limited 
mechanical deformation, as the framework of feldspar 
crystals offsets the formation of voids. Consequently, 
changes in overall rock volume would be primarily 
governed by the thermal expansivity of the feldspar 
network, with the influence of accessory minerals 
(e.g., micas) being minimal due to their relatively 
low abundance. This conceptual model was supported 
by the experimental work of Jiang et al. (2022), who 
subjected granite specimens to cyclic heating (150-
300 °C) followed by water cooling. They observed 
mechanical changes linked to microcrack development 
and thermal damage, yet the bulk mechanical response 
of the granite remained largely controlled by the 
feldspar assemblage. Further experimental insights 
from Sly et al. (2023) on the low-temperature plastic 
rheology of granitic feldspar and quartz reinforced 
the above conclusions, highlighting the role of 
feldspars in governing both elastic and semi-brittle 
deformation mechanisms at cooling temperatures.

Under ideal conditions, secondary porosity in 
rocks composed solely of quartz and feldspar may 
result directly from volume changes associated with 
the α-β phase transition in quartz and the differential 
thermal expansion of the mineral components    
(Figs. 1 and 2). Calculating this porosity requires 
knowing the initial volume occupied by β-quartz at 
a specific temperature within its stability field, which 
is influenced by the thermal expansivity of feldspar, 
and the intrinsic volume of quartz at each temperature, 
determined by its own thermal expansivity. 

An important aspect that remains debated in the 
literature is how this mechanism interrelates with 
confining pressure and the viscoelastic response of 
the rock mass, given that its action could attenuate 
or neutralise the dilatancy produced (e.g., Heap 
et al., 2009; Brantut et al., 2013). Nonetheless, 
the assumptions discussed above are considered 
valid since the aim of this study is to estimate the 
maximum porosity associated with the differential 
thermal expansion between quartz and feldspars. In 
addition, feldspars constitute over 65% of the rock 
composition, providing a relatively stable mechanical 
framework. Granite crystallisation typically occurs 
between 650-750 °C for small granitoids; therefore, 

significant volumetric changes are not expected 
at temperatures below the quartz transition under 
near-surface conditions. It should be noted that the 
α-β transition occurs at ~573 °C at atmospheric 
pressure, and that at greater depths, confining 
pressure would partially suppress thermal expansion 
and microcracking. However, for the purpose of this 
study, porosity variations below the transition can 
be considered negligible.

In most studies, rocks are often assumed to be 
homogeneous and isotropic for the sake of analytical 
convenience (e.g., Ma et al., 2021). However, thermal 
expansion and contraction are inherent physical 
properties that occur in response to temperature 
changes (Siegesmund et al., 2018; Lasheen and 
Rashwan, 2023). Differential expansion among 
constituent mineral grains can induce deformation 
and microcracking, thereby creating conditions 
favourable for hydrothermal mineralisation. In this 
context, temperature-driven changes in rocks are 
commonly described by either thermo-decreasing 
dilatancy (associated with cooling) or thermo-
increasing dilatancy (associated with heating).

Thermally induced dilatancy during cooling is 
a characteristic feature of plutonic rocks, in which 
minerals crystallise at temperatures significantly 
higher than ambient conditions. Experimental and 
microstructural studies have shown that differential 
thermal contraction, particularly involving quartz, 
can generate cooling-related microcrack porosity in 
granitic rocks (e.g., Heap et al., 2009). For granites 
containing approximately 15-20% quartz, such 
thermally induced porosity may reach values on 
the order of ~1.2%, while the remaining mineral 
phases continue to form a mechanically coherent 
framework. This preservation of the external rock 
structure despite internal dilatancy is consistent with 
the development of fracture-controlled permeability 
in porphyry copper stockworks and episyenites 
developed within granitic bodies (Fig. 3).

As shown in figure 3, rock openings preferentially 
propagate along boundaries between quartz grains 
and adjacent minerals with lower thermal expansion 
coefficients. During cooling, the anisotropic thermal 
contraction of quartz relative to surrounding phases 
generates stress concentrations at grain boundaries 
and particle contacts, promoting microfracture 
development. This process is commonly observed 
around mineral inclusions, where differential thermal 



634 Thermal contraction and expansion of quartz and its role in porphyry deposit mineralisation...

contraction between the host mineral and inclusions 
leads to the formation of radiating microcracks (Fig. 4).

An example of the link between hydrothermal 
evolution and microfracturing is provided by Ulrich 
et al. (2001) in their study of the Bajo de la Alumbrera 
porphyry Cu-Au deposit, Argentina. They documented 
abundant secondary fluid inclusions aligned along 
microfractures cutting quartz phenocrysts and 
feldspars, indicating repeated brittle failure and 
subsequent sealing by quartz precipitation. Such 
fracture-seal textures reflect transient microscale 
permeability generated during cooling and evolving 
stress conditions. Similar processes have since been 
widely documented using cathodoluminescence 
imaging, revealing multiple generations of healed 
quartz microfractures and late-stage quartz growth 
associated with episodic deformation and fluid flow 
(e.g., Carter et al., 2021; Carter and Williamson, 
2022). Together, these studies demonstrate that 
microfracturing and subsequent quartz sealing are 
important mechanisms controlling permeability 
during hydrothermal evolution.

On the other hand, rocks can also be subject 
to increasing temperatures due to compaction, 

metamorphism or heating in proximity to plutonic 
intrusions. Rocks with high quartz content (e.g., quartzite,                                                                                                 
sandstone), as well as water-saturated rocks, are 
considered the best heat conductors (Schön, 2015). 
Water adheres to fractured grain boundaries and 
damaged minerals and then increases the thermal 
capacity of the rock (Wu et al., 2021). In the case 
of sedimentary rocks, secondary heating can cause 
a greater expansion of quartz grains with respect 
to the less thermally active feldspars, disturbing 
the physical structure and enhancing openings and 
developing microfractures. Volume changes due to 
heating would therefore be strongly dependent on 
the mineral assemblage and the original structure of 
the rock (Tripathi et al., 2024)

Thermal effects on monomineralic rocks are 
primarily influenced by the crystallographic orientation 
and the anisotropic expansion coefficient of the 
minerals. Depending on the temperature intensity, 
thermal cracking can occur either between adjacent 
grains or within individual grains (Yavuz et al., 2010). 
For example, in monocrystalline quartz, a strong 
correlation exists between the rate of expansion 
and the crystal orientation. Thermal expansion 

FIG. 3. Top, idealised sequence showing cooling over time (blue segmented line), quartz α-β transition (black dotted line), and 
emplacement of mineralization (red solid line). Bottom, schematic of differential thermal contraction in an ideal granite as 
temperature decreases: 1) Cooling of a rock composed mainly of quartz (Q) and feldspar (F); 2) Quartz contracts differently 
than feldspar below 573 °C; 3) Total rock volume decreases (ΔV), creating new porosity (red lines) at the mineral grain 
boundaries. Panels after Rossello and López-Isaza (2023).
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increases with temperature along directions parallel 
to the crystallographic axes, with a sharp increase 
near the phase transition. Additionally, the linear 
compressibility of α-quartz is greater in the direction 
parallel to the c-axis (Raz et al., 2002).

4. Discussion

Variations in plutonic rock textures reflect 
changes in magma evolution, emplacement depth, 
and fluid behaviour, making them a valuable record 
of magmatic-hydrothermal processes. In this context, 
magmas crystallising at greater crustal depths 
generally develop relatively uniform, equigranular 
textures, reflecting stable crystallisation conditions 
(Candela, 1997; Carter and Williamson, 2022).        

By comparison, intrusive rocks linked to magmatic-
hydrothermal mineral systems commonly display 
far more intricate textural characteristics. The end-
product of these intrusions are frequently porphyries, 
aplites, or pegmatites. They are often characterised 
by silica-rich veins, quartz phenocrysts, graphic 
and micrographic intergrowths, as well as dendritic, 
acicular, or skeletal crystal morphologies (Fenn, 1986; 
Kirkham and Sinclair, 1988; London and Morgan, 
2012; Carter and Williamson, 2022). Such textures 
record the influence of multiple interacting physical 
and chemical processes that promote magmatic-
hydrothermal mineralisation, including progressive 
magma evolution toward water- and metal-enriched 
compositions (Rohrlach and Loucks, 2005), along 
with rapid fluid ascent that induces undercooling 

FIG. 4. Photomicrographs of (A) olivine inclusion within feldspar causing concentric annular fractures, and (B) quartz inclusion 
in clinopyroxene causing radial fractures (after Van der Molen and Van Roermund, 1986). Scale bars=100 µm. Sketches 
representing fracturing patterns and temperature changes for each case are also shown.
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and volatile exsolution (Candela, 1997; Richards, 
2005; Sillitoe, 2010; Wilkinson, 2013).

As previously noted, differential thermal expansion 
of minerals potentially affects the rock permeability, 
creating more favourable conditions for fluids 
mobilisation and ore emplacement. Rock permeability 
usually ranges from ~10-10 m2 in fractured igneous 
and metamorphic rocks to ~10-20 m2 in competent, 
unfractured units (Lowell et al., 1993). Estimates of 
mean permeability in hydrothermal systems tend to 
range between 10-11 to 10-16 m2, indicating the influence 
of fractures in these environments (Lowell et al., 1993).

Quartz solubility increases with pressure at all 
temperatures (Seward et al., 2013; Fig. 5). Mineral 
expansion and the concomitant system decompression 
would reduce lithostatic pressure resulting in a lower 
solubility of silica (Candela, 1997). This will lead 
to a boiling effect of the residual fluid fraction, with 
the consequent release of gases, generally rich in 
mineralising elements and/or with the capacity to 
sweep elements from the country rock (Gao et al., 
2024). Mineral thermal stress can therefore influence 
silica solubility and, ultimately, determine the rates 
of silica and ore precipitation in the system.

As seen in figure 5, the solubility of quartz 
progressively increases with temperature up to 
about 370 ºC. At higher temperatures the solubility 
becomes retrograde (i.e., reduction in solubility with 
increasing temperature). Silica dissolution initially 
enhances porosity and permeability, facilitating fluid 
flow within the rock matrix (Plümper et al., 2017). 
However, further heating to supercritical conditions 
induces quartz precipitation, which reduces pore space 
and consequently diminishes permeability, thereby 
restricting fluid transport (Scott and Driesner, 2018). 
In this context, the combined effects of grain-scale 
dilatancy and material removal due to rising silica 
solubility are major factors in the enhancement of 
microfractures and the growth of a crack network, 
facilitating the transport of fluids within the rock 
fabric. Experiments in polycrystalline rocks by 
Nurdiana et al. (2024), found that dissolved silica 
concentration in hydrothermal fluids exerts a strong 
control on feldspar replacement reactions and the 
development of secondary porosity. In that case, 
albite replacement was unaffected by quartz, whilst 
anorthite was preferentially altered when quartz 
was present.

FIG. 5. Solubility of quartz in water as a function of temperature and pressure. The pink area displays the region of retrograde solubility 
of quartz (after Fournier and Potter, 1982 and Skinner, 1996).
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reactivation of microcracks. Under these conditions, 
mineral deposition becomes controlled not only by 
changes in fluid properties but also by the orientation 
of the microfractures, which guides fluid pathways 
and mineralisation patterns.

In porphyry deposits, stockworks of veins and 
veinlets are widely developed alongside hydrothermally 
altered zones (Liu et al., 2020). Thus, the distribution 
and abundance of the vein stockwork define the 
shape and geometry of the ore grade shells (Osorio 
et al., 2024). Furthermore, mineral-enriched fluids 
might precipitate towards the peripheries of the 
intrusive, where thermal variations are greatest. As 
a result, the spatial array of the ore would be both 
structurally controlled and thermally driven into the 
intrusive-host rock contact (Fig. 6). 

Dilatant structural settings may telescope 
mineralisation outwards from source rocks at depth, to 

Thermally induced cracks escalate with increasing 
temperature, predominantly as intergranular tensile 
cracks, followed by intragranular tensile cracks (Pan 
et al., 2024). These microfractures can evolve into a 
densely distributed network of interconnected flow 
paths, preferentially developed along grain contacts 
and cleavage planes (Pan et al., 2024). In granites, 
intergranular cracks are more frequent at the quartz-
feldspar interface, with microcracks initiating at 
~300 °C and coalescing between 400 and 600 °C 
(at standard atmospheric pressure). This process 
largely explains the sharp decrease in macroscale 
mechanical properties of granites (Xu et al., 2023). 
Following the initial development of these thermally 
induced microfractures, subsequent cooling of the 
rock can further influence fracture behaviour, as 
decreasing temperatures and fluid circulation may 
enhance permeability and promote the propagation or 

FIG. 6. Influence of thermal contraction on the formation and emplacement of mineralised bodies. A) Initial stage: late-stage, volatile-
rich magmatic fluids concentrate near the top of the intrusive dome, forming mineralised zones between the intrusion and host 
rock, with thermal metamorphic halos and radially arranged veins. B) Final stage: fluid concentration enlarges mineralised 
zones and halos, with fluids escaping through a dome fault. Small volumetric changes in the magma produce strong variations 
along discrete fault sections, similar to how a pycnometer detects subtle changes in fluid volume (modified from Rossello and 
López-Isaza, 2023).
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form sheeted vein related porphyry systems extending 
into wall rocks, or laterally and vertically to form 
epithermal deposits (Corbett, 2002).

5. Conclusion

Differential thermal expansion and contraction 
of rock-forming minerals can play a significant role 
in generating and enhancing preferential pathways 
for the migration and emplacement of mineralising 
fluids from igneous intrusions. Cooling of magmas 
during their ascent may result in ore precipitation 
within disseminated microfractures and cracks 
formed by volumetric changes at the α-β quartz 
transition.

The thermally induced porosity in an ideal melt of 
quartz and feldspars is estimated to be on the order of 
1.2%, values that are consistent with observations from 
porphyry systems when compared with the estimated 
volume occupied by ore minerals. Microfractures and 
the opening of cracks and vacuoles would preferentially 
propagate along crystal boundaries, particularly at 
contacts between minerals with differing thermal 
expansion coefficients.

The volumetric expansion of the rocks can lead 
to fluid decompression and exsolution. This boiling 
effect is often associated with the release of gas phases 
enriched in ore components, or at least capable of 
mobilising elements from the surrounding wall rock. 
Microfracturing and the associated alteration halos 
may extend mineralisation outward into the host 
rock, ultimately producing low-grade, high-tonnage 
disseminated deposits.
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