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A B S T R A C T

The production of a significant thermal and fluid anomaly during the assembly of large magmatic bodies 
inevitably leads to a prolonged, post-magmatic evolution of the system. To shed light on the transition between 
magmatic and post-crystallization environment, we investigated the variation of OH-defects and trace elements 
content in quartz from intrusive and eruptive products of the Sesia Magmatic System (SW Alps, Italy). Specif
ically, quartz crystals were sampled from a floor-to-roof section of the Valle Mosso Pluton and two rhyolitic units 
of the Sesia Caldera, which represents the crystallized remnants of a magmatic plumbing system beneath a large 
Permian caldera. A total of 120 quartz crystals were analysed using Fourier Transform InfraRed (FTIR) spec
troscopy to investigate OH-defects both quantitatively and qualitatively and Laser Ablation-Inductively Coupled 
Plasma-Mass Spectrometry (LA-ICP-MS) to assess trace element abundances. Results indicate systematic varia
tions: (1) intrusive quartz shows gradual decrease in Ti and increase in total defect water content (1–25 ppm), 
following the differentiation degree; (2) volcanic quartz displays variable Ti and water contents (2–14 ppm) 
comparable to those of the intrusive lithologies; (3) in both intrusive and eruptive units, lattice-bound Al-specific 
defects dominate over non-lattice bound Li-specific defects, except in a porphyritic dike showing evidence of fast 
cooling. Our findings suggest that, in absence of fast cooling, slow-diffusing elements and lattice-bound OH- 
defects (e.g. Al, Ti, AlOH) preserve primary magmatic signals, while fast-diffusing elements (e.g. Li) and inter
stitial defects (e.g. LiOH) provide insights into post-crystallization histories. The combined analysis of these 
features offers a powerful tool for reconstructing the thermal and chemical evolution of magmatic systems, from 
magma chamber processes to post-eruptive alteration. Moreover, it provides insights on the robustness of quartz 
OH-defects and trace element inventory as a tool for provenance indicator.

1. Introduction

Quartz is a Nominally Anhydrous Mineral (NAM) and a major con
stituent of upper crustal felsic igneous rocks (e.g. granites, rhyolites). 
Although typically regarded as a pure mineral, quartz can incorporate 
trace amounts of chemical impurities into its crystal lattice, such as P5+, 
Ti4+, Ge4+, Al3+, Fe3+, B3+, Li+, Na+, K+ and H+ (Bambauer, 1961; Kats, 
1962; Bambauer et al., 1963; Aines and Rossman, 1984; Müller and 
Koch-Müller, 2009; Götze et al., 2021). These cations may be incorpo
rated through either the exchange of cations isovalent to Si4+ (e.g. Ti4+, 
Ge4+) or through coupled substitutions, most often as a combination of 

mono- and tri-valent cations (e.g. Si4+ ↔ Al3+ + H+ or Si4+ ↔ B3+ + H+; 
Botis and Pan, 2009). The involvement of hydrogen in the substitution 
process can result in the formation of hydroxyl dipoles (OH− ) with the 
oxygen anions of the quartz lattice, giving rise to OH-defects. Other H+

assimilation mechanisms include the incorporation of interstitial mole
cules, such as the neutral species LiOH (Kats, 1962; Bambauer et al., 
1963), which has been experimentally shown to be negatively correlated 
to pressure and to be favourable at high Li contents (Frigo et al., 2016).

The OH dipoles can be detected and distinguished depending on the 
charge compensation by their absorption frequency in the IR range of 
electromagnetic radiation. Fourier Transform Infrared (FTIR) 
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spectroscopy is a widely applied method for qualitatively and quanti
tatively investigating hydrous defects in NAMs (Stalder and Neuser, 
2013). In parallel, Laser Ablation-Inductively Coupled Plasma-Mass 
Spectrometry (LA-ICP-MS) is routinely employed for investigating 
trace element contents in quartz due to its high sensitivity and low 
detection limits (Ackerson et al., 2015).

The development of a method to identify and quantify OH-defects 
(Stalder and Konzett, 2012) has opened the way to a deeper under
stating of the relationship between OH-defects and petrological condi
tions. Notably, the physical and chemical parameters at play during 
magma crystallization (e.g. pressure, temperature, chemical composi
tion, trace element availability, and water fugacity) exhort a crucial role 
in both OH-defect formation in quartz and trace element incorporation 
(e.g. Suzuki and Nakashima, 1999; Frigo et al., 2016; Potrafke et al., 
2020). Given OH-defects sensitivity to physico-chemical parameters, 
FTIR studies of OH-defects have been employed as a tool for detrital 
quartz in provenance studies, enabling an approximate distinction be
tween sedimentary, igneous, and metamorphic sources (Stalder and 
Neuser, 2013; Stalder, 2014; Stalder et al., 2017, 2019; Jaeger et al., 
2019; Bernardi et al., 2022; Bernardi, 2024). In the last decade, a series 
of systematic studies have been conducted on quartz grains from 
metamorphic (Müller and Koch-Müller, 2009), volcanic (Biró et al., 
2016, 2017; Tollan et al., 2019; Jollands et al., 2020a), and plutonic 
(Müller et al., 2009; Stalder et al., 2017; Potrafke et al., 2020) rocks. 
Recent studies have also included study of OH-defects in experimentally 
grown quartz from haplogranitic systems (Baron et al., 2015; Frigo et al., 
2016; Potrafke et al., 2019). In parallel, the versatility and relative ease 
of use of LA-ICP-MS techniques have led to numerous comprehensive 
studies on quartz trace-elements composition from various geological 
settings including granites (Jacamon and Larsen, 2009; Larsen et al., 
2009; Breiter et al., 2013; Ackerson et al., 2015; Drivenes et al., 2016; 
Breiter et al., 2020; Zhang et al., 2022; Ji et al., 2024), pegmatites (Götze 
et al., 2004; Larsen et al., 2004; Müller et al., 2008; Beurlen et al., 2011; 
Breiter et al., 2014; Müller et al., 2015; Garate-Olave et al., 2017; Müller 
et al., 2021; Keyser et al., 2023; Zhou et al., 2023; Sittner et al., 2024), 
volcanic rocks (Breiter et al., 2012; Audétat, 2013), hydrothermal de
posits (Takahashi et al., 2007; Rusk et al., 2008; Götte et al., 2011; 
Müller et al., 2018; Pacák et al., 2019; Peterková and Doleǰs, 2019; Fu 
et al., 2020; Lan et al., 2021; Rottier and Casanova, 2021; Rottier et al., 
2021; Zhang et al., 2022; Hong et al., 2024), and metamorphic lithol
ogies (Monecke et al., 2002; Müller and Koch-Müller, 2009).

Nonetheless, with the notable exception of the study from Potrafke 
et al. (2020) on tin-bearing granitic bodies of Zinnwald and Podlesí, 
detailed investigations on the paired evolution of hydrous defect and 
trace elements of quartz from individual igneous bodies are lacking. 
Moreover, there are to date no studies on OH-defects budget in geologic 
settings that include coeval and cogenetic plutonic-volcanic pairs. To 
bridge this gap, we present the findings of a systematic investigation into 
the paired variation of OH-defects and trace element contents in 
magmatic quartz from the intrusive and volcanic silicic products of a 
well-known Permian transcrustal plumbing (i.e. Sesia Magmatic System; 
Quick et al., 2009; Sinigoi et al., 2010, Tavazzani et al., 2020). The 
objective of this research is to characterise the magmatic system using 
the combination of two analytical techniques, FTIR and LA-ICP-MS. This 
will validate potential relationships between trace element contents and 
OH-defects formation in both the magmatic and post-crystallization 
environment. In addition, this work provides a more comprehensive 
calibration and evaluation of the possible limitations of the OH tool in 
provenance studies of sedimentary quartz.

2. Geological setting

2.1. Sesia Magmatic System

The Permian Sesia Magmatic System (SMS; Sinigoi et al., 2010) is 
located in a virtually complete section of pre-Mesozoic continental crust 

exposed in the South-Western Alps (Italy) and represents the crystallized 
remnants of a magmatic plumbing system beneath a Permian caldera 
(Quick et al., 2009; Karakas et al., 2019). This crustal section encom
passes the deep crustal Ivrea-Verbano Zone (IVZ) and the upper crustal 
Serie dei Laghi (SdL) domains (Fountain, 1976; Handy and Zingg, 1991; 
Henk et al., 1997; Rutter et al., 1999; Connop et al., 2024). The SMS is 
comprised of three main coeval igneous units: the Mafic Complex, which 
intruded the deep crustal Ivrea-Verbano Zone (8 to 5 kbar; Demarchi 
et al., 1998), the Valle Mosso-Roccapietra granitic pluton, which 
intruded the upper crust (4 to 2 kbar; Tavazzani et al., 2020, 2023) and 
the Sesia Caldera (SC), characterised by a volcanic field primarily 
featuring caldera-fill rhyolitic deposits (Quick et al., 2009).

2.2. Valle Mosso Pluton

The pre-Permian Serie dei Laghi formation hosts numerous granitic 
plutons, collectively known as Graniti dei Laghi, among which is the 
Valle Mosso-Roccapietra Pluton (Boriani et al., 1988). This intrusion is 
subdivided into two discrete granitic bodies by an alpine shear-zone, the 
Cremosina Line. Among these two bodies, the Valle Mosso Pluton (VMP) 
is located south of the Cremosina Line and consists of a suite of co- 
genetic intrusive rocks, varying from quartz-monzonite to high-silica 
leucogranite (65–77 wt% SiO2; Zezza, 1977; Tavazzani et al., 2017, 
2020). Further classification of the VMP entails the subdivision into five 
north-south elongated intrusive units based on a combination of litho
logical, textural, and compositional characteristics (Tavazzani et al., 
2017, 2020) (Fig. 1a-b).

The westernmost sector (quartz-monzonite unit; Gd; unit labels are 
summarized in Fig. 1a and Table 1) is in primary contact with the pol
ymetamorphic Kinzigite Formation (Zezza, 1977) and has been inter
preted as the floor of the intrusion (Tavazzani et al., 2017). This unit is 
characterised by coarse-grained quartz-monzonite, grading eastward 
into a monzogranite, occasionally displaying macroscopic foliation 
resulting from the alignment of biotite and amphibole (Tavazzani et al., 
2020). This unit represents the least evolved unit, with a silica content of 
67–72wt% SiO2 (Tavazzani et al., 2020). Directly to the east of the 
quartz-monzonite unit lies a more markedly porphyritic monzogranite 
unit (Pg), characterised by the presence of K-feldspar (grain size 1–4 cm) 
and quartz (grain size 0.5–1 cm) phenocrysts embedded within a me
dium- to fine-grained matrix (Tavazzani et al., 2017, 2020). Within this 
unit resides a microgranitic porphyry (Gp) unit, which forms an isolated 
NNW-elongated intrusive body (0.5 km2) consisting of a fine-grained to 
aphanitic matrix, and a variable phenocrysts content (5–45 vol%; 
namely K-feldspar, plagioclase, biotite, and quartz). This unit is rich in 
microgranular mafic enclaves (up to 10 vol%) of variable composition 
and shows widespread petrographic evidence of mixing between silicic 
and mafic melts and rapid cooling (Tavazzani et al., 2020). Moving 
eastward, the porphyritic monzogranite gradually transitions into a 
homogeneous coarse-grained monzogranite unit (Hwg). This unit ex
hibits a more evolved composition, with up to 74wt% SiO2 (Tavazzani 
et al., 2020). Finally, at the easternmost edge of the intrusion, the ho
mogeneous monzogranite unit grades into a coarse-grained homoge
neous pink leucogranite (Hpg), marked by the vibrant pink colouring of 
K-feldspars due to extensive kaolinization and precipitation of crypto
crystalline hematite (Zezza, 1977; Tavazzani et al., 2020). The leucog
ranite body represents the most evolved unit of the VMP with silica 
content reaching up to 76.5wt% SiO2 (Tavazzani et al., 2020). This unit 
intrudes the volcanic pile of the Sesia Caldera, which locally experienced 
contact metamorphism (Sbisà, 2009). As the boundary with the volcanic 
rocks is approached, evidence of widespread fluid activity (i.e. pegma
titic veins and pockets, quartz dikes, and miarolitic cavities) becomes 
increasingly abundant (Tavazzani et al., 2020).

The overall features, textures, and bulk-rock composition of the VMP 
indicate the evolution of a silicic magma chamber experiencing pro
longed differentiation, primarily influenced by crystal-melt segregation 
and occasionally replenished by granitic and/or mafic magma injections 
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(Sinigoi et al., 2016; Tavazzani et al., 2020, 2024). Recent high precision 
Chemical Abrasion-Isotope Dilution- Thermal Ionization Mass Spec
trometry (CA-ID-TIMS) zircon U-Pb studies on samples from the VMP 
(Karakas et al., 2019; Tavazzani et al., 2023) have shown that zircon 
crystallization in the different units was coeval over a ~ 1 Ma interval 
between 283.98 ± 0.06 and 282.97 ± 0.17 Ma (2σ uncertainty).

2.3. Sesia Caldera

The volcanic rocks outcropping along the Sesia Valley 

predominantly consist of crystal-rich rhyolite, encompassing a variety of 
structures such as lava flows, massive porphyries, ignimbrites, fragment- 
rich tuff intermixed with volcanic megabreccia (Sbisà, 2009). The dis
tribution of megabreccia indicates that the minimum northeast- 
southwest caldera dimension exceeded 13 km (Quick et al., 2009). 
The main eruptive unit (Sesia ignimbrite; Sei) of the Sesia Caldera 
comprises densely welded crystal-rich (25–35 vol%) and lithic-rich 
(variable but up to 30 vol%) rhyolitic ignimbrites, containing patches 
of megabreccia (Fig. 1a). Textural and compositional attributes of quartz 
phenocrysts bear evidence of thermal rejuvenation of an evolved magma 

Fig. 1. (a) Detailed geological map of the Sesia Magmatic System south of the Cremosina line, including location of the sample analysed in this work. Modified after 
Sbisà (2009) and Tavazzani et al. (2020). (b) Cross-sections matching the geological map.

Table 1 
List of samples selected for this study, including approximate distance from base of the intrusion calculated after Tavazzani et al. (2024).

Rock sample Units Label Distance from intrusion’s base (m) Latitude (DD) Longitude (DD)

RE-VS13–14 Upper Ignimbrite Ui – 45.712433◦ 8.408250◦

RE-VS13–13 Upper Ignimbrite Ui – 45.675033◦ 8.400983◦

RE-VS13–07 Sesia Ignimbrite Sei – 45.725000◦ 8.395278◦

RE-VS13–05 Sesia Ignimbrite Sei – 45.670333◦ 8.332367◦

RE-VS3–20 Homogeneous Pink Leucogranite Hpg 7762 45.613142◦ 8.222232◦

BTV19–05 Homogeneous Pink Leucogranite Hpg 6050 45.600433◦ 8.197148◦

PST214 Homogeneous White Monzogranite Hwg 5090 45.645794◦ 8.182607◦

LS236 Homogeneous White Monzogranite Hwg 4999 45.620091◦ 8.190199◦

PST212 Porphyritic Monzogranite Pg 3996 45.634507◦ 8.174601◦

LS74 Microgranitic Porphyry Gp 3931 45.636117◦ 8.173365◦

LS68 Microgranitic Porphyry Gp 3778 45.638234◦ 8.171014◦

LS49b Porphyritic Monzogranite Pg 3381 45.629726◦ 8.169582◦

FVM1 Quartz-monzonite Gd 584 45.635079◦ 8.137709◦

FVM14 Quartz-monzonite Gd 0 45.637611◦ 8.130583◦
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body, stored at near-solidus high crystallinity conditions, which trig
gered the eruption of voluminous crystal-rich material (Tavazzani et al., 
2020). Towards the eastern border of the volcanic field, the Sesia 
ignimbrite is covered by a crystal-poor (10–15 vol%) ignimbrite 
approximately 400 m thick (Upper ignimbrite; Ui). A layer of volcani
clastic sediments separates the two eruptive units. The Upper Ignimbrite 
unit is characterised by its high bulk rock silica content (75–77 wt% 
SiO2), diffuse subparallel eutaxitic texture, small quartz phenocrysts 
(grain size 0.2–0.5 cm), and a general lack of lithic fragments. This unit 
has been interpreted as the outcome of a post-caldera eruptive event 
(Sbisà, 2009).

Recent high-precision CA-ID-TIMS, U-Pb age determinations on 
single zircons grains from the caldera-fill ignimbrite span from 284.61 
± 0.09 Ma to 283.37 ± 0.14 Ma (Karakas et al., 2019). Additionally, 
high-precision zircon CA-ID-TIMS ages from one samples of the post- 
caldera, Upper Ignimbrite unit (Tavazzani et al., 2023) indicate zircon 
crystallization between 283.53 ± 0.04 Ma and 283.22 ± 0.07 Ma. 
Eruption ages for both eruptions have been calculated either as Th- 
corrected 206Pb/238U ages derived from the youngest zircon within 
each eruptive unit (Sei: 283.46 ± 0.14/0.16/0.35 Ma; Ui: 283.22 ±
0.07/0.11/0.33 Ma) or as Bayesian estimates utilizing bootstrapped 
zircon distributions (Keller et al., 2018) as 283.49 ± 0.10/0.13/0.34 Ma 
for the Sesia Ignimbrite and 283.21 ± 0.10/0.13/0.34 Ma for the Upper 
Ignimbrite (Tavazzani et al., 2023). The eruption ages determined with 
either approach indicate a time interval of about 300,000 years between 
the two eruptive events.

3. Materials and methods

3.1. Samples

We investigated a total of 14 rock specimens, which include two 
samples for each intrusive and volcanic unit. The VMP granitic samples 
were selected to provide an idealized floor-to-roof section across the 
intrusion. In the lower part of the intrusion, we selected six samples: two 
from the quartz-monzonite unit (FVM14 and FVM1), two from the 
porphyritic monzogranite unit (LS49b and PST212), and two from the 
microgranitic porphyry unit (LS68 and LS74). In the upper portion, we 
selected two samples from the white monzogranite unit (PST214 and 
LS236) and two from the pink leucogranite unit (RE-VS13–20 and 
BTV19–05). Among the Sesia Caldera volcanic products, two samples 
represent the caldera-fill crystal-rich ignimbrites (Sesia Ignimbrite; RE 
VS13–05 and RE VS13–07) and two the late crystal-poor ignimbrite 
(Upper Ignimbrite; RE VS13–13 and RE VS13–14). Locations of samples 
studied in this work are shown in Fig. 1a and listed in Table 1, including 
the approximate distance from the floor of the intrusion for VMP granitic 
samples.

3.2. FTIR spectroscopy and OH-defects method

A total of 120 oriented quartz wafers were prepared for IR spec
troscopy following the methodology outlined by Stalder and Konzett 
(2012). For every VMP granitic samples we prepared 10 crystals per 
sample (a total of 100 wafers). As for the SC volcanic products, five 
crystals per sample were studied (20 in total). The ten VMP granitic rock 
specimens were initially crushed mechanically; then, the fraction >250 
μm was separated through sieving. Concerning the four SC volcanic 
samples, rock fragments were crushed in an agate mortar and individual 
euhedral quartz grains were handpicked from the crushed remnants. 
These quartz grains underwent a cleaning process involving a 10-min 
ultrasonic treatment with 3 X deionized H2O, 1 × 1 N HNO3 and 1 ×
3 N HCl to remove any coatings formed by secondary alteration 
minerals.

Individual quartz crystals were handpicked under a microscope and 
oriented parallel to the optical axis in a thermoplastic resin on a glass 
slide. The alignment of crystals was verified using an optical microscope, 

confirmed by birefringence values of Δn = 0.009 under orthoscopic 
observation and by “flash figure” in conoscopic illumination. Subse
quently, the samples were manually ground and polished on both sides 
while still in the resin. The thickness of each crystal was measured using 
a mechanical Mitutoyo micrometre gauge with an accuracy of ±2 μm. 
The thicknesses of crystals within the sample set range from 84 to 517 
μm.

Polarized IR-spectroscopy on oriented crystals has been proven to be 
a valuable method to investigate OH-defects content and speciation in 
quartz (Stalder and Konzett, 2012). This technique enables the differ
entiation between molecular water (H2O), which generates a broad 
absorption band ranging from 3000 to 3700 cm− 1, and water attribut
able to OH-defects, which produces distinct absorption peaks at specific 
wavenumbers, typically between 3250 and 3600 cm− 1 (Kats, 1962). 
Since molecular water exhibits isotropic behaviour, while the majority 
of OH-defect absorption bands are more or less perfectly oriented 
perpendicular to the optical axis (E‖no), it becomes feasible to discern 
between these absorption features. Polarized measurements E‖no cap
ture both OH-defect and molecular water contributions, whereas mea
surements E‖ne solely detect molecular water. Consequently, the 
contribution of OH-defect can be determined by the subtraction as 
E‖no − E‖ne (Stalder and Konzett, 2012). The only OH dipole vector 
significantly contributing to ‖ne measurements is associated with the B- 
related defect at 3595 cm− 1. To compute the absorption intensity A, the 

formula A =

(
2 no+ne

2

)

is therefore employed (Stalder and Neuser, 2013; 

Stalder, 2021).
Infrared spectra were acquired at the Department of Geosciences of 

the Swedish Museum of Natural History in Stockholm at room temper
ature, using a Bruker Vertex 70 spectrometer equipped with a halogen- 
lamp source and a CaF2 beam-splitter coupled to a Hyperion 2000 mi
croscope with a ZnSe wire-grid polarizer and a nitrogen-cooled InSb 
detector. Between 200 and 400 scans were conducted for both back
ground and sample, with a resolution of 4 cm− 1 within the wavenumber 
range of 2000–5000 cm− 1. On each crystal, a visually inclusion-free 
volume was analysed with two measurements on the same spot (one 
E‖no and one E‖ne), the polarizer being rotated by 90◦ after the first 
measurement. The two polarized (E‖no and E‖ne) IR spectra obtained 
were then subtracted according to Stalder and Konzett (2012), baseline- 
corrected using a linear baseline within the wavenumber range 
3600–3200 cm− 1 via PeakFit® 4.12 environment and subsequently 
normalized to thickness. Determining the water content involves uti
lizing general calibration curves in accordance with the Beer-Lambert 
law. The absorption molar coefficient ε is estimated though different 
calibration methods. In this study, the mineral-specific 
calibration developed by Thomas et al. (2009) was used, 
i.e. ε = 89 000 ± 15 000 L mol− 1 cm− 2. The water content can accord
ingly be calculated as follows: 

c (ppm H2O) =
A
t
•

2 • MH2O • 1000
Dqz • 89000

=
A
t
• 0.153 (1) 

with the molar mass of water MH2O = 18 g/mol, the density of quartz 
Dqz = 2.65 g/cm3, and the thickness t in centimetres. The factor 2 rep
resents the twofold contributions of no (out of the three spatial di
rections), and the factor 1000 is obtained from the conversion of litres to 
cubic centimetres (Stalder, 2021). Results are expressed as ppm H2O 
weight notation (Supplementary Data Table S2).

The precision of the OH content determination is assessed to be 
approximately ±10 % when considering the main error sources, such as 
background correction, thickness measurement, and potential mismatch 
in crystal orientation (Stalder et al., 2017). Furthermore, a systematic 
uncertainty stemming from the limited accuracy of the extinction co
efficient is estimated to be ±15–20 % (Libowitzky and Rossman, 1997; 
Thomas et al., 2009). The limit of detection heavily relies on spectra 
quality and sample thickness, and it can be estimated “visibly” as a peak 
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signal that surpasses the noise level twofold. For the analysed samples, a 
detection limit of 0.1 ppm weight H2O has been approximated for 
spectra exhibiting the lowest noise levels.

3.3. LA-ICP-MS trace element analysis

Following FTIR spectroscopy, LA-ICP-MS analyses were conducted 
on the same quartz wafers. The quartz crystals were freed from the 
thermoplastic resin by rinsing the glass plate with acetone. Afterwards, 
the crystals were embedded in four circular 1 inch epoxy mounts, then 
ground and polished. To ensure that results of FTIR analyses are directly 
linked to LA-ICP-MS values, we analysed the same-inclusion-free vol
ume targeted for IR-spectra acquisition. Moreover, we routinely placed a 
further LA-ICP-MS analytical spot at least 50 μm away from the initial 
one, to test for compositional homogeneity of the quartz grain. Trace 
elements concentrations in quartz were determined using a GeoLas 
system equipped with a Compex Pro 102F (Coherent) Excimer 193 nm 
(ArF) laser source coupled with a Nexion2000 (Perkin Elmer) fast- 
scanning quadrupole ICP-MS, housed at the Institute of Geochemistry 
and Petrology, ETH Zürich. The on-sample energy density of the laser 
beam was set at ca. 20 J•cm− 2 with a repetition rate of 10 Hz. Quartz 
crystals were ablated with a spot size of 40 μm. The ablation was per
formed in an in-house cell designed for 1 inch mounts (Günther et al., 
1997), using ca. 1.0 L•min− 1 He as carrier gas flow and ca. 1.0 L•min− 1 

Ar make-up gas admixed downstream of the ablation chamber and ho
mogenized through a squid device. The analysed set of elements is 7Li, 
9Be, 11B, 23Na, 25Mg, 27Al, 39K, 45Sc, 49Ti, 71Ga, 72Ge, 85Rb, 88Sr, and 
133Cs. Quantification for all elements was performed against the NIST 
SRM 610 glass, serving as the primary reference material (Jochum et al., 
2011). For quartz analyses, a natural quartz crystal characterised by 
Audétat et al. (2015) was utilized as a secondary reference material. The 
average 2σ reproducibility of concentrations in the secondary quartz 
reference material across all analytical sessions was approximately 5 % 
relative. The raw data were processed using SILLS (Signal Integration for 
Laboratory Laser Systems) software package, developed in MATLAB® 
and specifically designed for reducing data and calculating elemental 
concentrations from transient LA-ICP-MS signals (Guillong et al., 2008). 
Silicon was used as internal standard for quartz (stoichiometric value). 
During the data reduction phase, analytical uncertainties and limits of 
detection were automatically computed for each element and each 
crystal (Supplementary Data Table S3).

In addition to quartz, selected trace element contents of feldspars 
were analysed using a 193-nm Resonetics ArF excimer laser coupled 
with a Thermo Element XR inductively coupled plasma mass spec
trometer (LA-ICP-MS) with operation parameters following Cortes-Cal
deron et al. (2024) and detailed in Supplementary Material S1. The full 
set of results is available in Supplementary Data Table S4.

4. Results

4.1. OH-defect content and speciation

All 120 examined quartz crystals display at least one identifiable 
absorption peak associated with OH-defects (Fig. 2). In general, the 
dominant absorption feature for both VMP and SC quartz crystals is the 
Al-specific OH triplet at 3310, 3378, and 3430 cm− 1, which was 
detected in all analysed grains (Fig. 2). The Li-related substitution at 
3480 cm− 1 ranks as the second most prevalent, occurring in nearly all 
crystals. Exceptions are samples FVM14, FVM1, and RE-VS13–13, where 
only 1 out of 10, 7 out of 10, and 2 out of 5 crystals exhibited a Li-related 
absorption peak, respectively. The B-related defect at 3595 cm− 1 is 
infrequent (11 crystals) and often challenging to identify due to the 
weakness of the absorption peak and the low signal-to-noise ratio in this 
region of the IR spectrum. The hydrogarnet defect (4H) at 3585 cm− 1 is 
absent throughout all measurements. The acquired spectra show a 
notable prevalence of multiple substitutions (Al- and Li-related defects; 

Al- and B-related defects; Al-, Li- and B-related defects), with only 13 
crystals exhibiting single substitutions (Al-related defects).

4.1.1. Valle Mosso Pluton
Average absorption spectra of VMP quartz crystals reveal a strong 

petrographic control on the variation in amount and type of OH-defects 
across the intrusion. Total OH water content increases with increasing 
distance from the base of the intrusion (Fig. 3a; Table 2). This trend also 
follows the degree of magmatic evolution: the basal quartz-monzonite is 
the least evolved unit within the VMP (67–72wt% SiO2; Tavazzani et al., 
2020) and exhibits one of the lowest average OH content (3.6 ppm). 
Conversely, the leucogranite unit, which represents the most evolved 
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intrusive unit (up to 76.5wt% SiO2; Tavazzani et al., 2020), shows the 
highest average OH content (14 ppm) and individual crystals with up to 
22 ppm total OH (Table 2).

The gradual decrease in LiOH/AlOH (I3480/I3378; where LiOH and 

AlOH refer to Li- and Al-specific OH-defects) band ratio across the VMP 
units illustrates a consistent decrease in LiOH contribution as well as an 
increase in AlOH with increasing distance from the base of the intrusion. 
An exception is observed in the quartz-monzonite unit, where both LiOH 

Fig. 3. (a) Variation in total OH water content for quartz grains across the Valle Mosso pluton (VMP) and the Sesia Caldera (SC) volcanic units. Uncertainty (1σ) on 
individual measurements is estimated to be between 10 and 20 % of the reported values (Libowitzky and Rossman, 1997; Thomas et al., 2009). (b) Variation in LiOH/ 
AlOH ratio (derived from I3480/I3378 band ratio) for the granitic and volcanic quartz crystals versus distance from the base of the intrusion and in the volcanic pile. 
Covariation of total LiOH/AlOH ratio with total OH water content for (c) SC and (d) VMP samples. Dashed lines represent theoretical trends for constant LiOH (0.05/ 
0.10/0.25/0.50/1.0/2.0 ppm) at increasing AlOH values. Refer to Table 1 for unit labels.

Table 2 
Total OH water content: minimum and maximum content, average, and standard deviation for each intrusive (VMP) and volcanic (SC) sample. Single contributions of 
Al-, Li-, and B-related defects are also shown. Samples with only one crystal showing a recognizable B-related absorption peak are marked with an asterisk (*).

Unit Sample Total OH content Single defects OH contributions

Al-related Li-related B-related

Range (ppm) Average (ppm) σ Range (ppm) Range (ppm) Range (ppm)

Sesia Caldera
Ui

RE-VS13–14 2.3–5.8 3.5 1.3 2.2–5.7 0.10–0.14 –
RE-VS13–13 6.5–11 9.0 1.4 6.4–11 0.10–0.16 –

Sei RE-VS13–07 8.4–13 12 2.1 8.1–13 0.13–0.22 –
RE-VS13–05 1.7–8.5 4.1 2.5 1.6–7.7 0.10–0.74 –

Valle Mosso Pluton

Hpg RE-VS13–20 4.6–25 13 6.0 3.9–22 0.29–2.3 0.24 *
BTV19–05 11–19 15 1.9 11–19 0.23–0.78 –

Hwg
PST214 3.4–6.1 5.1 0.89 2.8–4.8 0.43–1.5 –
LS236 6.8–13 11 2.0 6.0–12 0.60–1.3 0.10 *

Gp
LS74 1.9–4.8 3.0 0.94 1.3–3.9 0.48–0.93 –
LS68 1.3–3.9 2.4 0.97 0.43–3.1 0.66–1.2 –

Pg PST212 2.5–13 6.2 3.3 1.8–10 0.72–2.5 –
LS49b 3.4–7.3 5.7 1.2 2.5–5.3 0.97–2.3 0.19–0.28

Gd FVM1 1.1–4.8 3.0 0.98 1.0–4.5 0.10–0.15 0.10–0.22
FVM14 2.9–5.6 4.2 1.0 2.9–5.6 0.14 * 0.10 *
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and AlOH contributions remain low (Fig. 3b, d). Overall, Li-specific OH- 
defects are strongly subordinate to Al-specific defects in equigranular 
granitic units of the Valle Mosso Pluton (i.e. Hwg and Hpg, LiOH/AlOH 
<0.1; Figs. 2, 3). The porphyritic units of the intrusion (i.e. Pg and Gp) 
also show dominant Al-specific defects, but to a smaller degree than the 
equigranular units (0.1 < LiOH/AlOH <1) and include one sample from 
the microgranitic porphyry unit (Gp), characterised by anomalously 
high LiOH/AlOH ratios (i.e. >1; Fig. 3b, d). In the basal quartz- 
monzonite unit, both analysed samples display the lowest average 
LiOH content within the VMP dataset (0.12 ppm; Table 2), only one 
crystal in FVM14 and seven out of ten crystals in FVM1 exhibit recog
nizable Li-related absorption peaks. BOH defects are infrequent, and 
their occurrence is unevenly distributed within the sample set, favouring 
samples closer to the base of the intrusion (i.e. quartz-monzonite unit). 
Here, individual samples show BOH values comparable to those of LiOH 
(Fig. 2b).

4.1.2. Sesia Caldera
In samples from volcanic units, average spectra also exhibit fluctu

ations in OH-defect contents (Fig. 3a; Table 2). However, identifying a 
consistent pattern is more complex. The contribution from Al-related 
defects is significantly higher in two samples (RE-VS13–07 from Sesia 
and RE-VS13–13 from Upper ignimbrites) compared to companion 
samples from the same units (RE-VS13–05 from Sesia and RE-VS13–14 
from Upper ignimbrites). LiOH contribution is minimal, with less than 1 
ppm observed in only a few quartz grains from the Upper Ignimbrite unit 
and BOH defects are entirely absent in quartz phenocrysts from the Sesia 
Caldera.

4.2. Trace elements content

Due to the selective incorporation of trace elements in quartz and 
their variable limits of detection by LA-ICP-MS, only specific elements 
are presented here (i.e. 7Li, 11B, 23Na, 25Mg, 27Al, 39K, 45Sc, 49Ti, 72Ge, 
and 88Sr), all other elements are reported in Supplementary Data 
Table S3. Out of the relevant elements, Ti, Al, and Li are uniformly 
detected in all analysed quartz crystals, while elements such as Ge, Sr, 
Mg, and B are the least frequent (Table 3).

4.2.1. Valle Mosso Pluton
In quartz grains from the Valle Mosso granitic body, Al contents 

range from 40 to 202 ppm. At the base of the intrusion, quartz crystals 
exhibit the lowest Al content (40–143 ppm) (Fig. 4b). Moving upward 
into the overlying porphyritic monzogranite unit, Al content sharply 
increases before stabilizing across the intrusion in a range between 100 
and 120 ppm (Table 3), with outliers potentially related to accidental 
breaching of small, undetected melt inclusion during quartz ablation. 

Throughout the lower part of the intrusion, Ti remains relatively con
stant, with average concentrations between 29 and 33 ppm. The units 
showing highest Ti contents (up to 100 ppm; Table 3) are the porphyritic 
monzogranite and microgranite porphyry units. Titanium content then 
decreases across the progressively more evolved equigranular mon
zogranite and leucogranite units (Table 3; Fig. 4c). It is to be noted that 
Ti concentration in quartz grains from both intrusive and volcanic li
thologies can show substantial (i.e. 10s of ppm) variations at spatial 
scales not resolvable by LA-ICP-MS analyses (Tavazzani et al., 2020). 
This might add to the large scatter observed in Ti values across most 
units (Fig. 4b). The Li content is notably low in the basal quartz- 
monzonite unit (1.1–5.1 ppm), it sharply increases to 17–29 ppm in 
the porphyritic monzogranite and microgranite porphyry units, then 
tends to decrease with distance from the base of the intrusion, reaching 
5.1–19 ppm in the high-silica leucogranite unit (Fig. 4a). Germanium 
concentration does not exhibit a discernible trend throughout the profile 
and remains close to the detection limit (~1 ppm).

4.2.2. Sesia Caldera
Within the volcanic products of the Sesia Caldera, the average Al 

content stands at 114 ppm in the Sesia Ignimbrite and 98 ppm in the 
Upper Ignimbrite (Fig. 4b). These volcanic units show the highest Ti 
content within the analysed quartz crystals, with an average of 37 ppm 
and 40 ppm for Sesia and Upper ignimbrites, respectively (Fig. 4c). 
Volcanic units of the Sesia Caldera display Li abundance in quartz that is 
roughly bimodal, with both units showing companion “high-Li” (20 
ppm) and “low-Li” (13 ppm) samples (Fig. 4a). Germanium displays 
similar content across plutonic and volcanic unis (1.5 to 2.0 ppm) except 
for the Upper Ignimbrite samples whose Ge content is always below 
limit of detection.

5. Discussion

5.1. Control on quartz OH-defects and trace elements distribution in 
silicic systems

In the upper crustal, silicic portion of the Sesia Magmatic System, 
quartz trace element contents and OH-defects budget display systematic 
changes with their vertical position in the magmatic stratigraphy. In this 
section, we first identify the compositional characteristics of quartz 
crystals that are likely acquired during the supra-solidus crystallization 
history of the VMP and SC magmas, either in local equilibrium or 
disequilibrium with the surrounding melt and/or coexisting magmatic 
volatile phases. Following this assessment, we take into consideration 
the potential effect of post-crystallization processes (e.g. syn-eruptive 
and hydrothermal activity) that have been shown to impact both con
centration of fast-diffusing trace elements (e.g. Li; Neukampf et al., 

Table 3 
Trace element concentrations for each intrusive (VMP) and volcanic (SC) sample are reported as ranges; mean values are shown in parentheses. Samples with un
determinable range due to n < 2 values above the limit of detection are marked by an asterisk (*).

Unit Sample Trace element concentrations (ppm)

Ti Ge Al B Li Na K

Sesia Caldera
Ui RE-VS13–14 28–34 (30) – 92–97 (95) 2.6–2.7 (2.7) 20–21 (21) 0.9–1.5 (1.2) 21–38 (31)

RE-VS13–13 36–62 (50) – 91–115 (101) – 12–16 (14) 0.5–3.4 (1.8) 15–21 (18)

Sei
RE-VS13–07 37–41 (38) (1.2) * 94–204 (125) 2.5–3.4 (2.8) 11–14 (13) 0.4–5.0 (2.5) 14–79 (34)
RE-VS13–05 35–40 (37) (1.6) * 95–115 (103) 2.7–3.5 (3.0) 17–21 (20) 0.9–13 (4.8) 12–36 (24)

Valle Mosso Pluton

Hpg
RE-VS13–20 6–38 (19) 1.6–2.4 (2.0) 87–200 (125) 3.7–4.8 (4.1) 6.3–19 (13) 1.0–12 (5.5) 15–27 (22)
BTV19–05 7–31 (20) 1.5–2.5 (1.9) 100–133 (110) 2.7–3.3 (3.0) 5.1–11 (8.2) 2.9–29 (10) 13–39 (23)

Hwg PST214 14–38 (26) 1.2–2.6 (1.9) 91–135 (117) 2.1–2.8 (2.4) 16–25 (21) 1.4–54 (14) 14–24 (19)
LS236 18–51 (31) 1.7–2.4 (2.1) 89–177 (121) 2.0–4.3 (2.7) 12–24 (17) 0.8–33 (8.1) 15–28 (20)

Gp
LS74 19–98 (37) 1.3–2.5 (1.9) 89–202 (112) 2.9–15.1 (6.1) 17–25 (21) 1.3–57 (11) 6.9–34 (19)
LS68 15–41 (29) 1.5–1.7 (1.6) 87–139 (111) 1.3–3.3 (2.7) 18–26 (22) 0.7–14 (4.9) 4.4–11 (6.6)

Pg
PST212 17–58 (33) 1.8–2.2 (2.0) 90–131 (107) 2.6–4.4 (3.0) 19–26 (22) 1.0–16 (4.4) 10–28 (16)
LS49b 17–38 (25) 1.6–1.6 (1.6) 106–185 (131) 2.1–6.2 (3.3) 20–29 (23) 1.2–6.2 (3.5) 5.5–48 (17)

Gd
FVM1 25–42 (32) 1.7–2.0 (1.9) 44–143 (76) 1.9–2.3 (2.2) 2.5–5.1 (4.1) 1.6–15 (8.5) 6.0–44 (22)
FVM14 20–48 (32) 1.8–2.3 (2.1) 40–98 (53) 2.0–3.9 (3.1) 1.1–2.4 (1.8) 3.9–35 (13) 12–31 (20)
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2022) and budget of interstitial OH-defects in quartz (e.g. LiOH; Suzuki 
and Nakashima, 1999; Frigo et al., 2016; Biró et al., 2017; Stalder et al., 
2017). Throughout these sections we sidestep discussing trace elements 
and OH-defects result from quartz grains of the basal unit of the Valle 
Mosso Pluton (i.e. quartz-monzonite unit) as they are not conforming 
with general compositional trends.

5.1.1. Sensors for igneous processes (Al, Ge, Ti, AlOH)
Slow diffusing elements (e.g. Al, Ge, Ti; Cherniak et al., 2007; Tailby 

et al., 2018; Jollands et al., 2020b; Audétat et al., 2021) and lattice- 
bound OH-compounds (i.e. AlOH) display gradual, coherent trends 
across the Valle Mosso intrusion and Sesia volcanic units. The observed 
rather constant Al and Ge contents across all magmatic units (Fig. 4b) 
suggest that alumina excess (ASI; Shand, 1943) and degree of differen
tiation were nearly constant during crystallization. Indeed, all analysed 
units are granitic/rhyolitic, with only slight compositional changes be
tween low- and high-silica compositions and all are peraluminous (1.0 
< ASI < 1.5; Tavazzani et al., 2020). The upward decrease in Ti con
centration, controlled by temperature and titanium activity (aTiO2 ) 
(Wark and Watson, 2006; Thomas et al., 2010; Huang and Audétat, 
2012, among others), reflects crystallization from progressively more 
evolved melt batches. This trend is consistent with observations from 
other magmatic systems (e.g. Jacamon and Larsen, 2009) and suggests 
quartz crystallization from cooler and slightly more evolved magma. 
The higher average Ti values measured in volcanic units compared to 
their intrusive counterparts might reflect differences in the crystalliza
tion history of quartz grains between plutonic and volcanic environment 
(Suttner and Leininger, 1972; Fonseca Teixeira et al., 2024). Specif
ically, quartz grains that crystallize in plutonic environment will expe
rience a wider range of temperatures, which span from quartz saturation 
to solidus (i.e. ~ 800 to 675 ◦C considering 2.5 wt% H2O in the VMP 
granitic melt; Tavazzani et al., 2020, 2023) while quartz from eruptive 
products will stop crystallizing at temperatures that correspond to that 
of the eruption, necessarily supra-solidus (Fonseca Teixeira et al., 2024). 

Alternatively, the higher Ti values observed in volcanic units could be 
related to quartz grains recording pre-eruptive recharge by less evolved, 
hotter and/or higher aTiO2 magmas (e.g. Wotzlaw et al., 2013; Szyma
nowski et al., 2017, 2019).

The ratios of slow diffusing elements (i.e. Al/Ti and Ge/Ti) in quartz 
grains from intrusive lithologies increase with distance from the base of 
the intrusion (5 to 25 for Al/Ti and 0.05 to 0.35 for Ge/Ti; Supple
mentary Fig. 1). This observation is also consistent with the increasing 
differentiation of magmatic units with stratigraphic height in the Valle 
Mosso Pluton (Tavazzani et al., 2020), a pattern observed in a number of 
different magmatic systems (e.g. Müller et al., 2005; Jacamon and 
Larsen, 2009; Breiter et al., 2013; Potrafke et al., 2020; Ji et al., 2024). In 
quartz grains from the Sesia Ignimbrite the Al/Ti and Ge/Ti ratios have 
average values of 2.8 and 0.03 respectively, which represent the lowest 
values observed in the entire dataset. This suggests that quartz pheno
crysts in the rhyolite may have formed either (i) from a less evolved 
magma batch than that recorded in the Valle Mosso units, or (ii) from a 
hybrid (but still saturated in quartz) magma generated by the interaction 
of the granitic mush with a mafic recharge (see evidence for this in 
Tavazzani et al., 2020, 2023). Both scenarios are also consistent with the 
higher Ti values recorded in quartz grains from the Sesia volcanic units.

The gradual change in AlOH defects with distance from the base of 
the intrusion is not related to changes in abundance of elemental Al in 
quartz, which is nearly constant throughout the intrusive units (Fig. 5d). 
AlOH abundance shows instead complementary behaviour to Li content 
(Fig. 5c), which decreases with increasing distance from the base of the 
intrusion (from 30 to 10 ppm on average; Fig. 4a). This hints at the 
preferential formation of AlOH compared to dry AlLi defects as Li+

competes with H+ to charge-balance Al3+ (Fig. 6a). Considering H2O as 
the dominant volatile phase (Tavazzani et al., 2024), an increase in 
water activity (aH2O) can explain progressively higher OH content 
(Fig. 6b; Stalder and Konzett, 2012; Frigo et al., 2016). This is particu
larly evident given the limited influence of melt temperature and 
composition on the formation of AlOH defects within the narrow 

Fig. 4. Concentration of (a) Li, (b) Al, and (c) Ti for each intrusive (VMP) and volcanic (SC) sample. Average values for each sample are reported in Table 3. Refer to 
Table 1 for unit labels.
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compositional range (68–75 wt% SiO₂) and temperature interval 
(~800–750 ◦C range of quartz saturation temperatures; Tavazzani et al., 
2020) considered (Frigo et al., 2016). Increasing aH2O with progressive 
differentiation and shallower crystallization level of the granitic melts of 
the Valle Mosso pluton, which neared or reached saturation conditions 
for the high-silica leucogranite unit, is indicated by petrographic evi
dence (i.e. miarolitic cavities; Zezza, 1977; Tavazzani et al., 2017), 
thermodynamic and mass balance modelling (Tavazzani et al., 2024). 
This suggests that the average increase in AlOH in the Valle Mosso 
pluton likely reflects vertical changes in aH2O within an upper-crustal 
mush column, similarly to what observed by Potrafke et al. (2020) in 
a vertical transect of the Podlesí granite cupola. The comparative study 
of Müller and Koch-Müller (2009) also shows that lithologies formed in 
the magmatic environment but at high fluid activity (e.g. pegmatites) 
tend to have lower Al and higher AlOH compared to other igneous rocks 
(Fig. 6c, d). In this context, the larger scatter in AlOH values observed in 
quartz from the high-silica leucogranite unit might reflect juxtaposition 
of quartz grains recording water-undersaturated conditions vs. grains 
crystallized in a water-saturated environment.

The observed overlap in AlOH values between quartz grains from 
volcanic products of the Sesia Caldera and those from intrusive units 
(Fig. 5b) may be explained by two potential and non-mutually exclusive 
scenarios: (i) the heterogeneity could be inherited from different water 
saturation levels (cf. Frigo et al., 2016) in isolated pre-eruptive magma 
batches, later homogenized during the eruptive event (sensu Huber 
et al., 2009). Alternatively, (ii) the variable AlOH values might corre
spond to differential loss of Al-bound H+ during eruption caused by 
sudden change in volatile activity (i.e. degassing, as observed by Jol
lands et al., 2020a; Neukampf et al., 2022). In this scenario, Li+ would 
diffuse in the quartz rim to replace the lost H+, forming dry AlLi defects 
(Jollands et al., 2020a, 2020c). However, since it is a spatially controlled 
process (diffusive exchange occurs in the near-rim area; Jollands et al., 
2020a), further analyses specifically targeting the rim and core domains 
of the volcanic quartz crystals are required to confirm this hypothesis.

5.1.2. Sensors for cooling history and hydrothermal activity (Li, LiOH)
The initial Li distribution in quartz grains from intrusive units was 

likely controlled by the competition between Li+ and H+ for charge 
balancing Al3+ incorporation in the crystal structure during growth in 
the magmatic environment (see previous section; Figs. 5c, 6a, b). 
Similarly, higher concentration of Li in the melt (Frigo et al., 2016) or 
the interaction with a Li-rich magmatic volatile phase exsolved from the 
host magma (Tollan et al., 2019) would have favoured the formation of 
interstitial LiOH defects and dry AlLi defects over hydrous AlOH defects. 
However, given the mobility of Li and LiOH defects in the post- 
crystallization/hydrothermal environment, it is to be discussed 
whether their observed distribution patterns are inherited from 
magmatic processes or were modified by subsolidus processes. The 
mobility of elemental Li in and out of the quartz crystal lattice during 
eruptive events and in post-crystallization (e.g. hydrothermal) envi
ronment is well documented for quartz (Ellis et al., 2018; Jollands et al., 
2020a; Neukampf et al., 2019, 2022). Similarly, thermal instability of 
interstitial LiOH defects during reheating and hydrothermal events has 
been experimentally demonstrated (Brunner et al., 1961; Rovetta et al., 
1986; Kronenberg et al., 1986; Suzuki and Nakashima, 1999; Stalder 
et al., 2017).

The high diffusivity of elemental Li in quartz (Rottier et al., 2017; 
Jollands et al., 2020c, 2022) even at temperatures below the granitic 
solidus (i.e. for granitic melts of the VMP solidus is at ~675 ◦C; 
Tavazzani et al., 2020), would have driven Li-loss from quartz grains of 
slowly cooled units in the plutonic environment. The pattern of Li dis
tribution in quartz across intrusive units can thus be interpreted as the 
result of differential cooling rates (Neukampf and Ellis, 2025). Indeed, 
timescale of cooling has been recognized as a crucial factor in Li pres
ervation in pegmatitic bodies (Zhou et al., 2025), being a much more 
influential parameter than the initial Li concentration in the melt. This 
interpretation is reinforced by the distribution of the thermally unstable 
interstitial LiOH defect, which shows a direct correlation with elemental 
Li (Supplementary Fig. S2). The high LiOH/AlOH observed in the 
porphyritic units, and the dominance of LiOH in the microgranitic 
porphyry unit, which features textural (aphanitic matrix; Tavazzani 

Fig. 5. Variation in (a) Li-related OH content and (b) Al-related OH content. Uncertainty (1σ) on individual measurements is estimated to be between 10 and 20 % of 
the reported values (Libowitzky and Rossman, 1997; Thomas et al., 2009). (c) Li concentration versus Al-related OH content and (d) Al concentration versus Al- 
related OH content. Refer to Table 1 for unit labels.
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et al., 2017) and mineralogical (sharp Ti diffusional profiles; Tavazzani 
et al., 2020) evidence for quenching, suggest that LiOH defect distri
bution was mediated by cooling rate. Scenarios that would account for 
anomalously high Li incorporation or LiOH production in the magmatic 
environment are difficult to envision based on the available petro
graphic and geochemical data. Indeed, in the two units showing the 
highest Li and LiOH contents in quartz there is no indication of increased 
Li activity in the melt (Frigo et al., 2016) or the exsolution of a Li-rich 
volatile phase (Tollan et al., 2019). The concentration of Li measured 
in feldspars is unchanging across all intrusive units (Supplementary 
Fig. S3), regardless of degree of magmatic evolution, and there is no 
evidence of saturation of Li-bearing mineral phases (e.g. tourmaline) in 
the two units characterised by high Li and LiOH contents.

Although rapidly emplaced at the surface, the volcanic units might 
have also experienced prolonged post-eruptive cooling with potential Li 
loss (Ellis et al., 2018; Neukampf et al., 2022). As previously reported, Li 
loss might be differential depending on the position of the sample in the 
ignimbrite stratigraphy (Ellis et al., 2018). Samples collected from the 
welded basal vitrophyre horizon represent a magma batch quenched 
upon eruption, while samples gathered higher in the stratigraphy would 
have experienced prolonged thermal overprint during cooling and 

welding of the ignimbrite (Neukampf et al., 2022; Cortes-Calderon et al., 
2024). Thus, samples that represent different stratigraphic horizons of 
the Sesia and Upper Ignimbrite units could reproduce the bimodality in 
elemental Li contents observed in this study (Fig. 4a). Unfortunately, the 
Sesia Caldera Ignimbrite is only outcropping in its intra-caldera facies 
and its internal structure was lost in the collapse of the caldera edifice 
(Quick et al., 2009). The stratigraphy of the Upper Ignimbrite is also 
poorly accessible due to the lack of continuative exposure of the unit 
(Sbisà, 2009). Therefore, testing the stratigraphic profile-related Li-loss 
hypothesis could be challenging even with a larger sample set.

Unlike elemental Li with its bimodal distribution, the lack of LiOH is 
ubiquitous in quartz grains from volcanic deposits as already observed in 
previous IR studies on volcanic quartz, which have revealed nearly 
exclusively Al-related OH-defects (Müller et al., 2009; Stalder and 
Neuser, 2013; Biró et al., 2016, 2017; Tollan et al., 2019; Hencz et al., 
2021). This seemingly ubiquitous characteristic of volcanic quartz 
grains might be related to the irreversible decrease in LiOH bands under 
thermal or hydrothermal treatment (i.e. annealing; Brunner et al., 1961; 
Rovetta et al., 1986; Kronenberg et al., 1986; Suzuki and Nakashima, 
1999; Stalder et al., 2017). This effect could have been caused both in 
the magmatic and post-crystallization environment through: (i) a short- 
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lived reheating episode (i.e. rejuvenation; Bachmann et al., 2005) that 
thoroughly affected the magma reservoir before eruption or, alterna
tively, (ii) the circulation of a hot (>300 ◦C; Stalder et al., 2017) fluid in 
the post-depositional environment. Pre-eruptive thermal rejuvenation of 
the magma reservoir is a possible pathway for the crystal-rich, Sesia 
Ignimbrite unit, which shows textural (e.g. phenocrysts corrosion) and 
mineralogical (e.g. inverse zoning) evidence for reheating (Tavazzani 
et al., 2020). However, samples collected from the smaller Upper 
Ignimbrite unit lack the textural and mineralogical disequilibrium fea
tures that would support injection of hotter, potentially less evolved 
magma in a rhyolitic mush, suggesting that another mechanism for 
destabilizing the interstitial LiOH defects was necessary. Mapping of 
alteration assemblages across eruptive products of the Sesia Caldera 
(Sbisà, 2009) shows that nearly the entire erupted volume of the Sesia 
Ignimbrite was affected by pervasive hydrothermal circulation. Fluid 
flow persisted even after the emplacement of the Upper Ignimbrite unit, 
which displays compositional and mineralogical modification related to 
weak/intermediate argillic alteration (Sbisà, 2009). Therefore, pro
longed hydrothermal fluid circulation driven by the cooling Valle Mosso 
intrusion (hinted at by longer zircon crystallization timescales in 
intrusive units than in volcanic products; Tavazzani et al., 2023), could 

efficiently explain the barely detectable LiOH band in quartz from all 
volcanic units.

Overall, we demonstrated how the behaviour of slow-diffusing ele
ments and lattice-bound OH compounds can record changes in intensive 
parameters of the magmatic system (e.g. temperature, aTiO2 , aH2O) be
tween quartz saturation and the solidus. Conversely, the distribution of 
fast-diffusing elements (e.g. Li) and non-lattice bound cations (e.g. H+

associated to Li+ in interstitial space) is irreversibly modified by the 
post-crystallization history of individual igneous units.

5.2. Quartz grains from a silicic cumulate: inheritance or subsolidus 
modification?

The basal quartz-monzonite unit of the Valle Mosso Pluton displays a 
markedly different signature from the overlying intrusive and volcanic 
units in terms of quartz trace elements distribution and OH inventory 
(Figs. 6, 7). This is evident not only in their deviation from the main 
compositional trends (Figs. 4, 5), but also in the anomalous values 
compared to the rest of the igneous system (Tables 2, 3). Hereafter we 
explore two non-mutually exclusive scenarios that could account for the 
extreme depletion in both slow-diffusing (e.g. Al, AlOH) and fast- 
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diffusing (e.g. Li, LiOH) elements and hydrous defects in quartz grains 
from this unit, based on its petrologic context.

In previous studies (Tavazzani et al., 2020, 2024), rather than a 
product of in-situ magmatic crystallization, the basal quartz-monzonite 
unit has been interpreted as the cumulate residue leftover from frac
tional crystallization, which produced complementary high-silica melts 
now preserved as crystallized leucogranite in the Valle Mosso cupola. In 
this scenario, the incomplete extraction of haplogranitic residual melt 
from the cumulate unit (Tavazzani et al., 2024) would have left 
phenocrystic phases (e.g. quartz) in protracted contact (104–105 ka; 
Tavazzani et al., 2023) with an evolved, interstitial melt phase. The long 
residence at magmatic/sub-solidus temperature for this unit is suggested 
by the relaxed diffusion profiled of low diffusivity elements (e.g. Ti; 
Tavazzani et al., 2020). A process of partial recrystallization driven by 
the presence of a fluid phase exsolved from the evolved interstitial melt 
(i.e. through second-boiling) might have impacted the quartz grains 
from this unit (Troch et al., 2022). Indeed, the low Li concentration 
paired with high Na concentration observed in a number of quartz grains 
from this unit (Table 3) hint at quartz dissolution/recrystallization 
processes driven by interaction with a saline fluid (Larsen et al., 2004). 
During this process, Na+ partitions into quartz whereas Li+ preferen
tially partitions in the fluid phase, implying that Li+ and Na+ can 
partially migrate in and out of the quartz lattice during fluid-driven 
modifications (Larsen et al., 2004). Li+ loss balanced by Na+ incorpo
ration could also explain the peculiar cation imbalance observed in Li- 
Al-H space (Fig. 6a, b). Presence of a detectable BOH band in quartz 
grains from the basal unit also hints at the presence of a hot, saline fluid 
interacting with quartz grains. This specific OH band is thermally stable 
up to 600 ◦C (Niimi et al., 1999), so its preservation would be ensured 
even if the quartz grains experienced a prolonged sub-solidus thermal 
history, conversely to the thermally unstable LiOH whose presence is 
negligible in quartz grains from this unit.

To explain the unique behaviour observed in quartz chemistry and 
defect inventory within the basal unit (Figs. 6, 7) an alternative me
chanical process, unrelated to the petrologic or thermal history of the 
intrusion, could be called into action. Notably, certain trace element 
characteristics of quartz grains from the quartz-monzonite unit, such as 
depletion in Al, are problematic to explain through interaction with a 
fluid phase, due to the low diffusivity of Al through the quartz lattice 
(see Tailby et al., 2018). The quartz-monzonite unit shows evidence for 
entrainment of xenoliths of the metapelitic host-rock (Fig. 1; Tavazzani 
et al., 2017), either through stoping of m-sized blocks, erosion of cm- 
sized fragments or assimilation of individual crystals (i.e. garnet, also 
observed in other granitic bodies of the Sesia Magmatic System; Devoir 
et al., 2021). The quartz grains of this unit show unusually high Al/Li 
ratios (Figs. 6, 7) that are observed in other metapelitic sequences 
(Figs. 6c, d, 7c, d; Müller and Koch-Müller, 2009). This observation, 
coupled with the near-complete lack of LiOH defects – which are ubiq
uitous (if variable in amount) across all other igneous units – strongly 
hints at a metamorphic origin for quartz grains of the basal quartz- 
monzonite unit.

5.3. Trace elements and OH-defects in detrital quartz: a tool in 
provenance studies

In sedimentary petrology, the identification of siliciclastic material 
provenance is crucial for paleogeographic reconstructions (Haughton 
et al., 1991; Weltje and Von Eynatten, 2004). One of the most effective 
method is the study of chemistry (major and trace elements), age or 
isotopic composition of heavy mineral paragenesis via micro-beam 
analytical techniques (e.g. zircon, Lenaz et al., 2022; Spencer et al., 
2024; tourmaline, Jafarzadeh et al., 2021; Lenaz et al., 2024; rutile, 
Triebold et al., 2012; Pereira and Storey, 2023; Cr-spinel, Lenaz et al., 
2000; Kamenetsky et al., 2001; garnet, Mange and Morton, 2007; Lenaz 
et al., 2018). However, heavy minerals concentration can be both time- 
consuming and resource-intensive (Garzanti and Andò, 2007). Thus, 

weathering-resistant major rock-forming phases (e.g. quartz) have been 
proposed as an alternative valuable tool to fingerprint source rocks and 
tectonic environments in sedimentary sequences (e.g. Stalder and Neu
ser, 2013; Ackerson et al., 2015).

5.3.1. Trace elements-based discrimination diagrams
The use of quartz as source indicator in sedimentary petrology 

studies mainly focuses on the slow diffusing elements Al, (Ge), and Ti (e. 
g. Ackerson et al., 2015; Müller and Knies, 2013). Originally proposed 
by Schrön et al. (1988), a ternary diagram employing Ge – Ti – Al values 
has been used to categorize quartz from different types of granites, 
rhyolites, and pegmatites. A revised version of this classification plot 
was devised by Breiter et al. (2019) with new parameters (3*Ge – Ti – 
Al/10). Other authors tried to discriminate hydrothermal quartz from 
different ore settings based on Al/Ti, Sb/Ti, Ge/Ti, (Sb + Ge)/Ti, and Li/ 
Al ratios (Rusk et al., 2008; Rottier and Casanova, 2021; Gao et al., 2022; 
Zhou et al., 2023). Zhang et al. (2022) proposed a bivariate Al vs. Ti 
diagram to discriminate quartz crystals from epithermal, skarn, Carlin- 
type Au, pegmatite-related, carbonatite-related and porphyry-type 
sources.

Our results indicate that slow-diffusing trace elements distribution 
can record the (re)crystallization environment of quartz at the scale of a 
single igneous system (see Section 5.1.1). However, we also find that 
relying on “global” compilations to accurately place quartz from un
known source to the correct provenance box remains problematic. 
Regarding the classification method of Zhang et al. (2022), samples 
analysed in this study fall within the “porphyry” field. While this rep
resents an incorrect textural characterisation, it may still be a good 
estimation of the igneous nature of the Valle Mosso and Sesia Caldera 
quartz grains (Supplementary Fig. S4). Similarly, when applying the Ge- 
Ti-Al ternary diagram classification schemes of both Schrön et al. (1988)
and Breiter et al. (2019), our samples plot in the “pegmatite” field 
(Supplementary Fig. S4), which does not exactly represent the source of 
quartz grains analysed in this study, but still indicate a shallow, evolved 
and volatile-rich magmatic environment. These observations suggest 
caution in using classification diagrams as a tool to assign a source li
thology to a more detailed degree than igneous or non-igneous. An 
alternative approach, potentially involving machine learning like those 
proposed by Wang et al. (2021) and Saha et al. (2024), could be more 
effective by considering a larger number of variables into the analysis.

5.3.2. OH-defects as a provenance tool
In the past decade, OH-defects method in detrital quartz have 

emerged as a valuable tool for provenance studies, thanks to its rela
tively fast, low-cost, and simple analytical protocol (Stalder, 2014; 
Stalder et al., 2017, 2019; Jaeger et al., 2019; Bernardi et al., 2022; 
Bernardi, 2024). A general threshold of 5 ppm water content has been 
proposed to distinguish quartz of broadly magmatic (>5 ppm) from non- 
magmatic (<5 ppm) origin (Stalder and Neuser, 2013), based on ana
lyses of grains from NW Germany and reference spectra from known 
rock types (igneous, metamorphic, pegmatitic and hydrothermal). 
Beyond total water content, OH speciation provides additional con
straints: Li related defects are preferentially incorporated in quartz 
identified as hydrothermal, while Al related defects tend to be more 
stable during metamorphic processes than B- and Li-related ones 
(Stalder and Konzett, 2012; Stalder and Neuser, 2013; Stalder, 2014). 
This approach has proven effective across different tectonic settings, 
including (i) fluvial and offshore sediments from subduction zones in 
Japan, where OH-defects were introduced as a provenance tool in active 
margins (Jaeger et al., 2019), and (ii) sandstones from synorogenic 
foreland basins in NE Italy, Slovenia, and Croatia, where variations in 
OH-defect inventories tracked changes in sediment supply (Bernardi 
et al., 2022; Bernardi, 2024).

As far as concern the OH-defects, our findings confirm that OH-defect 
contents in magmatic quartz are typically higher than 5 ppm. Samples 
with OH-defect contents below this threshold may be considered 
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borderline between magmatic and metamorphic origins. However, the 
large variability in speciation of OH defects observed in the Valle Mosso 
intrusion (Fig. 3d), which is related to the diverse post-crystallization 
histories of single intrusive units, indicate that the OH speciation 
criteria require a degree of caution. While the OH content appears 
promising as a tool, a larger number of studies focused on characterising 
in detail potential protoliths is needed to improve robustness.

6. Conclusions

Variations in quartz OH-defects and trace elements observed in the 
silicic units of the Sesia Magmatic System provide fresh insights into the 
magmatic and post-crystallization environments in volcanic-plutonic 
system (Fig. 8): 

Fig. 8. The left-side panels portray a simplified view of the upper crustal evolution of the Sesia Magmatic System (SMS) from (a) incipient pluton construction, to (b) 
cataclysmic Sesia Caldera eruption, and finally (c) complete crystallization of the Valle Mosso pluton. The right-side panels illustrate the magmatic to post-magmatic 
history of quartz crystals at various levels of the SMS, from (d, g) the volcanic units (pre- and post-eruption) to (e, h) the Valle Mosso granitic intrusion (pre- and post- 
crystallization) and (f, i) its basal contact with metamorphic host-rock. Abbreviations used: Kf – Kinzigite Formation, SdL – Serie dei Laghi, Sei – Sesia Ignimbrite, Ui – 
Upper Ignimbrite. Specific magmatic to post-magmatic processes recorded in quartz OH inventory and geochemistry are highlighted: (1) Diffusional exchange of H+

and Li+ drives outward H+ diffusion and inward Li+ diffusion during open-system, disequilibrium degassing. (2) Influx of hotter magma in a crystal-rich mush 
promotes Ti4+ incorporation and outward diffusion of Li-related H+. (3) Slow cooling in the central part of an ignimbrite flow unit causes diffusional loss of Li+ while 
hydrothermal fluid flow destabilizes and provokes outward diffusion of Li-related H+. (4) Quartz crystals from the fast-cooled basal vitrophyre retain their magmatic 
Li budget but still experience loss of Li-related H+ due to hydrothermal fluid flow. (5) Varying degree of melt evolution and water activity across the Valle Mosso 
magma column define decreasing Li and Ti and increasing OH trend with height above the intrusion floor. (6) Mechanical incorporation of xenocrystic quartz grains 
from the metamorphic host rock near the intrusion floor. (7) Variation in cooling rate across units of the intrusion affects the loss of interstitial, Li-related H+. (8) 
Presence of interstitial, haplogranitic melt phase in the basal, cumulate unit of the Valle Mosso pluton leads to disproportionate diffusional loss of Li+ and H+, likely 
balanced by Na+ incorporation. Artwork is partially adapted from Forni et al. (2018), Ellis et al. (2022) and Neukampf et al. (2022).
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▪ Slow diffusing elements (e.g. Al, Ge, Ti) and lattice-bound OH- 
compounds (i.e. AlOH) exhibit systematic variations across 
intrusive and volcanic units, except for the basal quartz- 
monzonite unit, which displays distinct behaviour (Fig. 8e, f).

▪ Increasing Al/Ti and Ge/Ti ratios in the Valle Mosso intrusion 
reflect increasing differentiation, while lower ratios in volcanic 
quartz suggest that erupted quartz phenocrysts may have 
formed either (i) from a less evolved magma batch, or (ii) from 
a hybrid magma generated by the interaction of the granitic 
mush with a mafic recharge.

▪ Al-related OH-defects increase with stratigraphic height in the 
intrusion, correlating with higher water activity during late- 
stage crystallization (Fig. 8e). AlOH abundance shows an in
verse relationship with Li content, suggesting preferential for
mation of AlOH over dry AlLi defects. Quartz grains from the 
Sesia Caldera show AlOH values similar to the intrusive units 
but with significant variability, likely due to differences in pre- 
eruptive water saturation conditions or degassing-driven 
modifications (Fig. 8d).

▪ The distribution of thermally unstable LiOH defects, which 
directly correlates with elemental Li, suggests differential 
cooling rates across the Valle Mosso Pluton (Fig. 8h). In vol
canic quartz, the bimodal Li distribution and ubiquitous, near- 
zero LiOH content, may be related to either syn-eruptive 
(recharge, degassing) or post-eruptive (variable cooling rates in 
the ignimbrite pile, hydrothermal alteration) processes 
(Fig. 8g).

▪ The basal quartz-monzonite unit of the Valle Mosso Pluton – 
which represent the cumulate residue leftover from fractional 
crystallization (Tavazzani et al., 2020) – shows trace element 
distributions consistent with either (i) prolonged contact with 
interstitial, evolved melt (Fig. 8i) or (ii) mechanical incorpo
ration of quartz of metamorphic origin, supported by high Al/Li 
ratios, low LiOH, and evidence of host-rock assimilation 
(Fig. 8f).

Overall, slow-diffusing elements (Al, Ge, Ti) and AlOH defects pre
serve a magmatic signature, whereas fast-diffusing elements (Li) and 
LiOH defects record post-crystallization processes, which can signifi
cantly modify quartz in both trace element composition and OH-defect 
inventory. The combined analysis of these features in quartz can 
therefore offer a powerful tool for reconstructing the thermal and 
chemical evolution of magmatic systems, from magma chamber pro
cesses to post-eruptive alteration. As a corollary, findings of this study 
also confirm that slow-diffusing elements can help identify quartz 
crystallization environments, but classification diagrams may yield 
ambiguous results. Similarly, while OH-defect content appears prom
ising, greater volume of studies is needed to enhance its reliability as a 
provenance tool.
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Pécskay, Z., Karátson, D., 2021. Uniform “water” content in quartz phenocrysts from 
silicic pyroclastic fallout deposits – implications on pre-eruptive conditions. Eur. J. 
Mineral. 33, 571–589. https://doi.org/10.5194/ejm-33-571-2021.

Henk, A., Franz, L., Teufel, S., Oncken, O., 1997. Magmatic underplating, extension, and 
crustal reequilibration: insights from a cross-section through the Ivrea zone and 
Strona-Ceneri zone, Northern Italy. J. Geol. 105, 367–378. https://doi.org/10.1086/ 
515932.

Hong, J., Zhai, D., Keith, M., 2024. Quartz texture and the chemical composition 
fingerprint of ore-forming fluid evolution at the Bilihe porphyry Au deposit, NE 
China. Am. Mineral. 109, 1203–1219. https://doi.org/10.2138/am-2022-8840.

Huang, R., Audétat, A., 2012. The titanium-in-quartz (TitaniQ) thermobarometer: a 
critical examination and re-calibration. Geochim. Cosmochim. Acta 84, 75–89. 
https://doi.org/10.1016/j.gca.2012.01.009.

Huber, C., Bachmann, O., Manga, M., 2009. Homogenization processes in silicic magma 
chambers by stirring and mushification (latent heat buffering). Earth Planet. Sci. 
Lett. 283, 38–47. https://doi.org/10.1016/j.epsl.2009.03.029.

Jacamon, F., Larsen, R.B., 2009. Trace element evolution of quartz in the charnockitic 
Kleivan granite, SW-Norway: the Ge/Ti ratio of quartz as an index of igneous 
differentiation. Lithos 107, 281–291. https://doi.org/10.1016/j.lithos.2008.10.016.

Jaeger, D., Stalder, R., Masago, H., Strasser, M., 2019. OH defects in quartz as a 
provenance tool: application to fluvial and deep marine sediments from SW Japan. 
Sediment. Geol. 388, 66–80. https://doi.org/10.1016/j.sedgeo.2019.05.003.
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Wälle, M., Fontboté, L., 2017. Trace element diffusion and incorporation in quartz 
during heating experiments. Contrib. Mineral. Petrol. 172, 23. https://doi.org/ 
10.1007/s00410-017-1350-4.

Rottier, B., Kouzmanov, K., Casanova, V., Bouvier, A.-S., Baumgartner, L.P., Wälle, M., 
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thesis. Università degli Studi di Trieste, Italy. 
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