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ABSTRACT
Understanding the architecture and dynamics of crustal magmatic plumbing systems is essential for interpreting volcanic pro-
cesses and eruption styles in ocean island settings. We present a comprehensive investigation of the magmatic plumbing
system beneath Terceira Island (Azores), integrating petrographic observations, whole-rock geochemistry, high-resolution el-
emental mapping of clinopyroxene, thermobarometry, and diffusion chronometry to elucidate magma storage and evolution
processes. Our results reveal a vertically extensive, multi-level magmatic system comprising interconnected melt pockets and
mush zones spanning from the Moho (~400–500 MPa), ~18–20 km depth) to shallow upper crustal levels (~100 MPa), ~3 km
depth). High-resolution mapping of major and trace elements in clinopyroxene uncovers zoning (notably in Cr and Ni) providing
new constraints on magma recharge and mixing processes. Primitive, Mg-, Cr-, and Ni-enriched basalts ascend from the mantle
and pond at deep crustal levels, where interaction with a partially crystallized mush promotes the growth of olivine crystals and
complex clinopyroxene zoning. Multiple mafic recharge events at mid-crustal depths (~200–300 MPa) induce dynamic disequi-
librium textures and oscillatory zoning in clinopyroxene and plagioclase, reflecting variable pressure-temperature-composition
conditions. Shallower reservoirs crystallize evolved, Cr-depleted melts that feed trachytic and rhyolitic eruptions. Timescale
modelling suggests pre-eruptive storage durations averaging ~10 months, with maxima reaching up to 8 years. These findings
highlight the critical role of crustal architecture and tectonic setting in controlling magma differentiation pathways and eruption
styles within ocean islands.

KEYWORDS: Ocean island; Plumbing system; Pyroxene; Plagioclase; Crystal mush; Basalt.

1 INTRODUCTION
Oceanic crust forms at mid-ocean ridges, producing mid-
ocean ridge basalts (MORBs) through the melting of passively
upwelling asthenosphere, and is assumed to reflect the com-
position of the upper convecting mantle [McKenzie and Bickle
1988; Fitton 2007]. Ocean island volcanism, however, rep-
resents enhanced magmatic activity in oceanic intraplate set-
tings associated with hotspots, e.g. Hawai‘i [Wilson 1963; Ribe
and Christensen 1999], Canary Islands [Carracedo et al. 1998],
and the Azores [Schilling 1975; Arnould et al. 2019]. Ocean
island basalts (OIBs) are a group of geochemically distinc-
tive rocks that are typically associated with ocean islands and
seamounts. OIBs are produced by decompression melting of
mantle that, due to thermal buoyancy, is actively upwelling in
mantle plumes [Maclennan et al. 2001; O’Neill 2016]. Plumes
have a high mantle potential temperature (i.e. temperature
that a parcel of mantle rock would have if it were adiabatically
decompressed to the surface without undergoing melting) so
the start of melting is deeper than for passive upwelling in
mid-ocean ridges. However, mantle upwelling is typically im-
peded by the thicker lithosphere present in intraplate settings,
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so melting stops at greater depths than beneath mid-ocean
ridges. This lithospheric-lid effect greatly influences the ma-
jor and trace element geochemistry of OIBs [e.g. Humphreys
and Niu 2009; Niu et al. 2011], which are geochemically and
isotopically distinct from MORB and often alkalic in nature
[Davies et al. 1995]. For example, OIBs are generally more
enriched in incompatible trace elements (e.g. rare earth ele-
ments) than MORBs, due to either more enriched sources than
MORBs or lower degrees of partial melting [McKenzie and
O’Nions 1995; Hofmann 2003; Dasgupta et al. 2010]. However,
the ways in which the enriched compositions of OIBs reflect
their storage and evolution during ascent remain uncertain,
though the relatively low magma flux experienced by many
ocean island volcanoes may produce transient and compart-
mentalised magma reservoirs that are reflected in the textural
and geochemical complexity of erupted magmas and crystal
cargoes [Chamberlain et al. 2019; Kahl et al. 2021; Scarrow
et al. 2024]. Moreover, magmatic processes may operate at
greater depths beneath ocean islands than beneath mid-ocean
ridges [Klügel et al. 2015; Li et al. 2025], affecting the compo-
sitions of erupted lavas in important but underexplored ways
[Ubide et al. 2021].
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The Azores archipelago is located in the North Atlantic
Ocean. It is a group of OIB-producing volcanic islands that
straddle the Mid-Atlantic Ridge (MAR) to the east and west.
Magmatism in the Azores is widely understood to originate
from the interaction between the MAR and a deep mantle
plume [Schilling 1975; Moreira et al. 1999; Madureira et al.
2005; Beier et al. 2010; Madureira et al. 2014], though the na-
ture of the plume remains contested. Terceira is the third
largest island in the archipelago and volcanism on the island
ranges from alkali basalt lava flows to trachytic lavas and py-
roclastic material [Self 1976; Mungall and Martin 1995]. The
last subaerial eruption was in 1761 [Pimentel et al. 2016], which
produced extensive lava flows and contemporaneous trachyte
effusion. It was followed by two submarine eruptions in 1867
and 1998–2001 [Casas et al. 2018]. Although the most recent
eruptions on Terceira have been basaltic, ignimbrite-forming
eruptions are well documented [e.g. Gertisser et al. 2010; Jef-
fery et al. 2017; Pimentel et al. 2021]. This is because they
pose a greater risk to the population due to their high explo-
sivity, though basaltic eruptions are not without hazard [e.g.
Del Fresno et al. 2023]. Terceira thus offers excellent oppor-
tunities for investigating how magma storage conditions and
magma reservoir processes such as crystal fractionation affect
the geochemistry of erupted OIB magmas within the Azores
and beyond [e.g. Zanon et al. 2024].
The texture and composition of minerals such as olivine,
clinopyroxene, and plagioclase in magmatic rocks can offer
insights into magma chamber processes. Crystal zoning de-
velops in response to variations in growth conditions, forming
mineral–melt boundary layers, or to changes in melt compo-
sition, pressure or temperature [e.g. Mollo and Hammer 2017;
Caracciolo et al. 2021; Andrews 2022]. Zoning is preserved
when the diffusion rate is low enough that chemical relaxation
does not not fully take place during magma storage [Costa et al.
2008; Kahl et al. 2011; Dohmen et al. 2017; Costa et al. 2020],
and can occur in key rock-forming minerals such as olivine
[Costa et al. 2010; Kahl et al. 2011; 2017; Couperthwaite et al.
2022], clinopyroxene [Ubide et al. 2015; Welsch et al. 2016;
Ubide et al. 2019a; b; Schoneveld et al. 2020; Palummo et al.
2021; Tapu et al. 2022; Neave et al. 2024], and plagioclase [Hat-
tori and Sato 1996; Tepley and Davidson 2003; Churikova et
al. 2013; Namur et al. 2014; Namur and Humphreys 2018; Van
Gerve et al. 2020].
Clinopyroxene is particularly useful for reconstructing the
history of magma plumbing systems and timescales of mag-
matic processes as it is stable throughout the upper mantle
and crust and is characterised by relatively low chemical dif-
fusivities for REE (e.g. log𝐷 = 1 × 10−18–1 × 10−21 m2s−1 at
1200 °C; 𝐷 = diffusion coefficient), Fe–Mg and Cr [Van Orman
et al. 2001; Müller et al. 2013]. This means that primary fea-
tures are retained during subsequent storage and processing.
The composition of clinopyroxene is also sensitive to changes
in the pressure, temperature, composition and volatile content
[Putirka 2008; Neave and Putirka 2017; Mollo et al. 2018] of
its carrier melts, and the distribution and concentration of ele-
ments in its crystal structure is recorded in a diverse range of
textures that may offer insights into the nature of the oceanic
crust.

Here we apply a combination of detailed petrography, bulk
chemical analysis and in situ major and trace element anal-
ysis on a suite of samples from Terceira to identify pre-
eruptive processes and determine magma storage conditions
within the sub-volcanic plumbing system. We apply a detailed
multi-method mapping approach, combining electron probe
microanalysis (EPMA) and laser ablation-inductively coupled
plasma-time of flight-mass spectrometry (LA-ICP-TOF-MS)
maps for a detailed investigation of major and trace element
zoning patterns. Petrological results, textural observations and
pressure-temperature (𝑃–𝑇 ) estimates of clinopyroxene crys-
tallisation offer new insights into deep magma dynamics and
the architecture of the oceanic crust beneath Terceira.

2 GEOLOGICAL SETTING
The Azores archipelago is a geodynamically complex region
situated at the triple junction between the Nubian, Eurasian,
and North American plates (Figure 1A), and bound by three
major tectonic features: (1) the MAR, which delimits the North
American and Eurasian plates; (2) the East Azores Fracture
Zone (EAFZ), a seismically-inactive transform fault system on
the southern margin of the plateau thought to be a relic bound-
ary between the Nubian and Eurasian plates [Searle 1980];
(3) the Terceira Rift [Machado 1959], a hyperslow spreading
centre [Vogt and Jung 2004] with a spreading rate of 2 to
4 mmyr−1 that marks the currently active boundary between
the Eurasian and Nubian plates. The Terceira Rift is defined
by a series of basins, seamounts, and the volcanic islands of
Graciosa, Terceira, and São Miguel.
Thick oceanic crust, such as that beneath the Azores (17–
29 km; [Zanon et al. 2023]) requires either higher degrees of
melting than normal or active upwelling [Asimow et al. 2004;
Madureira et al. 2005]. It is widely believed that the Azores
plateau originates from the interaction between the MAR and
a melting anomaly. The upwelling of an unusually hot or
volatile-enriched mantle [Schilling 1975; White et al. 1979;
Schilling 1985; Bonatti 1990; Asimow et al. 2004; Beier et al.
2012; Métrich et al. 2014; van Gerve et al. 2024; Li et al. 2025]
is believed to have resulted in extensive melting and the for-
mation of volcanic activity in the eastern part of the plateau.
Indeed, Cannat et al. [1999] suggested that an episode of en-
hanced magmatism some 10 Ma ago, reflecting excess tem-
peratures of ca. 70 ◦C in the mantle beneath the ridge, drove
this increased melting and played a significant role in the con-
struction of the Azores plateau. Several geophysical [Adam et
al. 2013] and geochemical [Madureira et al. 2014] studies have
attributed this melting anomaly to a mantle plume-like fea-
ture, the location of which is thought to lie beneath Terceira
[Bourdon et al. 2005; Madureira et al. 2005] or one of the other
central islands, e.g. Faial [Shorttle et al. 2010] or São Jorge
[Beier et al. 2012].
The island of Terceira is formed from four large volcanoes:
Cinco Picos in the east, Guilherme Moniz and Pico Alto in
the centre, and Santa Barbara in the west. It is also bisected
by a NW–SE trending basaltic fissure zone, the subaerial ex-
pression of the Terceira Rift [Nunes et al. 2014; Jeffery et al.
2017]. Products from volcanic centres show compositions that
range from basaltic to trachytic (47–68 wt.% SiO2; Mungall

Presses universitaires de �rasbourg Page 1

https://doi.org/10.30909/vol/cdwz4711


–Article in Press––A
rti

cl
e
in

Pr
es

s–
Terceira plumbing system Shepherd et al. 2026

and Martin [1995], Gertisser et al. [2010], and Jeffery et al.
[2017]), though fissure basalts show a narrower compositional
range (46–50 wt.% SiO2; Zanon and Pimentel [2015]). The
eastern third of the island is dominated by the heavily eroded
7 km-wide caldera of Cinco Picos volcano (Figure 1b), the old-
est edifice on the island dated at 401 ± 6 ka [Hildenbrand et al.
2014]. This caldera is partially filled and buried by the prod-
ucts of more recent volcanoes and fissure basalts. The prod-
ucts of this extinct volcano comprise hawaiitic to mugearitic
lavas, trachytic lavas and pyroclastic deposits [Self 1976; Self
and Gunn 1976; Madeira 2005; Gertisser et al. 2010]. In the
centre of the island is the elongate caldera of Guilherme Moniz
(Figure 1b), an extinct volcano active prior to 270 ka that pro-
duced hawaiitic lavas to comenditic coulées and ignimbrites
[Self 1976; Self and Gunn 1976; Gertisser et al. 2010]. The
caldera floor is partially filled by fissure basalts, and the north-
ern sector of the caldera is almost completely covered by more
recent lava domes and coulées from Pico Alto [Self and Gunn
1976; Madeira 2005; Gertisser et al. 2010]. North of Guilherme
Moniz is the smaller caldera of Pico Alto volcano (Figure 1b),
which is entirely filled by a cluster of pantelleritic coulées and
lava domes [Gertisser et al. 2010]. Activity on Pico Alto began
over 141 ka and was dominated by violent eruptions, produc-
ing trachytic ignimbrites, lava flows and pumice fall and surge
deposits [Self 1976; Self and Gunn 1976; Mungall and Martin
1995; Calvert et al. 2006; Gertisser et al. 2010; Pimentel et al.
2021]. The last ignimbrite-forming period on Pico Alto was
between 20–23 ka during which the Lajes-Angra Ignimbrite
Formation (LAI) was produced, an extensive formation which
comprises the Angra Ignimbrite, exposed only on the south-
ern coast, and the Lajes Ignimbrite which is exposed on both
the north and south coasts [Gertisser et al. 2010]. The west-
ern third of the island is occupied by Santa Bárbara volcano,
a young (65 ± 13 ka; Hildenbrand et al. [2014]) stratovolcano
with two small overlapping calderas at the summit (Figure 1b).
The inner caldera is in-filled by trachytic lava domes, and sev-
eral alignments of domes and coulées line the flanks of the
volcano [Self 1976; Self and Gunn 1976; Calvert et al. 2006;
Pimentel et al. 2021]. Products of the volcano include hawaiite
and mugearite lavas overlain by recent (20–23 ka) peralkaline
silicic lava domes, coulées and pumice falls [Self 1976; Self
and Gunn 1976; Jeffery et al. 2017]. The most recent activity
associated with Santa Bárbara was the formation of eight tra-
chytic domes and coulées in A.D. 1761 on the eastern flank of
the volcano [Calvert et al. 2006; Nunes et al. 2014].

The Basaltic Fissure Zone (BFZ) is a 2 km-wide alignment
of basaltic to hawaiitic scoria cones, spatter cones and lava
flows that bisects the island in a WNW–ESE direction and
becomes progressively younger towards the NW. It traverses
the extinct Cinco Picos and Guilherme Moniz volcanoes in the
SE and continues offshore along the Serrata Ridge in the NW
for several kilometres [Zanon and Pimentel 2015; Madureira et
al. 2017]. The BFZ dates to at least 43 ka [Calvert et al. 2006],
but is likely contemporaneous with the island itself. Recent
activity along the BFZ comprises a paired subaerial eruption
in the centre of the island (Figure 1b) in 1761 [Pimentel et al.
2016], and two submarine eruptions along the Serreta Ridge
in 1867 and 1998–2001 [Gaspar et al. 2003; Casas et al. 2018].

The volcanic products of Terceira are divided stratigraphi-
cally into two groups: (1) the Upper Terceira Group, marked
by the base of the LAI [Self 1976], which comprises the prod-
ucts of at least 116 eruptions from the BFZ and the active Santa
Bárbara and Pico Alto volcanoes, and (2) the Lower Terceira
Group, which encompasses the interstratified pyroclastic fall
deposits, ignimbrites and lava flows predating the LAI [Ger-
tisser et al. 2010]. A detailed description of the relative volumes
of volcanic rocks erupted before and after LAI for each vol-
canic complex of Terceira is reported in Pimentel [2015]. Here
we sample products predominantly from the Upper Terceira
Group, which are identifiable by their stratigraphic position
above the LAI, with a focus on obtaining a range of (domi-
nantly basaltic) compositions to better constrain the plumbing
system beneath Terceira.

3 SAMPLES AND METHODS

Sixty-one samples were collected from the coastline and along
the basaltic fissure zone axis in the centre and south east of
the island during fieldwork in September 2020 (Figure 1b). A
range of samples from juvenile basalts to more evolved fel-
sic deposits were collected from the fissure zone and around
volcanic centres. However, the suite of evolved samples col-
lected is incomplete as we focussed on collecting the (seem-
ingly) most primitive rocks from each region of the island;
nonetheless, a small selection of felsic samples were collected,
where well-exposed. Samples containing mud-filled vesicles
were discarded. Sample names are presented in Electronic
Appendix (EA).

3.1 Petrographic observations

Sample petrography was observed using a Nikon optical mi-
croscope under transmitted and reflected light, and back-
scattered electron (BSE) images were obtained with a TES-
CAN MIRA 4 scanning electron microscope (SEM) at KU Leu-
ven (Belgium) using a fixed working distance of 13 mm, an ac-
celerating voltage of 15 kV and beam current of 100–300 nA.
Following the classification of Zellmer [2021], we refer to crys-
tals with a long axis of ≥ 10 mm as megacrysts, ≥ 500 µm to <
10 mm as macrocrysts and those <500 µm in length and ≤ 30
µm in width as microcrysts. We favour these terms over the
terms phenocryst and microphenocryst as they eliminate any
genetic connotation with the carrier liquid. Vesicularity and
crystal phase proportions were determined by point counting
of at least 1000 randomly sampled points on polished thin sec-
tions using the freeware JMicroVision v1.3.4. The following
phases were counted: megacrysts and macrocrysts of olivine,
clinopyroxene, plagioclase, oxides, plus vesicles and ground-
mass; groundmass crystal phases were not counted towards
single crystal total proportions, but rather towards the total
groundmass fraction. For crystals exhibiting optical and/or
compositional zoning, the inner zone of relatively constant
composition is defined as the core, whereas the outer zone of
constant or progressively varying composition is referred to
as the rim. When an intermediate textural or compositional
zone occurs between the core and rim, it is described as the
mantle [Namur et al. 2014].
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Figure 1: (a) Location of the Azores archipelago relative to major tectonic features and plate boundaries of the Azores plateau
and (inset) location of the archipelago relative to continental Europe and Africa. Modified after [Luis1994; Lourenco1998;
Searle 1980]. Green-scale corresponds to bathymetric depth. (b) Simplified geological map of Terceira highlighting volcanic
centres (in bold), major settlements (in italics), and sample locations (purple circles). Modified after [Madeira 2005; Gertisser
et al. 2010; Nunes et al. 2014].
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Crystallographic orientations of olivine crystals were deter-
mined by electron backscatter diffraction (EBSD) at Heidel-
berg University using a JEOL IT800 field emission gun scan-
ning electron microscope (FEG-SEM), equipped with an Ox-
ford Instruments Symmetry2 EBSD detector. The FEG-SEM
was operated with an accelerating voltage of 18 kV, a 9.4 nA
beam current, and the sample was tilted by 70◦. Orientation
maps comprising hundreds of EBSD points were obtained for
each crystal and subsequently averaged in order to minimise
analytical uncertainty and provide an overview of different
orientations within the same crystal. This comprehensive ap-
proach is superior to random measurements of a few selected
points across the crystal and enables the identification of fea-
tures such as internal lattice misorientations, sub-grain bound-
aries, crystal twins, and pseudo-symmetries. The EBSD maps
were obtained at a working distance of 27–28 mm using a
10 µm step size and a Hough transform resolution of 75. Mea-
sured Euler angles were converted into trends and plunges of
the olivine crystallographic 𝑎-, 𝑏-, and 𝑐-axes. The angles
between the measured electron microprobe traverses and the
crystallographic 𝑎-, 𝑏-, and 𝑐-axes in olivine were calculated
using the Stereo32 software developed at the Ruhr-Universität
Bochum [Kahl et al. 2015].

3.2 Whole rock chemistry

All samples were crushed with a hammer and ground into
fine powders with agate mortars in a Fritsch Pulverisette 7
planetary mill. Loss on ignition (LOI) was determined by de-
hydrating and oxidizing 1 g of each sample at 1000 °C for
2 hours in a ceramic crucible in a muffle furnace. Whole-
rock major and select trace element (Co, Cu, Ni, Rb, Sr, Y,
Zn, Zr, Ba, Cr and V) concentrations were measured by X-ray
fluorescence (XRF) with an ARL PERFORM-X 4200 (Rh X-
ray tube) at the University of Liège (Belgium) using a method
similar to that described by Vander Auwera et al. [2019]. Re-
sults are reported in EA (Appendix). Major element analyses
were performed on lithium tetra- and meta-borate fused glass
discs prepared with 0.35 g of rock powder and raw data were
corrected following the Traill–Lachance algorithm, calibrated
with 66 international rock, mineral and soil standards. Trace
element analyses were performed on pressed powder pellets
and raw data (except Cr and V) were corrected for matrix ef-
fects by Compton peak monitoring. Major element accuracy
is estimated to be better than ±2% relative for all element
oxides except Na2O (±8.1%) and MnO (±4.4 %). Analytical
precision (1σ standard deviation; SD) was estimated by re-
peated analyses of nine in-house standards (42 measurements
of each standard) and estimated to be better than ±5% for
all major element oxides except Na2O (±6.6%). Accuracy of
minor and trace element measurements was estimated from
repeat analyses of BHVO-1, STM-1, and SY-2 and was better
than ±10% for all trace elements except Cu (±26%). Analyti-
cal precision (1σ) was estimated to be better than ±3% for all
trace elements except Co (±6%). Additional details on preci-
sion, accuracy and limits of detection can be found in Namur
et al. [2020].
For further trace element characterisation, all samples were
analysed by inductively coupled plasma-mass spectrometry

(ICP-MS) at KU Leuven (Belgium) using an Agilent 7700x (Ag-
ilent Technologies, Tokyo, Japan). The following elements
were determined: 9Be, 51V, 58Ni, 59Co, 63Cu, 64Zn, 69Ga,
85Rb, 88Sr, 89Y, 90Zr, 93Nb, 98Mo, 133Cs, 138Ba, 139La, 140Ce,
141Pr, 142Nd, 152Sm, 153Eu, 158Gd, 159Tb, 164Dy, 165Ho,
166Er, 169Tm, 174Yb, 175Lu, 180Hf, 181Ta, 208Pb, 232Th, and
238U, and are reported in EA (Appendix). Samples were pre-
pared according to the following method: for each sample,
100 mg of finely crushed powder was added to 500 mg of
LiBO2 and fused in a graphite crucible at 1000 ◦C for 10 min-
utes. The molten material was then dropped into 50 g of 3%
HNO3 and mixed continuously on a stage with a magnetic
stirrer for 10 minutes until homogeneous. The preparation
was then left to cool overnight, and 0.4 mL of the solution
was diluted with 9.6 mL of 5% HNO3 and spiked with 1% Ge,
In, and Ir in a 5 mg/L mixed solution to be used as an internal
standard. The international basaltic standards BCR-1 and BR,
as well as the granite standard GA, were prepared in the same
manner and analysed alongside the unknowns, in addition to
five replicate samples and two blanks. Accuracy of trace el-
ement measurements was estimated by repetitive analyses of
several international (from the GeoREM database; Jochum et
al. [2005]) and in-house standards, and was better than ±10%
for all trace elements. Analytical precision (1σ) was estimated
as better than 10% for most elements. All whole rock data are
reported in Electronic Appendix EA1.

3.3 In situ mineral analyses

Quantitative in situ measurements of mineral phases (olivine,
plagioclase, clinopyroxene and Fe-Ti oxides) were obtained
by EPMA using JEOL JXA-8530F and JEOL JXA-8900 elec-
tron microprobes hosted at the Department of Material Engi-
neering, KU Leuven (Belgium) and the Institut für Mineralo-
gie, University of Münster (Germany), respectively, and are
reported in EA (Appendix).
The electron beam parameters were set to 15 kV acceler-
ating voltage and 20 nA beam current, with counting times of
10 s (peak) and 5 s (background) for all elements. Na was mea-
sured first to minimise loss. The measured X-ray intensities
were corrected using the ZAF procedure (Z: atomic number;
A: absorption; F: fluorescence). The Kα calibration standards
used were forsterite (Mg), fayalite (Fe), wollastonite (Si, Ca),
albite (Na), orthoclase (K), chromite (Cr), olivine (Ni), MnTiO3
(Mn, Ti), and Al2O3 (Al).
To ensure internal consistency across multiple analytical
sessions, EPMA results were normalised to international stan-
dards: Kakanui augite (NMNH 122142) was used as an inter-
nal standard for clinopyroxene and plagioclase analyses, and
San Carlos olivine (NMNH 111312–44) for olivine analyses.
Spot analyses were conducted along transects across the crys-
tals with a constant spacing, typically 5 µm, or as individual
points in sector-zoned crystals. Accuracy and precision were
estimated by repeated analyses of in-house and Smithsonian
microbeam standards of augite [Jarosewich et al. 1980], plagio-
clase [An95; An = 100 Ca/(Ca + Na), mol %] and olivine (Fo83
and Fo10; Fo = 100 Mg/(Mg + Fe), mol %). Repeat analyses
yielded reproducibility better than ±5 % for major elements
and accuracy within ±5 % for most elements.
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Magnetite and ilmenite major- and minor-element compo-
sitions (EA; Appendix) were measured by EDX with an Ox-
ford Xplore30 detector coupled with a Tescan Mira 4 SEM
at KU Leuven (Belgium). Analyses were performed with a
15 kV accelerating voltage and a 6 nA beam current, and cal-
ibration was done using the extended factory calibration in-
cluded in the Oxford Aztec software. The measurements are
unnormalized, using analyses of pure Mn for beam calibra-
tion. Repeat measurements of reference materials (magnetite:
NMNH114887, ilmenite: NMNH96189; Jarosewich [2002]) in-
dicate major-element accuracies and precisions of approxi-
mately 3 %.
Trace element concentrations in selected clinopyroxenes,
reported in EA (Appendix), were measured in situ by laser
ablation coupled to tandem ICP-mass spectrometry (LA-ICP-
MS/MS). An Analyte G2 ArF* excimer-based 193 nm laser
ablation system (Teledyne Photon Machines, Bozeman, USA)
was coupled to an Agilent 8900 tandem ICP-mass spectrome-
ter (Agilent Technologies, Tokyo, Japan) via the aerosol rapid
introduction system (ARIS Van Malderen et al. [2015]) at KU
Leuven (Belgium). Helium was used as the aerosol carrier
gas and Ar make-up gas was added downstream via a co-
axial mixing bulb, along with 5 mL/min of N2 gas to boost
the sensitivity. The instrument was tuned for high sensitivity
across the elemental mass range using NIST SRM 612 glass
[Jochum et al. 2011], while minimizing elemental fractionation
(238U+/232Th+ = 1) and oxide ion formation (238U16O+/238U+
< 0.5%). The following nuclides were measured at a dwell
time of 10 ms: 28Si, 45Sc, 48Ti, 51V, 52Cr, 55Mn, 59Co, 58Ni,
63Cu, 64Zn, 88Sr, 89Y, 90Zr, 93Nb, 138Ba, 139La, 140Ce, 141Pr,
142Nd, 152Sm, 153Eu, 158Gd, 159Tb, 164Dy, 165Ho, 166Er,
169Tm, 174Yb, 175Lu, 180Hf, 181Ta. The samples were pre-
ablated at low fluence using a raster pattern to remove any
surface contamination. Each analytical batch was comprised
of up to 20 analyses, and spot analysis was performed using a
laser repetition rate of 10 Hz and a fluence of 3.5 J cm−2, with
spot sizes between 35–50 µm, depending on the crystal size.
Each 30 s ablation was preceded by 20 s blank and followed by
30 s washout. NIST SRM 612 glass was measured twice at the
beginning and twice at the end of each batch for external cali-
bration. Ca concentrations from EPMA (21.5 ± 0.7 wt % CaO;
𝑛 = 1285) were used as an internal standard for clinopyrox-
ene to correct for differences in ablation yield, matrix effects
and instrumental signal drift. Accuracy and precision were
monitored using the MPI-DING glasses GOR-128, GOR-132
and ML3B [Jochum et al. 2006]. Most trace elements were
determined with an accuracy better than ±10 % compared to
published values. Elements with recoveries outside this range
were excluded. Repeat analyses yielded 1σ relative precision
of ±5–10 % for all measured elements.

3.4 Semi-quantitative EPMA maps

Semi-quantitative major element maps (SF1; Appendix) were
obtained for a total of 32 clinopyroxene crystals from nine
samples using a JEOL JXA-8900 EPMA at the University of
Münster (Germany). A beam current of 60–80 nA and an
accelerating voltage of 15 kV were used, with a pixel size of
2–5 µm and a dwell time of 20 ms per pixel. Ten elements (Si,

Ti, Al, Fe, Mn, Mg, Ca, Na, K, Cr) were measured per analysis
(two per diffracting crystal). Mapped areas varied in size from
300 × 300 µm2 to 5000 × 5000 µm2. Total experiment times
ranged from 0.5 to 12 hours per crystal.

3.5 Quantitative Multi-Element LA-ICP-TOF-MS maps

To gain further insight into the nature of chemical zoning
in clinopyroxene quantitative LA-ICP-TOF-MS maps of 11
crystals were obtained at University of Ghent (Belgium) and
combined with transmitted light and/or BSE images (SF2; Ap-
pendix). LA-ICP-TOF-MS is capable of monitoring essentially
the entire elemental mass range at high spatial resolution (< 10
µm) and provides low detection limits [Ubide et al. 2019a], and
as such can be used to delve further into the behaviour of trace
elements recorded in zoned crystals. A setup consisting of an
Iridia LA unit (Teledyne Photon Machines, Bozeman, USA)
equipped with a 193 nm ArF* excimer-based laser, Cobalt ab-
lation chamber and cup-type ablation cell was coupled via the
ARIS to an icpTOF 2R (TOFWERK AG, Thun, Switzerland).
Helium was used as carrier gas (0.5 L/min) and Ar make-up
gas (0.92 L/min) was added via the ARIS mixing bulb prior to
introduction of the aerosol into the plasma. A laser spot size
of 5 µm (square mask), repetition rate of 50 Hz and a fluence
of 6.5 J/cm2 were used for elemental mapping that involved
firing a single shot per pixel position at a lateral scan speed
of 250 µm/s. The Iridia laser ablation system was operated
with Chromium v2.7. software (Teledyne CETAC), and the
icpTOF 2R was operated with TOFPilot software (TOFW-
ERK AG). The instrumental setup was tuned upon ablation of
a NIST SRM 610 glass for high sensitivity across the elemen-
tal mass range (based on 59Co+, 115In+, 238U+), low oxide ion
formation (UO+/U+ < 0.5%) and low elemental fractionation
(238U+/232Th+ = 1). NIST SRM 610 and 612 glasses were
used as external calibration standards, and Ca obtained by
EPMA was used as the internal standard (21.5±0.7 wt.% CaO;
𝑛 = 1,285). Accuracy and precision were evaluated using the
MPI-DING glasses GOR-128, GOR-132, and ML3B [Jochum
et al. 2006]. Quantitative elemental maps were produced with
Iolite v4.5.1 [Paton et al. 2011]. To interrogate the elemental
maps in further detail, average elemental compositions were
extracted from profiles along the crystal axes and regions of
interest (ROI) in homogeneous areas, i.e. free of cracks, holes
or strong zonation features, to obtain high-precision concen-
tration data by averaging a large number of data points from
within the homogeneous ROIs (SF3 and EA; Appendix).

3.6 Thermobarometry and oxybarometry calculations

Where both ilmenite and Ti-magnetite were present, temper-
ature and 𝑓O2 estimates were calculated using the two-oxide
Microsoft Excel spreadsheet of Sauerzapf et al. [2008] – re-
ferred to here as model S08. Equilibrium between mineral
pairs was evaluated using the Mn–Mg partitioning test of Ba-
con and Hirschmann [1988].
Estimating crystallisation temperatures and pressures typ-
ically requires knowledge of mineral and their equilibrium
melt compositions. However, we did not find groundmass
glass or fresh, glassy melt inclusions in our samples, so iden-
tifying equilibrium liquid compositions is challenging. To

Presses universitaires de �rasbourg Page 5

https://doi.org/10.30909/vol/cdwz4711


–Article in Press––A
rti

cl
e
in

Pr
es

s–
Terceira plumbing system Shepherd et al. 2026

circumvent this issue, we applied thermobarometric formu-
lations that require only mineral compositions. To obtain
more robust pressure (𝑃, MPa) and temperature (𝑇 , °C) es-
timates, we used two different clinopyroxene-only models:
the machine learning algorithm of Jorgenson et al. [2022], re-
ferred to here as model J22 and the iterative algorithm im-
plemented in the Python3 tool Thermobar (v1.0.16, Wieser et
al. [2022]), which iterates equations 32b and 32d of Putirka
[2008], referred to as model P08. We also tested the GAIA deep
learning-based tool of Chicchi et al. [2023], referred to here as
model C23 but found out that this model gives unrealistically
low pressue estimates, as previously reported [Ágreda-López
et al. 2024]. Reported uncertainty on model J22 is shown as
the interquartile range of the voting distributions, as recom-
mended by Jorgenson et al. [2022] and the standard error of
model P08 is reported as ±87 ◦C and ±260 MPa.
To further assess the reliability of our models, we also
applied clinopyroxene–liquid thermobarometry using bulk-
rock compositions from Terceira compiled from the GEOROC
database and using experimentally produced melts of Neave
et al. [2019] as input liquid compositions. We used the clinopy-
roxene–melt barometer of Neave and Putirka [2017], referred
to as NP17. We used a clinopyroxene–melt matching ap-
proach in which clinopyroxene compositions are randomly
paired with bulk-rock and liquid compositions and iteratively
evaluated for equilibrium conditions. Candidate pairs are
screened using equilibrium tests based on 𝐾𝑑cpx–meltFe–Mg , as well
as the diopside–hedenbergite, enstatite–ferrosilite, and Ca–
Tschermak components. Accepted pairs satisfy 𝐾𝑑cpx–meltFe–Mg
within ±0.03, and other component tests within 2 SEE, fol-
lowing the criteria of Putirka [1999] and Putirka [2008] and
Mollo et al. [2013]. This approach follows previously estab-
lished frameworks [Winpenny and Maclennan 2011; Neave
and Putirka 2017; Stock et al. 2018; Gleeson et al. 2020].

3.7 Diffusion modelling in clinopyroxene and olivine

Fe–Mg compositional profiles in both clinopyroxene and
olivine were used to model the timescales between magma
mixing and eruption at Terceira. For clinopyroxene,
timescales were determined using the non-isothermal diffu-
sion incremental step (NIDIS) method of Petrone et al. [2016].
This method uses high-resolution BSE images acquired via
SEM, calibrated against the Mg# of clinopyroxene as deter-
mined by EPMA. The NIDIS model accounts for the influence
of varying temperatures in different magmatic environments
– reflected in different Mg# or greyscale values – on diffusion
rates to compute the residence time, Δ𝑡. The diffusion coef-
ficient is calculated using the Arrhenius equation considering
Fe–Mg exchange in clinopyroxene:

𝐷 = 𝐷0 𝑒
−Δ𝐻/(𝑅𝑇 ) (1)

where 𝐷0 is the pre-exponential factor [log𝐷0 =

−0.02 m2 s−1], Δ𝐻 is the activation energy [406 kJmol−1],
𝑅 is the gas constant [8.3145 Jmol−1 K−1], and 𝑇 is the tem-
perature [K].
The NIDIS model calculates Δ𝑡 using a backward approach
from the last-formed compositional boundary, i.e. Δ𝑡2 in-

wards to the more recent boundary, Δ𝑡1. The calculated total
residence time, Δ𝑡, corresponds to the time frommafic input to
eruption. A more detailed description of the methodology and
application to zoned clinopyroxenes is presented in Petrone et
al. [2016], Petrone and et al. [2022], and Nardini et al. [2024].
For olivine, Fe–Mg interdiffusion profiles were modeled us-
ing one-dimensional finite-element diffusion models based on
Fick’s Second Law. Elemental concentrations along measured
transects were represented using linear finite elements. For
a profile of total length 𝐿, the spatial domain was discretized
using a standard mesh of 300 nodes.
Diffusion was described using a spatially dependent formu-
lation of Fick’s Second Law:

𝜕𝐶

𝜕𝑡
=
𝜕

𝜕𝑥

(
𝐷 (𝑥) 𝜕𝐶

𝜕𝑥

)
(2)

where 𝐶 represents the Fe–Mg concentration and 𝐷 (𝑥) is the
effective diffusion coefficient along the profile [Mutch et al.
2019]:

ln𝐷𝑖
[001] = 𝑎𝑖+𝑏𝑖 ln 𝑓O2 +𝑐𝑖𝑋Fo+

𝑞𝑖 + ℎ𝑖𝑃
𝑇

+ 𝑗𝑖𝑃+𝑘𝑖 ln 𝑎SiO2
(3)

where aSiO2 was estimated using bulk-rock chemistry at mag-
matic temperature using MAGEMin [Riel et al. 2022]. To ac-
count for the strong crystallographic anisotropy of Fe–Mg dif-
fusion in olivine, the effective diffusion coefficient parallel to
the measured profile (𝐷 𝑝 ) was calculated from the principal
diffusion coefficients along the crystallographic axes [Mutch
et al. 2019]:

𝐷 𝑝 = 𝐷 [100] cos2 α + 𝐷 [010] cos2 β + 𝐷 [001] cos2 γ (4)

where α, β, and γ are the angles between the measured profile
and the crystallographic axes [100], [010], and [001], respec-
tively. 𝐷 [100] , 𝐷 [010] , and 𝐷 [001] are the diffusion coeffi-
cients parallel to these axes.
Uncertainties in the calculated diffusion timescales were
quantified using a Monte Carlo approach. Pressure (𝑃), tem-
perature (𝑇 ), and oxygen fugacity ( 𝑓 𝑂2) were treated as vari-
ables with associated uncertainties (see details below). For
each Monte Carlo realization, values of 𝑃, 𝑇 , and 𝑓 𝑂2 were
randomly sampled from normal distributions defined by their
mean values and standard deviations. These parameters were
then used to calculate the diffusion coefficients along the crys-
tallographic axes and the resulting effective diffusivity 𝐷 𝑝 . For
each simulation, the best fit solution was determined by χ2
minimization between measured and modelled compositional
profiles. Reported errors correspond the 5𝑡ℎ and 95𝑡ℎ per-
centiles.

4 RESULTS
4.1 Petrography

In general, Terceira lavas are vesicular and may be porphyritic
(< 40 vol.% crystals). Our samples can be broadly divided ac-
cording to sample location and the eruptive centre from which
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they originate: Cinco Picos caldera (CPC), eastern fissure zone
(EFZ), central fissure zone (CFZ), Monte Brasil (MB), Pico Alto
volcano (PAV), and the Santa Bárbara complex (SBC). Petro-
graphic descriptions are based on hand specimens, thin sec-
tion observation, and point counting results. The mineral as-
semblage of mafic lavas consists of olivine (5–76 vol.% total
micro- and macrocrysts), clinopyroxene (0–69 vol.%), plagio-
clase (4–79 vol.%), magnetite (0–5 vol.%) and ilmenite (0–7
vol.%) with rare K-feldspar xenocrysts. Felsic lavas consist
of alkali feldspar (7–40 vol.%), clinopyroxene (2–7 vol.%) and
minor amounts of Fe-Ti oxides and apatite with rare biotite.

4.1.1 Cinco Picos Caldera (CPC)
Due to the age and limited accessibility of the Cinco Picos
volcano, and the abundance of more recent volcanic material
within the caldera, only one sample was collected from the
CPC caldera rim. The sample is a highly vesicular basalt (Fig-
ure 2A) with sparse, weathered plagioclase microcrysts and
highly altered olivine macrocrysts (≤ 1 vol.%) set in a fine-
grained, microcrystalline plagioclase-dominated groundmass
with magmatic flow structures.

4.1.2 Eastern Fissure Zone (EFZ)
Fissure zone samples are divided into two groups: the east-
ern (EFZ) and central (CFZ) fissure zone. The EFZ comprises
mafic pahoehoe and massive lavas (up to 10 m thick) from the
floor of the extinct CPC volcano, on- and off-axis lavas, and
monogenetic cones in the eastern and southeastern portions
of the island. Samples are vesicular (13–42 vol.%) and por-
phyritic with a mineral assemblage comprising subhedral to
euhedral ≤ 3 mm (long axis) clinopyroxene macrocrysts (15–
25 vol.%), subhedral plagioclase (2–17 vol.%) and subhedral
to euhedral olivine (3–9 vol.%). Samples from a large cone
to the south of the CPC caldera are dominated by plagioclase
crystals with fewer olivine and clinopyroxene crystals (Fig-
ure 2B). Olivine crystals tend to be strongly zoned and some-
times exhibit iddingsite within fractures and/or around the
rims, and often contain (crystallized) melt inclusions. Clinopy-
roxene crystals frequently exhibit oscillatory or sector zoning,
and frequently contain melt inclusions. The groundmass (53–
87 vol.%) is largely microcrystalline (Figure 2C) anFigure 2D
dominated by plagioclase. Opaque Fe-Ti oxides are abundant
in the matrix and, rarely, as microcrysts.

4.1.3 Central Fissure Zone (CFZ)
On- and off-axis basaltic rift lavas and monogenetic scoria
cones from the central part of the island, within the Guil-
herme Moniz crater and at the northern coast around the
town of Biscoitos comprise the CFZ group. Lavas from the
CFZ have varying degrees of vesicularity (4–23 vol.%); vesi-
cles tend to be elongated, ranging in size from 0.5 to 9 mm
along the long axis. Central CFZ lavas are moderately por-
phyritic with a mineral assemblage comprising up to 2 mm
(long axis) euhedral clinopyroxene (3–6 vol.%), large (∼ 2 mm)
subhedral to anhedral olivine (1–3 vol.%) and euhedral to sub-
hedral plagioclase (≤ 1 vol.%) with minor Fe-Ti oxides in a mi-
crocrystalline plagioclase-dominated groundmass. Melt inclu-
sions were identified in some clinopyroxene and olivine crys-
tals. Sparse xenocrystic subhedral and rounded alkali feldspar

crystals with a dark reaction rim are present in several CFZ
samples (Figure 2D). Northern CFZ lavas are more crystal-
rich, with 5–10 vol.% euhedral clinopyroxene, 4–8 vol.% sub-
hedral plagioclase and 2–3 vol.% subhedral to anhedral olivine
(Figure 2E). A small gabbroic xenolith (11.25 × 5 mm2) com-
prising plagioclase and clinopyroxene with minor opaque Fe-
Ti oxides is present in one sample. Glomeroporphyritic clus-
ters of clinopyroxene ± olivine ± plagioclase are present in
some samples. Macrocryst phases are frequently broken, and
exhibit a range of textures including sieve-textured plagioclase
cores, and zoned clinopyroxene and olivine cores. Microcrysts
of clinopyroxene, plagioclase, olivine, and Fe-Ti oxides are
present in varying amounts.

4.1.4 Monte Brasil (MB)
The Monte Brasil (MB) group comprises basaltic and trachytic
lava and pyroclastic deposits of a remnant Surtseyan tuff vol-
cano forming the southern peninsula of the island [south of
Guilherme Moniz; Figure 1b] [Self 1976]. Basalts are por-
phyritic and dominated by euhedral clinopyroxene (18–32
vol.%) macrocrysts (1–3 mm long axis) and rare megacrysts
(≤ 15 mm, Figure 2F). Olivine macrocrysts (2–14 vol.%) tend
to be subhedral to anhedral and often exhibit iddingsite within
fractures. Plagioclase macrocrysts are rare (≤ 2 vol.%) but
plagioclase is a common microcryst and groundmass phase.
Melt inclusions are common in both clinopyroxene and olivine
crystals. Macrocrysts are set in a fine-grained microcrys-
talline groundmass of a similar mineralogy. Felsic material
at the same location is dominated by tabular, euhedral alkali
feldspar macrocrysts (16–18 vol.%) with microcrysts of biotite
and clinopyroxene (1–2 vol.%) set in a fine-grained microcrys-
talline groundmass made up of feldspars and opaque Fe-Ti
oxides.

4.1.5 Pico Alto Volcano (PAV)
Samples associated with the Pico Alto volcano comprise a’a
and pahoehoe lavas of basalt and hawaiite as well as minor
trachyte flows found along the northern to northeastern coast
of Terceira, with select samples collected from the southern
margin of the PAV (Fig. 1b). Mafic rocks are poorly porphyritic
(Figure 2G) with subhedral to euhedral strongly zoned olivine
macrocrysts (1–4 vol.%) and subhedral clinopyroxene macro-
and microcrysts (< 2 vol.%). Plagioclase feldspar is present
as microcrysts and dominates the groundmass mineralogy,
in addition to opaque Fe-Ti oxides and, minor clinopyrox-
ene and olivine. Microcrysts of olivine, clinopyroxene, and
plagioclase feldspar form glomeroporphyritic assemblages in
several samples. Felsic material comprises ignimbrites and
trachytic lavas which are exposed along the coast, and con-
sist of an alkali feldspar-dominated assemblage (20–25 vol.%)
with euhedral to subhedral alkali feldspar macrocrysts which
often exhibit perthitic exsolution, euhedral to subhedral minor
aegirine-augite, commonly associated with anhedral Fe-Ti ox-
ides, and rare olivine in a fine-grained hypocrystalline ground-
mass in which feldspar is the dominant crystalline phase.

4.1.6 Santa Bárbara Complex (SBC)
Samples from Santa Bárbara were collected from basaltic
through hawaiitic and mugearitic cones and flows, and tra-
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chytic flows found both stratigraphically beneath and over-
lying basalt flows, in addition to explosive pumice deposits.
Mafic lavas are porphyritic and dominated by mm-sized
plagioclase macrocrysts (8–20 vol.%) with minor subhedral
to euhedral olivine (4–7 vol.%) and subhedral to euhedral
clinopyroxene (1–3 vol.%), surrounded by a microcrystalline
plagioclase-dominated matrix. Melt inclusions were identified
in both olivine and clinopyroxene. Plagioclase macrocrysts
tend to be strongly zoned and often contain a sieve-textured
core, they are frequently fragmented, and plagioclase macro-
crysts are often found in clusters. Olivine macrocrysts often
exhibit iddingsite within fractures and/or along their rims,
and some phenocrysts are embayed. Trachytic lavas from
Santa Bárbara (Figure 2H) are porphyritic, with a mineral as-
semblage dominated by tabular euhedral to subhedral alkali
feldspar (35–40 vol.%) with minor aegirine, biotite, and opaque
Fe-Ti oxides (< 1 vol.%). The groundmass is characterised
by a trachytic texture with similar mineralogy, with minor
opaque phases and interstitial glass.

4.2 Whole rock chemistry

Major element data and calculated normative mineralogies
(CIPW) for Terceira samples are presented in EA (appendix).
All CIPW normative mineralogies were calculated using the
method of Kelsey [1965]. The samples have basaltic, trachy-
basaltic to basaltic trachyandesitic and trachytic compositions
based on their SiO2 and total alkali contents (Figure 3). The
SiO2 content (normalised to 100 wt.%, volatile-free) of mafic
and felsic rocks ranges between 46–52 wt.% and 65–69 wt.%,
respectively, while total alkalis (Na2O + K2O) range from 1.7–
6.2 wt.% for mafic rocks and from 10.2–11.6 wt.% for trachytes.
On the basis of their sodic natute (Na2O–2 ≥ K2O; Le Maitre
et al. [2002]), the TB and BTA samples can be further classified
as hawaiite and mugearite, respectively. Trachytic samples
are exclusively peralkaline (PI > 1), with peralkalinity indices
[PI = molar (Na + K) / Al] that range between 1.1–1.4.
The most primitive (i.e. MgO-rich) samples are found at
Monte Brasil (MB), where SiO2 ranges from 46.8–47.5 wt.%
and MgO from 11.8–14.4 wt.% (Figure 3). Fissure zone sam-
ples show a broad MgO range (11.85–3.16 wt.%) over a nar-
row SiO2 range (47.2–49.9 wt.%), and samples from the east-
ern fissure zone are more primitive than CFZ samples. The
PAV basalts contain 3.3–6.7 wt.% MgO and 48.1–51.7 wt.%
SiO2, while PAV trachytes contain < 0.4 wt.% MgO and 66.8–
68.3 wt.% SiO2. Similarly, SBC basalts contain 3.5–4.6 wt.%
MgO and 49.2–52.0 wt.% SiO2, whereas SBC trachytes contain
negligible MgO and 65.0–68.9 wt.% SiO2. No intermediate
compositions were sampled; however, literature data reveal a
paucity of samples in the range ∼54 to ∼57 wt.% SiO2 (Fig-
ure 3). The Al2O3 content in basalts increases from 11.8–16.7
wt.% as samples become more evolved (Figure 3), while tra-
chyte compositions range from 10.6–14.5 wt.%. Some EFZ
samples tend towards more Al-rich compositions, reaching
16.7 wt.% Al2O3 at only 7.3 wt.% MgO. Between 14.4 and ∼4.5
wt.% MgO, Fe2O3* (i.e. total Fe expressed as Fe2O3; Figure 3)
increases from 10.7–14 wt.% and CaO decreases from 12.7 to
9.8 wt.%, with a subsequent decrease in the concentration of
both oxides at ∼4.5 wt.% MgO (Figure 3). Rocks from CFZ,

PAV, and CPC are more enriched in P2O5 than EFZ and MB
rocks (Figure 3), reaching up to 1.8 wt.% for the CPC sample,
which is in agreement with the caldera wall sample analysed
by Self [1976].
CI (chondrite)-normalised rare earth element (REE) patterns
(Figure 4) indicate an overall enrichment in light rare earth
elements (REE) relative to heavy REE with La𝑁 /Yb𝑁 [N =
CI-normalized] ratios of between 7.72 and 11.46. The most
primitive samples (MB) are the least enriched in REE relative
to chondrite and show slightly negative to moderately pos-
itive Eu anomalies, with Eu/Eu* = 0.95–1.22 [Eu* = (Gd𝑁 +
Sm𝑁 )/2], while trachytes (PAV and SBC) are the most enriched
in REE and exhibit distinct negative Eu anomalies (Eu/Eu*
= 0.38–0.63). To further quantify the behaviour of all REE,
the polynomial function described by O’Neill [2016] was used
in the BLambdaR online application [Anenburg and Williams
2022] to calculate individual parameters, λ𝑛, that express the
behaviour of all REE simultaneously (Figure 4). The variable
λ1 represents the slope of the chondrite-normalised REE pat-
tern, reflecting LREE/HREE fractionation, and covers a rel-
atively narrow range for our samples (λ1 = 11–14), while
λ2 represents quadratic curvature and becomes more nega-
tive from trachytes to basalts. Compatible elements such as
Ni (Figure 4), Cr, Sc, and Co show positive correlations with
MgO, whereas large ion lithophile elements (LILE) such as
Ba (Figure 4), Rb, K, and high field strength elements (HFSE)
such as Zr (Figure 4), Nb, Hf, and Ta show an inverse cor-
relation, or perhaps an exponential increase, with MgO. Both
Ba and V (Figure 4) increase with decreasing MgO content
in the mafic samples, and decrease in the trachytic PAV and
SBC samples. To some extent, these decreasing trends mirror
those observed for Al2O3 and Fe2O3. More intermediate com-
positions (3–5 wt.% MgO) define a separate Ba trend, falling
between the basalt and trachyte compositions and increasing
with decreasing MgO. Similarly, PAV basalts have lower V
contents than samples with the same MgO content and de-
fine their own trend, decreasing sharply in V content as MgO
decreases.

4.3 Mineral chemistry and zoning patterns

4.3.1 Olivine
Olivine crystals are abundant in most samples. Core compo-
sitions vary from Fo69 to Fo90 (Figure 6a), while rims span the
range Fo52–Fo88 (Figure 6b). We note that olivine rims can be
subdivided into three groups peaking at Fo60, Fo68 and Fo80.
In Figs. 6a and 6b, Fo content is plotted against NiO/MnO, a
ratio of a compatible element to an incompatible element that
strongly decreases with differentiation [Foley et al. 2013].
The most discriminant features of olivine crystals are the
zoning types. As such, we have subdivided olivine crystals
into five types, based on their chemical and textural features,
illustrated schematically in Figure 5: single-step normal zoning
(Type I); progressive normal zoning (Type II); reverse zoning
(Type III); multiple (normal to reverse) zoning (Type IV; only
one crystal); and multiple (reverse to normal) zoning (Type V).
Schematic rim-to-core profiles through each zoning type are
also shown in Figure 5, illustrating the compositional gradients
throughout.
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Ol
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Figure 2: Microphotographs of (a) CPC basalt; (b) plagioclase feldspar-rich EFZ basalt sample; (c) plagioclase-poor vesicular
EFZ olivine basalt; (d) rounded alkali feldspar xenocryst with a dark reaction rim in CFZ sample; (e) CFZ basalt with large subhe-
dral olivine macrocrysts, smaller euhedral clinopyroxene crystals and plagioclase feldspar macrocrysts; (f) MB lava with large
clinopyroxene macrocrysts and smaller, rounded olivine crystals; (g) poorly-porphyritic PAV hawaiite sample with small olivine
and clinopyroxene microcrysts and (bottom edge) sieve-textured plagioclase macrocryst; and (h) alkali-feldspar-dominated tra-
chytic SBC sample. Scale bar = 2 mm. Abbreviations: Pl = plagioclase, Kfs = alkali-feldspar, Ol = olivine, Cpx = clinopyroxene.
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Figure 3: Whole rock compositional data of Terceira samples from the six sample groups: (a) TAS diagram; (b–f) variation
diagrams of major elements vs. MgO (wt.%). Coloured regions highlight our samples from each group. Red symbols indicate
groundmass glass calculations, discussed later. Solid purple curves indicate the path of fractional crystallisation based on
Rhyolite-MELTS modelling. Literature data (grey circles) are from [White et al. 1979], Davies et al. [1995], Mungall and Martin
[1995], Beier et al. [2010], Madureira et al. [2011], Madureira et al. [2014], Madureira et al. [2017], Hildenbrand et al. [2014], Zanon
and Pimentel [2015] and Pimentel et al. [2016], Jeffery et al. [2017]. Errors (2σ) do not exceed symbol size.

Type I and II cores tend towards the most primitive com-
positions (Fo85–Fo90), while Type V cores cluster around
Fo81. Type III reverse-zoned cores are more evolved, rang-
ing from Fo69–Fo83, and are always more evolved than their
rims (Fo83–Fo87). Type I rims have the most evolved com-
positions, ranging from Fo52–Fo78 and NiO/MnO ratios of <
0.5. Combining Ni and Mn, we find that SBC olivine core
and rim compositions are characterised by NiO/MnO ratios
< 0.6 and < 0.3, respectively. The EFZ and PAV olivines can
be divided into cores with high NiO/MnO ratios (1.4–2.7) and
both cores and rims with NiO/MnO < 1.6. The relative prob-
ability of core and rim compositions (Figure 6c) shows that

core compositions fall dominantly between Fo82–Fo90, with
a small peak at around Fo75 representing the Type III cores,
while rim composition peaks fall into three groups: Fo61, Fo71,
and Fo85.

4.3.2 Clinopyroxene
Clinopyroxenes are subdivided on the basis of their textural
and compositional features, illustrated schematically in Fig-
ure 7 alongside Mg and Cr WDS maps of example crystals
which display different zoning characteristics. Real zoning
patterns for major and trace elements are shown in Fig.8, with
maps of other crystals presented in Supplementary Figures
SF1 and SF2 (Appendix). TOF profiles and regions of inter-
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Figure 4: Whole-rock trace element compositional data of Terceira samples from the six sample groups are presented as follows:
(a) chondrite-normalised rare earth element (REE) variation diagram [Sun and McDonough 1989], showing that more evolved
samples are more enriched in REE relative to chondrite values; (b) REE pattern shape coefficients λ2 vs. λ1 for Terceira samples;
(c–f) Ni, Ba, Zr, and V (ppm) vs. MgO (wt %) for our samples. Literature data (grey circles) are from the same references as
Figure 3.

est (ROIs) were interrogated in greater detail using Cr zoning
(e.g. Ubide and Kamber [2018]), which is a highly compati-
ble element in clinopyroxene [Shepherd et al. 2022] (EA and
SF3; Appendix). To clearly illustrate the relationship between
selected trace elements measured from ROIs, we produced
covariance matrices (SF4; Appendix), which show a partic-
ularly strong correlation between Cr and Ni. Compositions
described below comprise average concentrations of each el-
ement within one zoning type, based on results obtained by
spot analysis with LA-ICP-MS/MS and elemental mapping via
LA-ICP-TOF-MS. The range of Mg# observed in the various
sample groups is shown in Figure 9a, where clinopyroxene

Mg# is calculated assuming that all Fe is present as Fe2+ (e.g.
Wieser et al. [2023]).

Type I crystals are defined by their sub-euhedral morphol-
ogy and low Cr, high Mg, patchy cores (Fig. 7a). Cores and
mantles are characterised by irregular crystal domains with
variable compositions, identified by dark and light grey ar-
eas in BSE images. Type I crystals range between 1000–
1300 µm (long axis) and are most frequent in CFZ samples.
Core compositions range between Mg# = 80–86; mantles may
be slightly more primitive, ranging from Mg# = 81–86, and
patchy regions vary on the order of one to two Mg# within
each crystal. Rim compositions range between Mg# = 72–81.
Element maps, shown in SF1 and SF2 (Appendix) and Fig.8,
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Figure 5: Schematic illustration and petrographical description of the different textures observed in olivine macrocrysts from
Terceira basalts alongside rim-to-core profiles that demonstrate the compositional differences between zones.

illustrate the enrichment of Al (and Ti) in lighter (greyscale)
patches, while Mg (and Fe) enrichment is apparent in the
darker patches. These maps also illustrate that Fe enrichment
corresponds to V and REE + Y enrichment, and show a clear,
thin band of V, REE + Y, and Zr depletion at the mantle–rim
interface in many Type I crystals. Crystal cores are irregular
and depleted in Cr (∼800 ppm) and Ni (∼75 ppm) relative to

mantles, which often show coarse Cr oscillations from ∼4000
to ∼6000 ppm and Ni fluctuations between ∼150 to ∼200 ppm,
reflecting crystal growth during multiple repeated injections of
a Ni- and Cr-rich primitive melt, followed by further growth
in a subsequently Cr- and Ni-depleted melt.
Type II crystals are characterised by resorbed, anhedral,
high-Cr, high-Mg cores (Figure 7b) and range from anhedral,
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Figure 6: NiO/MnO as a function of forsterite content (Fo = 100×Mg/(Mg+Fe)) in cores (a) and rims (b). Symbols correspond
to sample locations, illustrated in the first panel, while colours represent zoning types. (c) Relative probability (bandwidth =
0.77 mol.% Fo) of core and rim compositions from 61 crystals (>120 analyses). 1σ error on Fo is <1 mol.%. 1σ on NiO/MnO is
±0.08. Both errors are slightly smaller than the symbol sizes.

500 µm-long crystals with distinct core and rim regions,
to subhedral, 1000 µm-long crystals with core, mantle, and
rim regions identified by a significantly darker central region
(greyscale BSE), surrounded by light grey mantles and rims.
Type II crystals are found in all sample groups except SBC.
They have relatively homogeneous core compositions (Mg# =
79–92), with a sharp transition to a more evolved mantle (Mg#
= 78–88) and rim (Mg# = 69–80). Element maps show that
the crystal cores are enriched in Cr (∼7000 ppm, some reach-
ing 10,000 ppm), Ni (∼200 ppm), MgO, and variable amounts
of Al2O3, relative to mantles (Cr ∼4500 ppm, Ni ∼125 ppm)
and rims (Cr ∼1200 ppm, Ni ∼100 ppm), while mantles and
rims store a higher concentration of REE + Y (∼10 ppm) and
V (∼300 ppm). One of the Type II PAV crystals identified is
reversely zoned, with a more primitive rim (Mg# = 78) and
a more evolved core (Mg# = 76), and contains 942 ppm Cr
and 12.15 ppm Ce, more indicative than other Type II rim
compositions.

Type III crystals include crystals with sector zoning, os-
cillatory zoning, or a combination of both (complex zoning)
(Figure 7c). Sector zoning in clinopyroxene is characterised
by hourglass {111} sectors that often diverge from equilibrium
compositions, and prism {hk0} sectors that can approach equi-
librium compositions [Neave et al. 2019; Ubide et al. 2019b].
The hourglass and prism sectors can be identified in plane-
polarised light or by differences in BSE intensity. Hourglass
sectors are enriched in SiO2 (>50 wt %) and MgO (>15 wt %)
relative to Al and Ti, while prism sectors are enriched in
Al2O3 (>5 wt %) and TiO2 (>1.5 wt %). Prism sectors are
also enriched in Cr (4000–5000 ppm), V (∼300 ppm), Sc
(∼100 ppm), and REE (Ce = 6–10 ppm) relative to hourglass
sectors (Cr ∼3000 ppm; V ∼200 ppm; Sc ∼78 ppm; Ce =
4–6 ppm). Oscillatory zoning describes concentric bands of
higher and lower element concentrations, with oscillations in
Fe, Mg, and Cr (on the order of up to 3000 ppm; SF4; Ap-
pendix), as well as Al, being especially pronounced. Sector-
and oscillatory-zoned crystals are most frequent in EFZ sam-

ples, with some CFZ and few PAV and SBC sample groups
containing Type III crystals.
Type IV crystals (Figure 7c) originate mostly from MB and
CFZ and are characterised by an abrupt core/rim boundary,
identifiable by a thin (20–50 µm) lighter grey rim around the
edge of the crystal and a darker, generally homogeneous core
with no apparent intermediate region, indicative of two stages
of growth. Type IV crystals tend to be subhedral to an-
hedral, often embayed, and range in size from 500–1100 µm.
Core compositions range from Mg# = 79–88, and rims fall
within the range Mg# = 74–83. Rims are enriched in Al2O3
(5.3–6 wt%) and TiO2 (1.5–3.3 wt%), relative to cores (4 and
1.5 wt% respectively), while cores are enriched in MgO (14.7–
15.3 wt%) and Cr2O3 (0.3 wt%) relative to rims (12.7–14 wt%
and <0.1 wt% respectively). Sample T38_px_01 was the
only Type IV crystal analysed for trace elements and is char-
acterised by a rim enriched in V (500 ppm), Zr (33 ppm),
and REE + Y (Ce ∼11, Y ∼16) and depleted in Cr2O3 (Cr
∼170 ppm) and Ni (80 ppm) relative to its core.

4.3.3 Plagioclase
We distinguish four types of plagioclase crystals based on zon-
ing patterns and morphology, illustrated in Figure 10. Type I
plagioclase crystals (Figure 10a) range from 1 to 2.1 mm (long
axis), are subhedral and frequently embayed, and exhibit fine-
to coarse-scale (<10 µm and 20–50 µm width bands) oscilla-
tory zoning from mantle to rim, with typically unzoned cores.
Oscillatory bands are often wavy, indicating resorption [Van
Gerve et al. 2020]. Core compositions are relatively homo-
geneous and range from An60−64 between samples, rims are
generally An59−60, and oscillatory bands fluctuate between
An54−64, with higher-An higher-An bands (An73−75) in sev-
eral crystals.
Type II plagioclase crystals are 0.7–2 mm (long axis) and
subhedral to euhedral, with distinct core and rim composi-
tions (Figure 10b) characterised by high-Ca cores (An75−86)
and lower Ca-rims (An51−73). Rim thicknesses are variable
but span the range 10–40 µm. Some Type II crystals may
have one to two bands in their mantles between An70−75.
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Figure 7: Schematic illustrations of clinopyroxene textures illustrated alongside Mg and Cr maps of representative crystals from
each zoning type (a) Type I, (b) Type II, (c) Type III, (d) Type IV and a brief petrographic description.

Type III crystals (Figure 10c) are characterised by sieve-
textured, high-Ca cores (An77−83) and low-Ca rims (An47−60),
and range in size from 0.8 to 2.5 mm.
Type IV plagioclase are the largest crystals, ranging in size
from 1.7 to 3 mm and exhibit strong oscillatory zoning from
core to rim (Figure 10d). Cores tend to exhibit an inhomo-
geneous, patchy texture with various distorted bands and re-
gions of varying An content, while mantles and rims tend to
exhibit clearer oscillatory zones of varying thickness. They
are often found in association with other Type IV plagioclase
crystals and clinopyroxene crystals or Fe-Ti oxides in glom-
eroporphyritic assemblages. Zones fluctuate in composition
from An57−85.
Plagioclase and clinopyroxene core and rim compositions
tend to correlate within sample groups, exemplified in Fig-

ure 9, which shows the range in clinopyroxene Mg# (Fig-
ure 9a) and plagioclase An content (Figure 9b) for each sample
group. Measured alkali feldspar xenocrysts characterised by
low An contents (An5−19) are also included in Figure 9b.

4.3.4 Fe-Ti oxides
Magnetite and ilmenite microcrysts are found only in EFZ,
CFZ, PAV, and SBC samples, while spinels are found in asso-
ciation with olivine, and less frequently with clinopyroxene,
in EFZ, CFZ, PAV, SBC, and MB samples. Ilmenite crystals
are almost pure ilmenite (Ilm77−93; calculated using Ander-
sen and Lindsley [1985]), with minor proportions of geikielite
(Gei4−21) and less than 1 % hematite. Magnetites fall on the ul-
vöspinel side of the ulvöspinel–magnetite solid solution (SF5;
Appendix), (Mt10−30Usp69−90). The EFZ spinels fall mainly in
the Al-chromite to Fe-chromite field, while CFZ samples span
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Figure 8: Major and trace element maps of T14_px_08, a Type I clinopyroxene, illustrating zoning patterns obtained from WDS
(Al, Ti, Fe, Mg, Cr, wt.%) and TOF (Cr, Ce, Y, Ni, Zr, V, ppm); note that Cr was analyzed using both methods.
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Figure 9: Range in (a) clinopyroxeneMg number and (b) plagioclase anorthite content for cores, rims andmantles (clinopyroxene
only) for each sample location.

a range of compositions from Al-chromite through picotite to
Fe-picotite.
In terms of major element compositions, the TiO2 con-
tent of the Fe-Ti oxides ranges from 46.68 to 52.30 wt.% (il-
menite), 12.45 to 25.99 wt.% (magnetite), and 0.93 to 14.42 wt.%
(spinel), while the FeO + Fe2O3 contents range from
43.44 to 48.82 wt.% (ilmenite), 62.74 to 74.32 wt.% (magnetite),
and from 26.15 to 58.05 wt.% (spinel).

5 DISCUSSION
5.1 Crystal-melt equilibrium conditions

The absence of groundmass glass and quenched, glassy, melt
inclusions prevents direct measurement of melt compositions
in Terceira lavas. We therefore approximate groundmass
compositions as proxies for melt composition by mass bal-
ance using bulk-rock compositions and representative mineral
compositions measured by EPMA and EDX. We note that the
size threshold we use between matrix (quenched) crystals and
phenocrysts Zellmer [2021] might affect the results of our cal-
culations of matrix compositions. However, we believe that
this is insignificant for the samples we chose which contain
few crystals with intermediate size; i.e. they are either very
small and classified as groundmass or large and classified
as macrocrysts (or megacrysts). Following the approach of
D’Mello et al. [2023], we calculated groundmass compositions
using the following equation:

𝐶GM =
𝐶WR − 𝑋𝐶MIN
1 − 𝑋 (5)

Where 𝐶𝐺𝑀 = groundmass composition (wt.% oxide),
𝐶𝑊𝑅 = whole-rock composition (wt.% oxide), 𝐶𝑀𝐼𝑁 = av-

erage mineral assemblage composition (wt.% oxide) and 𝑋
= proportion of crystals. We performed groundmass mass
balance calculations on a total of ten representative samples,
listed in EA (Appendix). In brief, we calculated𝐶𝑀𝐼𝑁 by mul-
tiplying the composition of each mineral (wt.% oxide) by its
proportion within the lava and adding up the totals. Min-
eral phase compositions and proportions used to calculate
𝐶𝑀𝐼𝑁 are listed in EA (Appendix). The calculated ground-
mass compositions are illustrated in Figure 3 and are slightly
more evolved than whole rock compositions with 46–56 wt.%
SiO2. Samples with higher proportions of olivine result in
groundmass compositions with MgO contents 80% lower than
whole-rock compositions, reflecting the effect of olivine ac-
cumulation on whole rock compositions, while plagioclase-
rich samples contain up to 50% less CaO in the groundmass.
Groundmass compositions contain more TiO2 than the whole
rock, up to 50% in some cases, which we attribute to a high
concentration of Ti-bearing phases such as Fe-Ti oxides in
the groundmass and small oxides that were missed during
point counting. Many calculated groundmass compositions
have low Mg# and cannot be in equilibrium with the crys-
tals which they carry. Further insights can be gained by de-
termining whether the crystal cargoes of our samples are in
equilibrium with their whole-rock hosts and thus evaluating
the extent to which whole-rock composition (i.e. groundmass
and crystal mixtures) represent true magmatic liquids.

Chemical equilibrium between clinopyroxene and whole-
rock compositions was assessed using the Fe-Mg exchange
equilibrium range (𝐾𝑑Fe-Mgcpx-melt; Putirka [2008]) in which all
Fe in clinopyroxene crystals and whole-rocks is assumed to
be Fe2+) and the ΔDiHd test following Putirka et al. [1996]
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Figure 10: Schematic illustrations of plagioclase textures and calibrated anorthite maps of representative crystals in each pop-
ulation.
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and Mollo et al. [2013]. Equilibrium was assumed when
𝐾𝑑
Fe-Mg
cpx-melt = 0.28 ± 0.08 [Putirka 2008] and ΔDiHd (diopside

and hedenbergite components observed in the analysed crys-
tals vs. those predicted from melt compositions) approached
zero [Mollo and Masotta 2014]. Most clinopyroxene rims are
not in equilibrium with their whole-rock hosts (Fig. 11) and
tend to have lower Mg# than would be expected to fall within
the equilibrium range (Figure 11a); these lower Mg# contents
are, however, likely to be in equilibriumwith the more evolved
groundmass compositions calculated above. Cores and man-
tles from CFZ and EFZ basalts are frequently in equilibrium
with whole-rock hosts, while PAV cores and mantles tend to
have higher Mg# values than expected for equilibrium (i.e.
they are more primitive than their whole-rock hosts). Less
discrepancy between sample groups is apparent in the DiHd
predicted vs. observed diagram (Figure 11b); however, it is
clear that the majority of the core, rim, and mantle composi-
tions have higher DiHd values than predicted. Altogether, this
supports that clinopyroxenes are dominantly in chemical dis-
equilibrium with the whole-rock composition in which they
are found.
The equilibrium crystallisation conditions of olivine were
modelled through the Fe–Mg exchange reaction using equa-
tions 8a and 8c of [Putirka 2016]. Equilibrium was assumed
when Kdol–meltFe–Mg = 0.30 ± 0.03 [Roeder and Emslie 1970]. An
Fe3+/ΣFe ratio of 0.22 was used for the Kd calculation, reflect-
ing redox conditions of around 0.75 log units above fayalite-
magnetite-quartz (FMQ) equilibrium, similar to the redox con-
ditions determined for the Canary Islands by Moussallam et
al. [2019] and in line with recent calculations performed on
nearby Pico [van Gerve et al. 2024]. This is also in agree-
ment with Fe-Ti oxide oxybarometry (see below). Olivine
compositions from Terceira, shown in Figure 12a, are pre-
dominantly out of equilibrium with the whole rock: our mod-
els highlight that about 75% of olivines are out of equilibrium
with their host. For the olivines that are in equilibrium, whole
rock compositions range from Mg#58–68 (cores) and Mg#40–
62 (rims), and forsterite contents from Fo82−87 (cores) and
Fo68−84 (rims). There is no clear correlation between equi-
librium conditions and zoning type (colour scale) for olivines.
Plagioclase equilibrium conditions were tested through the
Ab–An exchange reaction [Putirka 2008], in which the equi-
librium constant is constrained within high-temperature (>
1050 ◦C, Kdplag–meltAb–An = 0.27 ± 0.11) and low-temperature
(< 1050 ◦C, Kdplag–meltAb–An = 0.10 ± 0.05) intervals. Our esti-
mates (Figure 12b) indicate that most core compositions cor-
respond to the equilibrium range of Kdplag–meltAb–An = 0.27± 0.11,
however, some of the most primitive CFZ plagioclase cores
(An81–An85) are out of equilibrium with the whole-rock com-
positions. Around half of the PAV and EFZ cores are out of
equilibrium with the host, while the remaining half fall within
the equilibrium range. Most rim compositions are out of equi-
librium with the host.
In summary, our analysis indicates that the majority of crys-
tals observed in Terceira lavas are not in thermodynamic equi-
librium with either the whole-rock composition or the esti-
mated composition of their carrier melt, derived from the cal-

Figure 11: Tests for equilibrium between clinopyroxene and
whole rock based on (a) the Fe-Mg exchange reaction
𝐾𝑑

Fe-Mg
cpx-melt[Putirka 2008] and (b) the thermodynamic expres-

sion for diopside + hedenbergite (ΔDiHd)[Mollo et al. 2013].

culated groundmass. This suggests that most crystals rep-
resent antecrystic material – crystal cargo originating from
disaggregated crystal mushes that were entrained and trans-
ported to the surface during eruptive events [Humphreys et al.
2025].
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Figure 12: Test for equilibrium between (a) olivine and whole
rock based on the Fe–Mg exchange reaction of Roeder and
Emslie [1970]; (b) plagioclase and melt based on the Ab–An
exchange reaction of Putirka [2008].

5.2 Origin of clinopyroxene crystal zoning patterns

Patchy, diffuse zones of Fe–Mg enrichment and Al–Ti deple-
tion, and Fe–Mg depletion and Al–Ti enrichment in Type I
clinopyroxenes are interpreted to reflect the introduction of
new magma into the magma reservoir, changing the physic-
ochemical properties of the melt and resulting in dissolution-
recrystallization textures [Streck 2008]. The Cr-poor cores,

however, suggest that the early magmatic environment that
experienced magma recharge was fundamentally distinct in
composition from the recharge magmas that produced the sur-
rounding Cr-rich rims. Patchy or corroded zones of element
enrichment in Type I crystals may also represent older crys-
tals originating from colder storage zones close to or below
the solidus temperature that experienced repeated interactions
with batches of mafic magma [Cooper and Kent 2014].
Resorbed cores characteristic of Type II clinopyroxenes
may represent dissolution features or remobilised antecrysts
originating from a compositionally different region of the
plumbing system that experienced resorption during ascent
and grew further in a Cr- and Ni-rich, newly injected, hot
magma (e.g. Stromboli; Di Stefano et al. [2020] and Petrone
and et al. [2022]). During (adiabatic) ascent, crystals are re-
sorbed as a result of superheating relative to the liquidus and
changes in mineral stability [Annen et al. 2006; Neave and
Maclennan 2020]. Crystals or cumulate fragments (e.g. Turner
et al. [2003]) that were entrained in an ascending magma likely
underwent continued fractionation, convection, cooling, and
mixing with new, hotter magma batches (e.g. Humphreys et
al. [2006]), resulting in thermal erosion of the older core over
time. High-Cr resorbed cores imply that the crystals origi-
nated from a deeper, more primitive melt, perhaps originating
directly from a mantle source Jorgenson et al. [2024], rich in
Cr and Ni, while a more evolved upper reservoir depleted in
Cr and Ni gave rise to the more evolved rim compositions in
Type II crystals. Type II clinopyroxene crystals are found only
in PAV and MB lavas, suggesting that there may potentially be
a subvolcanic link between the two volcanic centres.
Hourglass and prism sectors in Type III clinopyroxenes
form in response to the interplay between crystallographic
controls on the mineral, such as the preferential uptake of
elements in crystal faces with different arrangements of the
T, M1, and M2 sites [Nakamura 1973; Mollo and Hammer
2017], and kinetic effects during cooling and crystallisation.
Charge balance mechanisms control the distribution of el-
ements in the clinopyroxene crystal structure [Ubide et al.
2019b]; cations with a high charge and small ionic radius (i.e.
high field strength elements (HFSE)) are more firmly bonded
to the structural sites of Al-rich prism {100} sectors in M1 sites,
while trivalent rare earth elements (REE) + Y predominantly
reside in M2 sites. Furthermore, sector-zoned pyroxenes are
commonly associated with alkaline melts such as Azorean
basalts [Wass 1973; Leung 1974; Self and Gunn 1976; Neave
et al. 2024], in which Al plays a dominating role, giving rise to
prominent Al- and Ti-rich zones [Downes 1974]. Experimen-
tal data demonstrate that sector zoning can develop when the
extent of crystal growth exceeds the rate of lattice diffusion
[Downes 1974; Leung 1974; Watson and Liang 1995], and that
sector zoning is strongly controlled by the degree of magma
undercooling and, in turn, by the rate of crystal growth [Kouchi
et al. 1983]. For clinopyroxene crystals to grow to the large
macrocryst sizes frequently observed in Terceiran basalts, a
certain amount of undercooling (Δ𝑇 = 𝑇liquidus−𝑇crystallisation)
is required [Kirkpatrick et al. 1981]. However, Ubide et al.
[2019b] demonstrate that sector zoning can develop under
near-equilibrium conditions at relatively low degrees of un-
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dercooling (Δ𝑇 = 13–18 ◦C) and slow growth rates in their
study of Etnean lavas. As such, the presence of both large and
sector-zoned clinopyroxene crystals in Terceiran basalts sug-
gests that magmas experience low but non-negligible degrees
of undercooling and, by extension, slow crystal growth rates.
Oscillatory zoning in magmatic minerals if often explained
by either extrinsic mechanisms that involve changes in the
physicochemical properties of the bulk system, linked to pro-
cesses such as magma replenishment, convection, and fluid
mixing, or by intrinsic mechanisms that involve coupling be-
tween the rate of crystal growth and element diffusion through
the crystal-melt boundary layer [Shore and Fowler 1996; Gini-
bre et al. 2002]. In this case, the growing crystal is surrounded
by a narrow boundary layer that becomes depleted in cer-
tain growth constituents compared to the bulk liquid. The
interplay between the crystal growth rate and the diffusion of
elements across this advancing boundary layer leads to chem-
ical oscillations within the crystal. Fine-scale Cr oscillations
in Type III clinopyroxenes, such as the ∼5–8 µm bands ob-
served in T54_px_06 (Fig. 13), may reflect minor fluctuations
in pressure, temperature, and melt composition during con-
vection [Elardo and Shearer 2014], or may result from bound-
ary layer effects. In contrast, the coarser oscillatory zoning of
25–50 µm in T14_px_06 and 60–120 µm in T37_px_01 is more
likely associated with magma replenishment events [Ubide et
al. 2019b; Schoneveld et al. 2020]. The shape of these os-
cillations, deduced from the WDS and TOF maps, indicates
both sharp and diffuse oscillations. Sharp, euhedral Cr os-
cillations may indicate minor changes in intensive or exten-
sive parameters through time, though they more likely reflect
crystal convection within a heterogeneous magma reservoir
(e.g. Ubide et al. [2019a]). Diffuse and jagged boundaries be-
tween Cr oscillations indicate resorption and crystal–melt dis-
equilibrium, suggesting substantial changes in the pressure,
temperature, and/or composition of the magma reservoir due
to mafic magma replenishment [Downes 1974; Perugini et al.
2005; Ginibre et al. 2007].
Zoning in Type IV crystals is characterised by Cr-, Ni-, and
Mg-rich cores and mantles with sharp transitions to Fe-, Ti-,
and Al-rich rims. This abrupt zonation is most likely related
to two growth stages [Schoneveld et al. 2020]. Specifically,
the mafic core is likely to represent open-system growth in
a freely convecting, near-liquidus temperature magma, where
growing crystals and their host melts maintain equilibrium
conditions. In contrast, the more evolved rim may represent a
second stage of crystal growth after transport to another, more
evolved, perhaps shallower, part of the plumbing system [Van
Gerve et al. 2020].
Type I clinopyroxene crystals with low-Cr resorbed cores
and high-Cr mantles and rims are found only in CFZ samples,
while Type IV crystals with low-Cr cores and moderate-Cr
rims span both the EFZ and CFZ, implying that the prod-
ucts from the fissure zone tap a low-Cr, more mature reser-
voir, while the central region of the fissure zone benefits from
an influx of more Cr-rich, primitive magma. This is consis-
tent with the evolution of the island of Terceira in general,
whereby a west-to-east decrease in the age of eruptive units
correlates with an increase in activity [Self 1976; Calvert et

al. 2006; Nunes et al. 2014]. Type III crystals that exhibit
oscillatory and/or sector zoning are most abundant in EFZ
clinopyroxenes, though examples are also found in PAV and
SBC clinopyroxenes. This suggests a dynamic reservoir with
low undercooling and multiple recharge events from a more
primitive, Cr-rich magma. The only example of reverse-zoned
clinopyroxenes is found in an EFZ sample, further support-
ing the idea of a complex, multi-layered plumbing system in
which the rims are more likely in equilibrium with the prim-
itive, Mg-rich intruding magma.

5.3 Pre-eruptive magma storage conditions
Temperature and oxygen fugacity estimates of the pre-
eruptive conditions of Terceira were obtained from two-oxide
equilibria in basalts. While Fe-Ti oxides are often present
in the groundmass of Terceiran basalts, finding coexisting il-
menite and magnetite of sufficient size for chemical analysis
proved difficult. Where we were able to measure coexist-
ing Fe-Ti oxides, magnetite and ilmenite pairs occurring in
the same rock samples that pass the Mn–Mg equilibrium test
yield a range of 𝑓O2 conditions from 0.5 log unit below FMQ
to just one log unit above FMQ (Fig.13), and a temperature
range between 899 °C and 1256 °C. SBC samples record the
largest range in both temperature and 𝑓O2 conditions.
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Figure 13: Results of two-oxide thermometry determined for
magnetite-ilmenite pairs. Density distributions on the x and y
axes are calculated for individual samples.

Insights into magma storage conditions can be obtained
from clinopyroxene crystallisation temperatures and pres-
sures. Single-phase thermobarometers can theoretically cap-
ture the crystal’s entire growth history, revealing the full range
of 𝑃–𝑇 conditions in trans-crustal magmatic systems. We thus
performed clinopyroxene-only thermobarometry using the it-
eration of equations 32b and 32d of Putirka [2008], and the
machine-learning-based thermobarometer of Jorgenson et al.
[2022], i.e. models P08, and J22 (Fig.14, Figure 15). Cal-
culated temperature generally overlap with those obtaiened
from Fe-Ti oxide thermometry (SF6; Appendix). We note that
mineral-only thermobarometers have been suggested to un-
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derestimate pressure relative to traditional mineral–melt ther-
mobarometers. For example, Ubide et al. [2023] systemati-
cally compared P–T estimates derived from clinopyroxene-
only machine-learning models with those obtained from equi-
librium clinopyroxene–melt pairs. No current thermobarom-
eters are sufficiently precise to resolve small, distinct reser-
voirs within the crust due to their uncertainties typically ex-
ceeding 100–200 MPa, though thermobarometric results may
be considered in conjunction with textural data to constrain
crystallisation conditions in the upper and lower crust.

The clinopyroxene-only thermobarometer of Putirka [2008]
requires an estimate of magmatic H2O. We assume a H2O
content of 0.5 wt% based on prior fluid inclusion measure-
ments [Zanon and Pimentel 2015], but realistically this value
will not be the same for every melt pocket. The model allows
uncertainties to be quantified for each individual clinopyrox-
ene composition, rather than across entire suites of analyses.
Error bars in Fig.14 reflect different estimates of uncertainty
from each of the three models: uncertainties on model P08
are reported as 87 °C and ±260 MPa [Putirka 2008]; uncer-
tainties on estimates from model J22 are assessed on the basis
of the interquartile range (IQR) of voting distributions from
each random forest, as suggested by Jorgenson et al. [2022].
With these models, we record pressure conditions from the
MOHO or slightly higher (∼ 500-600 MPa) to the sub-surface.
The estimated pressure and especially temperature conditions
derived from the matched clinopyroxene–melt pairs overlap
with those obtained from the mineral-only thermobarometer,
indicating that the application of the mineral-only model to
the Terceira samples is justified.

Uncertainties in our thermobarometric calculations mean
that these estimates are most reliably interpreted when inte-
grated with independent 𝑃–𝑇 constraints and textural obser-
vations. For example, Zanon and Pimentel [2015] determine
magma ponding depths of 498–575 MPa, with central lavas
experiencing further ponding at 406 and 209 MPa, based on
fluid inclusions in olivines and clinopyroxenes from Terceira.
Because each model has inherent uncertainties, mean values
of 𝑃–𝑇 estimates are considered to provide the most accu-
rate representation of thermobarometric conditions beneath
Terceira, especially considering the uncertainties and the dif-
ficulty in quantifying distinct magma chambers. In our cal-
culations, however, the more primitive clinopyroxene cores
consistently yield higher pressure estimates than the mantke
and rim sections of the crystals, which is geologically reason-
able and internally consistent. This suggests that, although
mineral-only thermobarometers may carry uncertainties re-
lated to calibration and the absence of explicit thermodynamic
constraints, relative pressure differences recorded by individ-
ual crystals are robust. Consequently, our interpretation of
a dynamic, multi-stage magmatic plumbing system remains
valid. Pressure estimates for cores, mantles, and rims indicate
at least two crystallisation environments: one producing cores
and mantles at approximately 200–500 MPa, and another pro-
ducing mantles and rims at around 0–250 MPa. Therefore we
conclude that despite the considerable uncertainties associated
with the thermobarometers used, polybaric storage is likely,

as reflected in the diversity of observed crystal textures, even
if the details of this cannot currently be elucidated.

5.4 Timing of pre-eruptive magmatic processes

Clinopyroxenes display a wide range of compositional and
textural differences, both between eruptive centres and within
individual samples. Type I and II crystals, in particular,
indicate the existence of at least two compositionally dis-
tinct magmatic environments: a colder, low-Cr environment
(Type I clinopyroxene; cores) and a hotter, high-Cr environ-
ment (Type II clinopyroxene). This hotter, more primitive
environment also gave rise to the high-Cr recharge bands and
rims present in other crystals, including the rims of Type I and
Type IV clinopyroxene crystals. To gain further insight into
pre-eruptive processes, we calculated pre-eruptive timescales
for a representative selection of samples (Fig. 16). Calculated
timescales of the last period of rim crystallisation, and thus
the last period of growth prior to eruption, are, accounting
for uncertainties, in the order of several months to up to 8
years (Fig. 17). The measured profile and modelled diffusion
profile of a Type IV crystal are shown in Fig. 16. The av-
erage timescale from the last period of rim crystallisation is
10 months, and most of the modelled crystals yield timescales
of less than 1 year. Two of the clinopyroxene crystals were
modelled in two steps: from high-Cr core or recharge band to
mantle, then mantle to rim. Core to rim timescales were com-
parable between both crystals, averaging 6.5 months, while
mantle to rim timescales show greater variability. Clinopy-
roxenes from the same sample show diversity in timescales,
e.g. from 4.1 to 22.6 months in CFZ sample T14 and from 3.8
to 33.9 months in EFZ sample T43. The range in calculated
timescales suggests that ascending magma mobilised crystals
from multi-level storage zones in which crystals had remained
for variable lengths of time prior to eruption.
Although some olivine zoning features could be related to
melt differentiation during growth, we assume that most com-
positional profiles are related to diffusion-driven disequilib-
rium between olivine and melt during crystal transport in the
plumbing system. This is supported by the absence of cor-
related evolution between the olivine Fo-content and incom-
patible elements such as Al [Mutch et al. 2019]. Timescales
were therefore calculated using core–rim Fe–Mg diffusion
profiles. For simplicity, we focused on Type I (normal zon-
ing) and Type III (reversed zoning) crystals. Diffusion pro-
files were obtained for crystals from the different eruptive
centres (Fig. 16). The resulting timescales range from a few
days to 5.5 years (Fig. 17). In general, the diffusion timescales
obtained for olivine agree within error with those derived
from clinopyroxene. The only exception is the CFZ, where
long diffusive timescales were not observed in olivine (max-
imum ∼3 months), whereas modelling of clinopyroxene pro-
files yielded timescales of up to ∼2 years.

5.5 Plumbing system model

Based on the textural relationship observed in the main types
of crystals as well as the results of thermobarometric calcula-
tions, we built a representative plumbing system for Terceira.
Assuming a crustal density of 2500 kgm−3 [Zanon and Pi-
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(a) (b)

(c) (d)

P08 J23
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Figure 14: Results of the three thermobarometric models used to determine clinopyroxene core, mantle, and rim crystallisation
pressures and temperatures: (a) results from iterating equations 32b and 32d of Putirka [2008]; (b) results from the machine-
learning algorithm of Jorgenson et al. [2022]; (c) results from the model of Neave and Putirka [2017] using matched liquid
compositions from Terceira’s bulk rock data in Georoc; (d) results from the model of Neave and Putirka [2017] using matched
liquid compositions of experimental liquids from Neave et al. [2019]. Equilibrium criteria for clinopyroxene-liquid matching are
described above in the main text.

mentel 2015], thermobarometric evaluation of clinopyroxene
cores, mantles and rims from Terceira in conjunction with
the variety of textures observed in olivine, clinopyroxene and
plagioclase indicate several storage environments. We sug-
gest that the crust beneath Terceira hosts a deep storage zone
at ∼ 450 MPa and 18–20 km where Cr-rich basalts originate.
We also find a mid-crustal region at around 200–250 MPa and
10 km depth where most mantle and remaining core compo-

sitions originate and resorption occurs due to repeated magma
replenishment. Finally, magma ponds in a shallower zone in
the upper crust at around 3 kmwhere rims may crystallise and
pre-existing evolved magma reservoirs(s) experience recharge
by more primitive ascending magmas (Fig. 18). This agrees
with the findings of Jeffery et al. [2017], who propose a shal-
low crustal storage zone at depths of around 2–4 km where
evolved peralkaline trachytes and rhyolites originate, and with
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Figure 15: Summary of clinopyroxene core, rim and mantle
barometric distributions obtained using the models described
in Figure 14.

Clinopyroxene

(a) (b)

(c) (d)

Figure 16: Examples of diffusion profiles. (a) Clinopyroxene
BSE image showing distinct core and rim compositions. (b)
BSE extracted clinopyroxene composition with best fit diffu-
sion profile. The boundary conditons (initial profile) for dif-
fusion modelling are also shown. (c) False-color olivine crys-
tals showing compositonal zoning from core to rim. (d) BSE
extracted olivine composition with best fit diffusion profile.
The inset is a stereographic lower-hemisphere plot depicting
the angular relation between the main crystallographic axes in
olivine and the direction of the analytical traverse (cross).

the estimated depth of the deepest magma ponding zone be-
neath Terceira, which Zanon et al. [2023] estimate at around
17 km beneath the fissure zone and around 20 km along the

northwestern axis of the fissure zone, based on microthermo-
metric data on CO2-rich fluid inclusions in mafic magmas.
The CFZ basalts erupted contemporaneously with short
trachytic flows and domes on the eastern flank of Santa Bar-
bara and may be viewed as off-rift basalts for this reason. The
presence of evolved mush pockets beneath Terceira capable
of producing trachytes has already been established [D’Oriano
et al. 2017; Jeffery et al. 2017]; primitive melts ascending
through the system may either bypass these evolved mush
pockets and erupt at the surface as basalts (e.g. rift basalts), or
interact with these reservoirs, promoting destabilisation and
subsequent eruption of trachytic material. Extensional tec-
tonics along the rift axis promote rapid magma ascent along
closely spaced dykes which likely contain a large proportion
of the magma within the system [Searle 1980; Trippanera et
al. 2014; Pimentel et al. 2016], which will result in local heat-
ing of the crust and relatively little cooling and differentiation
during magma ascent. Off-rift basalts by comparison may rise
as a result of their buoyancy (e.g. Mungall and Martin [1995])
through colder, brittle crust, and thus differentiate at greater
depth [Kahl et al. 2021]. Magmatism on Terceira is therefore
strongly influenced by the Terceira Rift that bisects the island,
and the felsic products result directly from the fractional crys-
tallisation of both off- and on-rift basalts to produce the vari-
ous felsic compositions found at Terceira [Jeffery et al. 2016;
Pimentel et al. 2016; Jeffery et al. 2017].
We propose that the crustal architecture beneath Ter-
ceira consists of discrete melt pockets that are connected
by dykes within a, possibly mush-bearing, magmatic sys-
tem [Humphreys et al. 2025]. Primitive and evolved olivine,
clinopyroxene and plagioclase macrocryst cores are formed
within compositionally and thermally distinct magmatic en-
vironments, located within the lower to middle crust. Inte-
grating major element, trace element and thermobarometric
data demonstrates that melts enriched and depleted in Mg,
Cr and Ni are both present at depth and give rise to dif-
ferent mineral textures and compositions. We conclude that
primitive, Mg-, Cr- and Ni-enriched, olivine-rich melts ascend
to the lower crust at around 450 MPa where they encounter
the partially crystallised mush, causing stalling and slow cool-
ing of the melt which promoted the growth of large olivine
crystals. Later magma injection into this reservoir resulted
in thermal erosion and entrainment of olivine crystals and
subsequent growth of subhedral to euhedral clinopyroxene
macrocrysts. The presence of reversely zoned olivine crys-
tals with more evolved core compositions, Type I clinopy-
roxenes with Cr-poor, patchy cores and sieve textured, high-
Ca Type III plagioclase cores indicate a storage region in the
mid-crust, perhaps between 200–300 MPa, which is tapped
by mafic recharge events that change compositions and 𝑃–
𝑇 conditions within the melt pocket, give rise to disequilib-
rium textures within cores and mantles, and produce more
primitive rim compositions. Previous mafic recharge events
likely transported unzoned, Cr-rich crystals to this same mid-
crustal storage region where the magma stalled and Type IV
crystals became resorbed at the influx of further hot, primi-
tive magma, producing Type II clinopyroxenes with high-Cr,
high-Mg, anhedral cores. These multiple magma replenish-
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Figure 17: Summary of timescales and related errors (see text) calculated from the injection of the mafic magma to eruption.
(a) Timescales calculated from clinopyroxene crystals. (b) Timescales calculated from olivine crystals.

Figure 18: Schematic model of the plumbing system beneath Terceira. Mantle-derived basalts ascend and pond between 400-
500 MPa, where they either ascend without differentiation (rift-related) or undergo further stages of differentiation within a
multi-levels storage one connected by dykes. The origin of clinopyroxene and plagioclase zoning is also illustrated. The ascent
of hot, primitive basalts promotes further differentiation and remobilisation of stalled crystals.

ments also likely produced oscillatory zoning due to changes in
the intensive variables within the storage region, exemplified
by Type III clinopyroxenes and Type IV plagioclase. As the
melts continue to evolve in the upper crust at around 100 MPa,
the melt is depleted in Cr as most of the Cr has been incor-
porated into growing crystals. Deep, recharging melts cannot
reach these shallow storage regions, which continue to evolve
and eventually become the source of trachytic and rhyolitic
magmas.

The crustal architecture beneath Terceira is structurally
similar to other OIB such as the Canary Islands [Stroncik et al.
2009; Klügel et al. 2015; Scarrow et al. 2024] and off-rift lo-
cations such as Snæfellsnes Peninsula in Iceland [Kahl et al.
2021] in that it is made up of a magmatic system with multi-
ple interconnected melt pockets that promote varying levels of
differentiation throughout the crust. Primitive mantle-derived
basalts can either interact with mush and melt pockets in the
magmatic system where they undergo differentiation, or travel
straight to the surface with little differentiation. Magma in the

Azores ascends from the mantle due to extensional tectonics
and is thought to collect at the Moho transition zone, which
acts as a filter for primitive mantle-derived magmas, promot-
ing fractional crystallisation of ultramafic dunites, harzburgites
and pyroxenites [Zanon and Pimentel 2015]. Here the magma
is mobilised in response to tectonic stresses [Zanon et al. 2013;
Trippanera et al. 2014; Zanon and Pimentel 2015].

6 CONCLUSIONS

In this study we present a comprehensive approach to
constraining the plumbing system architecture of Terceira,
in which we combine petrographical observations, whole-
rock geochemistry, textural analysis of dominant phenocryst
phases, thermobarometry and insights into the timescales
of pre-eruptive processes. We present the first detailed in-
sight into clinopyroxene chemistry and zoning patterns in the
Azores, and demonstrate the applicability of multi-element
mapping in elucidating chemical zoning in greater detail than
spot analyses and BSE images can provide:
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• We find cryptic Cr and Ni zoning in clinopyroxene that
only becomes clear when performing elemental mapping, but
offers unique insights into magmatic histories.

• Quantitative LA-ICP-TOF-MS elemental maps provide a
detailed overview of trace element zoning in clinopyroxene
and show that cores and rims which grew in more evolved
melts are more enriched in REE; REES also show an affinity
for partitioning into prism sectors over hourglass sectors.

• High-Cr and -Ni zones indicate that mafic recharge often
does not trigger an eruption but instead promotes the dissolu-
tion and transport of early formed crystals.

Clinopyroxene thermobarometry and mineral zoning indi-
cate magma storage in a vertically extensive magmatic system
extending from the Moho at around 450 MPa. Variable storage
depths between different volcanic edifices and lava flows, and
even within samples, indicate that the reservoir comprises a
multi-level stacked storage system with ephemeral melt pock-
ets that are interconnected by dykes. Geochemically distinct
primary melts differentiate to varying degrees and produce on-
and off-rift melt compositions, which both crystallise an as-
semblage of high-An plagioclase, high-Cr and -Ni clinopyrox-
ene and high-Fo olivine, producing basaltic melts that undergo
a series of stages of differentiation. The plumbing system com-
prises multiple melt-rich reservoirs where crystals grow under
dynamic 𝑃–𝑇 and compositional conditions to produce a wide
variety of textures, influenced by multiple recharge events and
protracted periods of stalling. Timescales of the final period
of rim growth prior to eruption are on average 10 months, and
the longest calculated timescales are around 3 years.
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