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ARTICLE INFO ABSTRACT

Editor: Claudia Romano Many volcanoes show transitions between explosive and effusive eruptive styles both through the history of the
volcano as a whole and occasionally within the course of a single eruption. These differing eruptive styles have
vastly different implications for hazard assessments in surrounding regions and so understanding such changes is
important. Here, we investigate the intercalated lavas and ignimbrites of the Miocene Fataga Group on the island
of Gran Canaria, Spain. Ignimbrites reflect the products of explosive events from the Tejeda caldera, while lavas
found within the pyroclastic succession were erupted from extra-caldera sources some 5-10 km from the caldera
margin. The ignimbrites exhibit textural complexity containing both crystal-poor juvenile pyroclasts and late-
erupted crystal-rich juvenile clasts interpreted to reflect interaction between cumulates and recharge magmas.
The lavas meanwhile are almost phenocryst-free, with the exception of few large (cm-scale), unzoned sanidine
crystals. Despite their textural differences, the lavas are geochemically similar (in terms of bulk rock and feldspar
compositions) to the crystal-poor juveniles in the ignimbrites. Oxygen and lead isotopic compositions of the lavas
and surrounding ignimbrites reveal that the magmas shared a deeper source and that petrographic variability is
imprinted upon the magmas at shallow levels. We interpret the lavas as originating from peripheral magmatic
pockets, on the edges of the main caldera-feeding reservoir. These peripheral magma chambers felt the effects of
recharge only as slight thermal fluctuations that fostered the production of the large sanidine crystals. Our
findings highlight the potential for storage of magmas aside from the main magmatic system that may represent
an underappreciated hazard at volcanoes worldwide.
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1. Introduction their compositions and their inferred storage conditions (Di Genova

et al.,, 2017) and so the driving force that produces this different

Volcanoes from all tectonic settings exhibit transitions in styles of
eruptive behaviour between explosive and effusive and vice versa (Di
Genova et al., 2017; Cassidy et al., 2018; Popa et al., 2019). This
‘explosive-effusive transition’, as it is commonly termed, represents a
challenge for volcanology as the hazards associated with these eruptive
styles are significantly different. Transitioning between explosivity and
effusivity may happen in sequential eruptions throughout the history of
the volcano (Christiansen, 2001; Popa et al., 2019) or within a single
eruption (Adams et al., 2006; Schipper et al., 2013), with transitions in
either direction reported. In many cases, the magmas that gave rise to
these explosive and effusive eruptions exhibit only subtle variations in

behaviour often remains elusive. Some studies have inferred that
changes occurring in the magmatic reservoir play a major role (e.g.,
Popa et al., 2021) while others have proposed a dominant role for
processes occurring on a smaller spatial scale within the conduit (e.g.,
Tuffen et al., 2003; Wadsworth et al., 2020), particularly where eruptive
style transitions during a single eruptive event (Cassidy et al., 2018).
In this study, we focus on a case where the explosive and effusive
products of a single volcano have drastically different petrographic
properties (e.g., crystallinity, mineral assemblages). The Miocene Fataga
succession of Gran Canaria (Canary Islands, Spain) shows lavas erupted
from sources on the flanks of the edifice intercalated with ignimbrites
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erupted from the centre of the volcano (forming calderas). While Cortes-
Calderon et al. (2022) provided an in-depth study of the pyroclastic
units, we here investigate the effusive deposits that are temporally close
(available “°Ar/3°Ar geochronology of ignimbrites bracketing the lavas
are only separated by tens of thousands of years, Cortes-Calderon et al.,
2022). While the explosive deposits are petrographically variable, their
effusive counterparts are homogenous. Shedding light on the petro-
genesis of the Fataga lavas will not only help to expand the under-
standing of Gran Canaria's magmatic evolution but potentially provide
critical insight into the controls of explosive-effusive transitions and
thus help to improve volcanic hazard assessment for the Canary Islands
and other volcanic regions.
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2. Geological background

The volcanic archipelago of the Canary Islands lies atop thick
Jurassic ocean crust off the northwestern coast of Africa (Fig. 1) and is
widely acknowledged to be the result of a mantle upwelling or ‘hotspot’
(Wilson, 1963; Montelli et al., 2006). Gran Canaria, situated in the
centre of the island group, has a volcanic history known to extend for at
least 14.3 myr (McDougall and Schmincke, 1976). Gran Canaria is
placed third in the relative island age progression of Fuerteventura being
the oldest, followed by Lanzarote, Gran Canaria, La Gomera, Tenerife,
Hierro and finally La Palma (Abdel-Monem et al., 1971, 1972). The
ongoing volcanic activity in the Canary Islands was recently highlighted
by the eruption at the Cumbre Vieja volcanic ridge, La Palma in 2021.
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Fig. 1. Geological background of the Fataga lavas (modified after Cousens et al., 1990; Schmincke, 1976; Balcells-Herrera et al., 1992). Main map shows the location
of sample areas from this study. Inset shows the location of the Canary Islands. Generalised vertical succession (GVS) shows the stratigraphy of the Fataga deposits in

the study area (modified after Cortes-Calderon et al., 2022).
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The first stage of subaerial volcanism on Gran Canaria is reflected by
the presence of shield basalts (McDougall and Schmincke, 1976). Almost
immediately following the cessation of the basaltic shield building stage
(Van den Bogaard and Schmincke, 1998), explosive silicic (rhyolitic)
volcanism occurred at ~14 Ma producing the distinctively zoned P1
ignimbrite (Freundt and Schmincke, 1992). Once established, explosive
silicic volcanism continued from the Tejeda caldera for some five million
years (Van den Bogaard and Schmincke, 1998). The first erupted ma-
terials, the Mogan Group, represent silica-oversaturated magmas that
were predominantly erupted in explosive events. The Mogan suite of
rocks also contains mafic lavas (hawaiite, mugearite, e.g., units T3, T6;
Sumita and Schmincke, 1998). Over time, magmas transitioned to silica-
undersaturated compositions that characterise the Fataga Group. The
record of effusive volcanism in the Fataga Group remains incompletely
known, but it appears to encompass only evolved compositions and the
proportion of effusive volcanism appears to increase with time (more
lavas in the upper parts of the stratigraphic sections; Balcells-Herrera
et al., 1992; Carracedo and Troll, 2016; Cortes-Calderon et al., 2022).
Following the cessation of Miocene volcanism, an eruptive hiatus of
more than two million years occurred prior to a rejuvenation marked by
the Roque Nublo and post-Roque Nublo activity (Pérez-Torrado et al.,
1995; Hoernle and Carracedo, 2009). The most recent eruptive activity
on Gran Canaria, the Bandama explosive event, occurred approximately
two thousand years ago (Rodriguez-Gonzalez et al., 2009).

2.1. The Fataga group

The transition between Mogén and Fataga volcanism and the overall
stratigraphy of much of the Miocene volcanism on Gran Canaria remains
poorly constrained. Sumita and Schmincke (1998) refer to ‘about six’
oxidised, red ignimbrites in the Montana Horno Formation that have a
mineralogy similar to overlying Fataga units (e.g., containing abundant
biotite, which is subordinate in Mogéan deposits) while having bulk rock
compositions more akin to the underlying Mogan units. Van den
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Bogaard and Schmincke (1998) place these deposits as erupted between
13.50 + 0.08 Ma and 13.25 + 0.08 Ma with the first unit they un-
equivocally denote as Fataga dated to 12.63 + 0.07 Ma (*°Ar/3?Ar ages
recalculated to the Fish Canyon sanidine standard at 28.294 Ma, Renne
et al.,, 2011). In the newest work on the Fataga volcanism, Cortes-Cal-
deron et al. (2022) define the first Fataga unit within their stratigraphy
in the Barranco de La Data as a lava (L1L) which overlies a red ignim-
brite dated to 13.826 + 0.036 Ma and underlies their L4P unit dated to
13.355 + 0.027 Ma. Cortes-Calderon et al. (2022) designated the units
in their study area with three-digit codes, the first referring to the
relative stratigraphic position — lower, middle, or upper (L, M, or U), the
second referring to the number of the unit within that group (1-11) and
a final L (lava) or P (pyroclastic) indicator. Here we follow this stratig-
raphy as it is the most complete record of Fataga volcanism (Fig. 1).

3. Methods
3.1. Samples and sample characterisation

Samples of lavas from the Fataga succession were taken following the
new stratigraphy of Cortes-Calderon et al. (2022) predominantly in the
barrancos of Los Palmitos and Chamoriscan and in vicinity of Montana
la Data (Figs. 1 and 2). Ignimbrite samples were provided by previous
fieldwork (i.e., Cortes-Calderon et al., 2022. The lavas range in thickness
from a few metres to up to fifty metres and typically exhibit large folds in
their upper reaches. In some cases (L1L, U5SL), they are internally
complex with lenses of pyroclastic material within or with medial
breccias suggesting multiple flow units may exist. Petrographically, they
are monotonous, microcrystalline and have low phenocryst abundance.
Where phenocrysts do occur, they are typically cm-scale and are readily
distinguished from the grey groundmass due to their highly reflective,
fresh, appearance. On the other hand, ignimbrites display an immense
textural and structural variety in the Fataga Group. Especially the grade
of welding, single juvenile clast content, crystallinity and overall

Fig. 2. Appearance of the Fataga lavas in the field. A. Large scale folds in the upper surface of U5SL unit, Barranco Chamoriscan, field of view approximately 5 m, B.
Breccia at the base of the L1L unit, Barranco La Data C. Centimetre-scale crystals in the U8SL unit D. Centimetre-scale crystals in the U5L unit.
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mineral assemblage differ strongly between different pyroclastic units
(Fig. 1). To quantify the petrographic differences observed in the field,
we carried out point counting analyses of thin sections from ignimbrites
and lavas of the Fataga suite. Crystals above 250 pm in longest dimen-
sion were considered as phenocrysts and their areal abundance on the
thin section was measured. In the ignimbrites, we focussed on the pro-
portion of crystals occurring within fiammé to define crystal content of
the magma prior to eruption and so be most directly comparable to the
lavas. In a few ignimbrites, we additionally measured the phenocryst
content of the whole thin sections to observe the relative difference
between bulk and juvenile components.

3.2. Bulk rock compositions

Bulk rock samples (~30 g) for XRF and ICP analyses were prepared
following standard procedures at ETH Zurich (Troch et al., 2018).
Subsequent analyses were carried out using a PANalytical Axios WD-
XRF spectrometer. LA-ICP-MS analyses were carried out using an Exci-
mer 193 nm (ArF) GeoLas (Coherent) laser system coupled to a Perkin
Elmer Nexion2000 fast-scanning quadrupole ICP-MS at ETH Zurich. The
primary standard was NIST SRM610 (Jochum et al., 2011) glass and the
secondary reference material USGS BCR-2 (Raczek et al., 2001). For the
subsequent data-reduction SILLS, a MATLAB-based program (Guillong
et al., 2008) was used. SiO, concentrations of prior XRF results were
used as internal standards for the ICP-MS measurements. All data and
detailed analytical procedures for this study are provided in supple-
mentary materials.

3.3. Mineral texture and chemistry

With the low number of phenocrysts per volume of rock found in the
lavas, we employed a targeted approach to crystal analysis. Single
feldspar crystals were mounted in epoxy and polished using sandpaper
first and diamond paste afterward, gradually decreasing grain size down
to 1 pm. The crystal mounts were analysed using a JEOL JSM-6390 LA
scanning electron microscope (SEM) and a Deben Centaurus panchro-
matic cathodoluminescence detector at ETH Zurich to obtain both back-
scattered electron (BSE) and cathodoluminescence (CL) images and thus
identify feldspar zonation.

In-situ analytical work on the feldspar crystals was guided by the
textures observed in BSE images. Major elemental compositions of
sanidine crystals were measured using JEOL JXA-8200 and JEOL JXA
8230 Electron Probe Microanalysers (EPMA), both equipped with five
wavelength dispersive spectrometers (WDS), hosted at the Institute of
Geochemistry and Petrology at ETH Zurich. The EPMA was operated at
15 kV with a beam diameter of 10 pm and a probe current of 20 nA. On-
peak counting times for all elements was 30 s, mean atomic number
(MAN) background intensity fits were used to calibrate the background
and continuum absorption corrected for all elements (Donovan and
Tingle, 1996; Donovan et al., 2016). Na and K were analysed first to
minimise alkali migration and time dependent intensity (TDI) was
employed to restore original values when required. The primary stan-
dards used were rutile for titanium (Ti), strontianite for strontium (Sr),
barite for barium (Ba), albite for sodium (Na) and silicon (Si), forsterite
for magnesium (Mg), anorthite for aluminium (Al) and calcium (Ca),
fayalite for iron (Fe), microcline for potassium (K). Unknown and
standards intensities were corrected for deadtime. Reference materials
were run together with the unknowns in a sample-standard bracketing
manner. Primary standard intensities were corrected for drift over time.
The matrix correction method was PRZ algorithm (Goldstein et al.,
1981). The calculations and mass absorption coefficients dataset was
FFAST Chantler (NIST v 2.1, 2005). The Probe for EPMA software
(Donovan et al., 2018) was used to collect and process the data. Trace
elemental compositions of the sanidines were measured using a a 193
nm Resonetics (ArF) excimer laser coupled with a Thermo Element XR
LA-ICP-MS located in the institute of Geochemistry and Petrology, ETH

Chemical Geology 616 (2023) 121242

Zurich, with analysis and subsequent data reduction as described by
Szymanowski et al. (2015). For data reduction the typical SiO5 content
of the sanidines (65.71%) was used as internal standard based on the
data obtained by EPMA. All new results and secondary standard data are
provided in supplementary materials.

Qualitative WDS element maps of feldspar megacrysts were acquired
with a JEOL JXA 8230 EPMA at ETH Ziirich. The EPMA was operated at
15 kV with a probe current of 80 nA and a beam diameter of 10 pm. Pixel
size was set to 10 pm x 10 pm and dwell time to 80 ms. Five elements (Si,
Ca, K, Fe, Na) were mapped simultaneously in individual spectrometers.
Peak positions, bias and base line windows were acquired by measuring
primary standards such as albite (Si and Na), anorthite (Ca), microcline
(K) and fayalite (Fe).

3.4. Oxygen isotopes

Oxygen isotopic compositions were determined from feldspar crys-
tals that were separated from crushed lava under a binocular microscope
and cleaned in.

dilute nitric acid and deionised water. The measurements were made
at the Department of Geological Sciences, University of Cape Town,
South Africa, via laser fluorination using a 20 W NewWave COg laser
following methods described in Harris and Vogeli (2010) except with 20
kPa CIF3 as reagent. Sample sizes were typically on the order of a few mg
and comprised a few of the large feldspar crystals. A Finnegan DeltaXP
mass spectrometer in dual inlet mode was used to analyse isotope ratios
offline. Results are presented relative to SMOW (standard mean ocean
water) with & = [(*30/1°0) sample / (*30/1%0) SMOW - 1] * 1000. The
composition of the Monastery garnet (MON GT &'80 = 5.38 %, Harris
and Vogeli, 2010) standard was used to normalise unknowns. The multi-
year average range of MON GT duplicates via laser fluorination (2 per
session) is 0.12%o (based on 393 pairs), with a 2c value of 0.16%o. Alkali
feldspar yields were systematically low (27 to 85%, avg. 66%) but there
is no correlation between yield and & 180 value (r = —0.19). We,
therefore, consider the & 20 values obtained to be robust.

3.5. Pb isotopes

For radiogenic isotopes we focus on Pb given the unreliability of Sr
(Cousens et al., 1993) and the larger dataset of Pb in the literature. Pb
isotopes were analysed at Princeton University in sanidine separates
consisting of 5-20 inclusion-free, millimetre-sized crystal fragments.
The selected crystals were leached at 120 °C in 6 M HCl + 15 M HNOg for
2 days, repeatedly rinsed with deionised water and dissolved in double-
distilled 29 M HF (1.4 ml) + 15 M HNOj3 (0.6 ml) at 150 °C for 3 days.
Lead was separated using anion exchange chromatography on 100 pl
columns in 0.5 M HBr medium. Total procedural blanks were < 1 pg Pb
which is considered negligible for the unknowns which contained ng
levels of Pb. The samples were loaded in silica gel on single degassed Re-
filaments and analysed using an Isotopx Phoenix thermal ionisation
mass spectrometer equipped with ATONA amplifiers (Szymanowski and
Schoene, 2020) using static Faraday cup collection. Instrumental mass
fractionation was corrected with a factor of 0.089 + 0.042%/amu (2c)
based on compiled measurements of NIST SRM 982 and of double-
spiked Pb isotope analyses. The uncertainty on the instrumental mass
fractionation factor was fully propagated into final uncertainties.

4. Results
4.1. Componentry

As in the ignimbrites, feldspar is the dominant mineral phase in the
lavas. Yet, this one similarity aside, the lavas and ignimbrites have
distinctly different petrography. In terms of overall crystallinity (here
referring to crystals with a long axis > 250 pm rather than groundmass
crystallinity), the lavas range from 0.2 to 1.0% while the ignimbrites
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range from 4.7 to 16.0% in bulk samples and 3.2-6.5% (Fig. 3) when
only considering the crystallinity of the fiammé. The fiammé are likely
the better comparison with the lavas given that they most closely reflect
the state of the magma and are less affected by post-eruptive processes of
ash winnowing and crystal concentration than bulk ignimbrite. In the
lavas, mafic phases are not observable in hand specimen while they are
common in the ignimbrites. Exceptionally large feldspar phenocrysts up
to 2 cm in length are only found in the lavas.

4.2. Bulk rock compositions

Individual juvenile clasts from the Fataga succession are trachytic in
bulk composition with juveniles from the lowermost part of the stra-
tigraphy of Cortes-Calderon et al. (2022) extending to the highest SiO2
contents. A number of the Fataga ignimbrites contain crystal-rich juve-
niles in addition to the ubiquitous crystal-poor juveniles. These crystal-
rich clasts are also trachytic in bulk compositions but show distinctive
trace element signatures with elevated Ba contents and Eu/Eu* (Fig. 4).
The lavas, despite their starkly different appearance, have bulk com-
positions that approximate those of the crystal-poor juveniles at a given
stratigraphic interval albeit offset to more phonolitic / silica-
undersaturated compositions (Fig. 4). The crystal-poor lavas from the
Upper Fataga are the only samples that are phonolitic in bulk
composition.

4.3. Mineral textures and compositions

Texturally, the large crystals within the lavas are relatively simple.
They contain few, if any, inclusions of other phases or melt and show
very little chemical zoning. Some slight zonation can be seen in cath-
odoluminescence imaging, but is much subdued compared to the vari-
ability observed within feldspars from the surrounding ignimbrites with
examples of these strongly zoned feldspars found in the ignimbrites
shown in Fig. 5. Similarly, semi-quantitative compositional maps of the
large feldspar crystals in the lavas exhibit limited zonation (Sup. Fig. 1).

Compositionally, all the large feldspar crystals within the lavas are
sanidine (Fig. 6). The 538 new measurements of feldspars (both large
crystals and groundmass) in this study show an overall range in

Ignimbrites

D Fiammé .Feldspar . Amphibole 9,
I:' Lithic Clast .Biotite . Oxide %

Crystallinity in
Fiammé / Lava
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KAISi3Og content (henceforth referred to as “Or”) of 28 to 46%mol with
an average of Or 38 + 5%mol (Fig. 6). The lowest Or contents are found
in L1L (28 to 37%mol, avg. Or 32 + 4%mol) while the overlying lavas
range from Or contents of 31 to 46%mol and have an overall average of
Or 39 + 3%mol. Notably, the lavas show much less compositional
variability than the ignimbrites, which span a range of Or 6.8 to 41.7%
mol with an average of Or 34 + 10%mol (Fig. 7). In the cases where
groundmass phases were measured in addition to the megacrysts (L1L,
U11L), the groundmass feldspars are not different in composition, sup-
portive of the large crystals being broadly in equilibrium with their
carrier melt. In the lava samples from the upper Fataga, small crystals of
nepheline also occur.

In terms of trace elements, single large sanidine crystals show limited
variation both within a crystal and between crystals (Figs. 5, 7). The
stratigraphically lowest unit studied here, L1L, has trace elemental
compositions that are somewhat distinct from the overlying lavas. In
L1L, Sr (10-21 ppm, avg. 12 + 4 ppm) and Rb (26-34 ppm, avg. 27 + 4
ppm) differ slightly from the younger lavas that taken together (n = 617)
have compositions of Sr (1-81 ppm, avg. 7 + 10 ppm), and Rb (22-94
ppm, avg. 52 + 30 ppm). The most significant difference between L1L
and the other lavas is found in Ba with L1L having an order of magnitude
more Ba (429-750 ppm, avg. 685 + 120 ppm) in sanidine than the other
lavas (4-54 ppm, avg. 23 + 28 ppm).

4.4. Oxygen isotopes

Feldspar 580 values for the lavas measured in this study range from
6.77 to 5.42 %o (data in supplementary material). Where multiple
samples of the same lava were analysed, reproducibility ranges from
excellent (in the case of U8L, std. dev. = 0.03 %o) to acceptable (in the
case of U11L, std. dev. = 0.23 %o). The feldspar lava data overlap with
the ranges of values from the surrounding ignimbrites (Fig. 8; Cortes-
Calderon et al., 2022). Interestingly, the L1L unit, the lowest of the units
considered to represent the Fataga succession by Cortes-Calderon et al.
(2022) has the highest 8'%0 value, which is similar to the underlying
Mogan units (Fig. 8).

Lavas

1.02

0.44

0.15

Crystallinity in Matrix

1 cm

Fig. 3. Thin section images with measured crystallinity from lavas and ignimbrites illustrating the nearly aphyric nature of the lavas.
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mulates occurring within the ignimbrites.
4.5. Lead isotopes

Pb isotopic compositions of the large feldspars from Fataga lavas
span the range of 39.54-39.69 in 20%pb/20pb, 15.60-15.62 in
207pp,/204ph, and 19.77-19.96 in 2°°Pb/2%pb (all new data in supple-
mentary materials). The lava values are similar to both our new data
from Fataga ignimbrites and to the published Fataga data (Cousens
et al., 1990). Overall, these compositions record a shift through time to
higher 2°Pb/2%4Pb (Fig. 9). Interestingly, the shift in Pb isotopic com-
positions observed between Mogén and Fataga appears to occur between
the L3P and L5L units, suggesting that these units constitute the most
appropriate division between Mogan and Fataga magmas. Based on the
ages of Cortes-Calderon et al. (2022) this is occurring sometime between
12.427 and 11.857, while in the Van den Bogaard and Schmincke (1998)
stratigraphy, the first ‘Fataga' unit that they refer to is 12.4 Ma (recal-
culated to the same monitor age). This change in Pb isotope composition
is also coincident with a change in O isotopic composition.

5. Discussion
5.1. How related are Fataga ignimbrites and lavas?

Throughout the Fataga stratigraphy, erupted crystal-poor material
ranges from trachytic to phonolitic, with lava samples being slightly
more alkaline in composition, up to phonolitic in some of the upper lavas
(Fig. 4). In addition to the crystal-poor material, a number of the ig-
nimbrites also exhibit co-erupted crystal-rich juvenile clasts that are

predominantly found in the late-erupted portions of the deposits. These
crystal-rich juveniles are trachytic in bulk composition and have glass
compositions that show elevated Ba and have Eu/Eu* values above 1
(Cortes-Calderon et al., 2022). Similar bulk compositions are not found
in any of the lavas studied here. The generation of these geochemical
signatures has been widely invoked as resulting from the interaction of
recharge magmas with a feldspar-dominated cumulate (e.g., Wolff et al.,
2020; Forni et al., 2016; Foley et al., 2020; Deering et al., 2011). This
process is particularly obvious in alkaline systems whereby the near-
monomineralic nature of syenitic cumulates effectively pulls the
composition towards trachyte (Wolff, 2017). On a crystal scale, while
the major elemental composition of the feldspars is similar in lava
samples, crystal-poor juveniles and crystal-rich juveniles in ignimbrites
(Fig. 7) have markedly different trace element compositions. In the
lavas, Ba contents of feldspars never reach higher than 900 ppm (L1L),
while in the ignimbrites, feldspar Ba contents may be orders of magni-
tude higher (Fig. 7). The lavas, therefore, preserve no evidence for
cumulate remelting while such remelting is obvious in some pumices
present in ignimbrites (particularly in late-erupted material).
Isotopically, the coherent variations in Pb and O isotopic ratios
(Fig. 10) throughout the Fataga volcanism indicate that the magmas
feeding both the ignimbrites and lavas have a common source despite
their petrographic differences. The trend of higher 2°°Pb/2°*Pb and
208pp,/204ph ratios with increasing stratigraphic height (Fig. 9) is
consistent with an increasing importance for a HIMU-like (elevated U
and Th values compared to Pb; Zindler and Hart, 1986) source over the
course of Fataga magmatism. Whether this is due to the influx of a new
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Fig. 5. Cathode luminescence (CL) images showing limited zonation within the large sanidine crystals compared to those from the ignimbrites. Ba contents (ppm)
illustrated with numbers. A., B. & C: U5SL lavas, D: Ignimbrites AY and U2P from Cortes-Calderon et al. (2022).
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Fig. 6. Major elemental compositions of feldspars from the Fataga units in the KAlISi3Og (Or)- anorthite (an)-albite (ab) ternary diagram compared to the ignimbrite
compositions from the same stratigraphic horizon (ignimbrite data from Cortes-Calderon et al., 2022).
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magma ‘blob’ into the magmatic system (e.g., Hoernle and Schmincke,
1993) or exhaustion of other ingredients in the sub-Canarian magmatic
cocktail acting to promote this high 2°°Pb/2°*Pb component remains
unclear. Cousens et al. (1990) inferred the up-succession compositional
change as the arrival of a new ‘Fataga magma'. The lack of primitive
magmas erupted within the Fataga sequence acts to complicate under-
standing of potential mantle sources. However, a trend in the direction
of increasing 2°°Pb/2%4Pb is hard to ascribe to a source within the crust
as most of the preceding Shield and Mogan volcanism erupted compo-
sitions with lower 2°°Pb,/2%pb ratios.

The decreasing 8'®0 values with stratigraphic height provide
another constraint on petrogenesis. Closed-system fractionation from
mafic parental magmas is thought to impart an increase of 5'0 on the
order of 0.5 per mil or more, depending on the mineral assemblage
involved in the liquid line of descent (as illustrated by Bucholz et al.,
2017). The magmatic values reaching as low as 4.76 %o (Cortes-Calderon
et al., 2022) in the evolved Fataga suite would therefore require a
parental, mafic magma with a 8’80 value of around 4.20%c or less
(Fig. 8). Published and recalculated melt O isotopic compositions of
mafic samples, however, only go as low as 5.16 %o (average: 5.66 %o) for
Gran Canaria and 5.02 %o (average: 5.73 %o) for the whole Canarian
archipelago (Fig. 8). The absence of such primitive magmas implies that
the subtly low 5!%0 values of the Fataga volcanics are inherited as the
magmas traverse the crust. In an ocean island setting, the diversity of
potential assimilants is relatively limited. Of those characterised, the
quartz-rich sediments of layer 1 of the ocean crust have bulk 830 values
above 14 %o (Hansteen and Troll, 2003) and the hydrothermally altered
volcanic rocks within the Tejeda caldera have bulk 580 11.9-18.4 %o
(Donoghue et al., 2008) conclusively excluding these as sources to lower
the 5'%0 value in the Fataga magmas. The altered igneous components
of the oceanic crust beneath the Canaries range from 3.3 to 8.6 %o with

an overall average 5180 of 5.1 %o (Hansteen and Troll, 2003) so would
have limited leverage as assimilant. A more likely alternative would be
hydrothermally altered intrusive rocks at shallow levels within the
volcanic plumbing system, with the cone sheets having an average 5§80
of 4.7 %o (n = 23) and three samples of syenites having an average 5'%0
of 1.6 %o (Donoghue et al., 2010). Indeed, such hydrothermally altered
intrusive rocks have been reported from across the archipelago (Javoy
et al., 1986; Wolff et al., 2000; Donoghue et al., 2010) with suitable O
isotopic characteristics (average §'80 = 3.13 %o, median 5'%0 = 2.50 %,
n = 83). Taking the lowest 580 bulk rock from the Javoy et al. (1986)
compilation (a microsyenite from Fuertaventura at —0.4 %o) implies
around 10% assimilant, while taking the average of the syenites from
Donoghue et al. (2010) implies 15-20% assimilation. Such values are
consistent with other studies (Farmer et al., 1991; Bindeman et al., 2004;
Troch et al., 2018) particularly for ocean island settings (e.g., Geist et al.,
1998; Ellis et al., 2022). Within the Fataga samples there is a weak
correlation between O and Pb isotopic compositions (Fig. 10). However,
it is notable that the Fataga samples are distinct from the underlying
Mogéan compositions (Figs. 8, 9). The consistently high 2°°Pb/2%*Pb
(previously interpreted as a changing composition in mantle input,
Cousens et al., 1990; Hoernle and Schmincke, 1993) implies a limited
role for Mogan materials in Fataga genesis. Rather, it suggests that the
hydrothermally altered materials (as required by the O isotopes) are
Fatagan in Pb isotopic character. These hydrothermally altered, rela-
tively young crystalline or ‘mushy’ materials would be at higher tem-
perature relative to the older, cooled Mogén intrusives and thus more
prone to melting (e.g., Bacon et al., 1989). The absence of primitive
magmas within the Fataga suite (as potential parental compositions) and
the lack of Pb isotopic data for potential assimilants characterised for
580 precludes development of a more sophisticated mixing model.
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5.2. Origin of the big crystals in lavas

The unusually large feldspar crystals within an otherwise crystal-
poor lava raises the question of whether they are likely to be pheno-
crystic or inherited from other sources. Intrusive rocks are exposed in
the interior of Gran Canaria with a cone sheet swarm documented by
Schmincke (1967). However, these cone sheets were emplaced after the
main phase of Fataga volcanism (Schirnick et al., 1999) and so cannot be
an origin for the megacrysts. Syenitic fragments occur as lithic clasts
throughout both the Mogédn and Fataga ignimbrite successions (Sumner
and Branney, 2002; Schmincke and Sumita, 1998; Cortes-Calderon
et al.,, 2022) even in the first explosive deposit, P1 (Freundt and
Schmincke, 1998). The presence of syenitic lithic clasts even in P1 es-
tablishes that evolved compositions were already present in the
magmatic plumbing system right at the onset of trachytic / phonolitic
volcanism. Only the syenitic clasts in P1 have been studied in detail on

Gran Canaria (Freundt-Malecha, 2001) and these are referred to as
‘quartz trachytes’ from the earlier, silica-saturated, Mogan era of
volcanism. The neighbouring island of Tenerife however, has nepheline-
syenite clasts that are related to phonolitic activity and may provide a
better framework for comparison (Wolff, 1987). Such nepheline syenites
appear unlikely to be a source for the megacrysts for a number of rea-
sons: i) by proportion feldspar is ca. 65% by volume with a range of
other phases co-occurring. These other phases are not found within the
Fataga lavas, ii) most of the syenitic feldspars show microcline exsolu-
tion textures that are absent in our samples (as illustrated in elemental
maps, supplementary fig. 1), iii) many of the feldspars in the syenites are
visibly altered, and iv) all of the syenitic feldspar crystals show an albitic
rim that we have not observed in the Fataga crystals. Rather, we
consider the euhedral megacrysts to be phenocrysts within the lavas.
Feldspar crystals significantly larger than other co-occurring phases
(megacrysts) have been widely reported from intrusive suites in a range
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of settings (e.g., Elba, Farina et al., 2010; Tuolumne, Johnson and
Glazner, 2010; amongst many) where they have been often interpreted
as reflecting Ostwald ripening processes via temperature cycling
(Johnson and Glazner, 2010). In volcanic rocks, such megacrysts appear
less frequent with prominent examples seemingly limited to a relatively
small number of locations (e.g., Fish Canyon Tuff, Bachmann et al.,
2002; Taapaca, Higgins, 2011, Rout et al., 2021; Erebus, Moussallam
et al., 2015; Mt. Amiata, Landi et al., 2019). In volcanic systems, these
outsized feldspars typically exhibit a complex record of resorption,
regrowth, and entrapment of other mineral phases and/or melt (Fig. 11)
with this textural complexity accompanied by intracrystal composi-
tional variability. The large Fataga lavas contain few if any melt in-
clusions, limited textural variability in CL images (Fig. 5) and limited
compositional zonation in major or trace elements (Figs. 6, 7) when
compared to the feldspars from the ignimbrites (Fig. 7).

As is widely known by experimental petrologists, thermal cycling by
relatively small amounts around a fixed point is an effective method for
enlarging crystals. Indeed, this small temperature cycling (on the order
of +10 °C) in both synthetic (Mills et al., 2011) and natural systems
(Mills and Glazner, 2013) increases crystal sizes by up to orders of
magnitude in short duration experiments (140 h or less). Given that
timescales of pre-eruptive magmatic residence are typically quoted in
units of thousands of years (Szymanowski et al., 2017; Rout and Worner,
2020) such processes may play an important role. For the megacrystic
sanidines of Taapaca that exhibit limited major elemental variability,
Rout et al. (2021) invoked a ‘thermal mixing’ model (after Couch et al.,
2001 and Ruprecht and Worner, 2007), whereby either small pro-
portions of recharge or distal recharge produced only limited chemical
effects on the megacryst-hosting magma. The transfer of heat and vol-
atiles between magmas (without significant mass transfer) may occur in
both silicic (e.g., Wolff et al., 2015) and mafic (e.g., Spilliaert et al.,
2006) settings. The major element homogeneity and only limited trace

Chemical Geology 616 (2023) 121242

element variation within the Fataga lavas would be consistent with a
similar scenario occurring on Gran Canaria with recharge (the effects of
which are observable in the crystal-rich juveniles e.g., Fig. 4) trans-
ferring mostly heat and volatiles and primarily affecting the core of the
magmatic system. Significant thermal cycling promotes trapping of melt
inclusions in crystals by strong changes in crystal growth rate or by
crystal dissolution/re-crystallisation (Audétat and Lowenstern, 2014). A
more peripheral storage zone would favour a smaller amplitude in the
thermal cycling, and a more constant growth of feldspar crystals, hin-
dering melt inclusions entrapment as observed in megacrysts from
Fataga lavas.

5.3. Flank eruptions vs central vent eruptions

The lavas in this study are petrographically distinct from their
explosively erupted counterparts and, from their appearance within our
field area (and supported by the distribution of lavas in larger scale
geological maps of the island, Balcells-Herrera et al., 1992) were
seemingly erupted from sources outside the Tejeda caldera. The lateral
transport of magma in the shallow crust has been observed in many
volcanic systems (e.g., Etna, Metrich et al., 2004; San Juan Volcanic
Field, Sliwinski et al., 2019; Kilauea, Wieser et al., 2022) and in many
cases the magma found in these rift zones may differ geochemically or
petrographically from that within the main volcanic edifice (e.g., dacitic
magmas stored in the rift zones of Kilauea, Wieser et al., 2022). Here we
propose that the magmas that formed the Fataga lavas were stored
sufficiently distal from the main reservoir to escape the fluctuations
resulting from recharge and cumulate melting but close enough to
maintain high enough temperatures to remain above the solidus
(Fig. 12). The increasing realisation of the potential for such ‘rogue’
magma batches to exist, and in the case of Fataga magmatism repeatedly
erupt, provides new impetus to investigate the potential hazards

A
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Moussallam
etal. (2015)

Mt. Amiata;
Landi et al.
(2019)
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Fig. 11. Appearance of large sanidine crystals in Gran Canaria lavas compared to other volcanic units. A. Lava L5L (Fig. 5), B. Erebus, Moussallam et al. (2015), C. Mt.
Amiata, Landi et al. (2019), and D. Taapaca, Higgins (2011). The internal zonation of the sanidines is for illustration as the original diagrams used a variety of image

types (e.g., compositional maps of K, CL imaging).
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Fig. 12. Sketch illustrating the proposed magmatic environment of both the Fataga ignimbrites and lavas. The main intra caldera reservoir allows for fractional
crystallisation and episodic mafic recharge and thus cumulate involvement and adding of feldspar. The peripheral extra caldera reservoir experiences only slight

temperature oscillations in consequence and allows for sanidine megacryst growth.

resulting from eruption on the typically more populated lower slopes of
active volcanoes.

6. Conclusions
The main conclusions of our study are:

i) During Miocene volcanism on Gran Canaria, explosive eruptions
from the Tejeda caldera alternated with effusions of composi-
tionally similar lavas from extra-caldera sources.

ii) The lavas have compositions that approximate those of the
crystal-poor juveniles of the ignimbrites, both representing
extracted melts from a larger magmatic reservoir. Despite their
geochemical similarities, the lavas are petrographically distinct,
containing large (cm-scale) sanidine crystals but few if any other
phases. This reflects a case where the explosive-effusive transi-
tion is clearly expressed in the petrographic record.

iii) The crystal-rich juveniles from the ignimbrites are interpreted to
reflect processes of cumulate melting and entrainment during
larger explosive eruptions. These signatures are absent in the
lavas.
O isotopic compositions reveal that the lavas and ignimbrites
within the Fataga group are following the same overall trend, to
lower 580 values with increasing stratigraphic height. This
lowering of §'%0 is inferred to reflect a contribution from
assimilation of hydrothermally altered syenites at depth within
the edifice.

Pb isotopes from the lavas and ignimbrites show an increase in

206p,/204ph stratigraphically upwards, reflecting a change in

dominant mantle sources towards a HIMU dominated component
over time in agreement with previous studies.

vi) The isotopic similarity yet petrographic differences between
Fataga ignimbrites and lavas leads us to propose a model whereby
the magmas share a deeper source that controls their isotopic

iv)

V.

—

12

character but were stored in slightly different conditions in the
shallow crust. The extra-caldera sources of the lavas reflect
storage of these magmas separately from the main crustal reser-
voir with buffered temperatures promoting the growth of large
sanidine crystals that exhibit limited evidence for interaction
with more mafic recharge magma.
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