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Abstract

This paper addresses the study of a pillow lava interbedded with Late Albian-Early Cenomanian sediments that crops out in
Armintza (Bizkaia, Northern Spain). The lava flow is an alkaline basalt with abundant macrocrysts of clinopyroxene, kaersu-
tite, Ca-rich plagioclase (50-86% An) and ilmenite, which display a variety of textures and complex zoning patterns indicative
of open-system magmatic behaviour. Macrocryst cores are likely to be inherited antecrysts that underwent complex processes
under deep pre-eruptive conditions (= 700-800 MPa). Microcrysts and macrocryst rims formed during magmatic ascent and
emplacement at shallower levels (= 35 MPa). Hypothetical melts in equilibrium with clinopyroxenes and amphiboles have
trace element compositions like metasomatic vein melts containing amphibole, and their patterns overlap with those of the
Armintza pillow lava. This suggests a metasomatised lithospheric mantle with amphibole-rich veins as a potential source for
the alkaline basaltic melt. It is even conceivable that the Armintza pillow lava and other alkaline volcanic manifestations of
the Basque-Cantabrian Basin were part of the same magma plumbing system through which a series of time-limited eruptions
of different batches of magma ascended from the lithospheric mantle to the upper crust during the Albian to the Santonian.
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Introduction

Petrographic studies of igneous rocks reveal a wide range
of mineral textures as a result of the diverse history of mag-
matic systems. Minerals often preserve valuable information
about the plumbing systems and processes that magma under-
goes through the crust from the earliest stages of crystalliza-
tion. In volcanic environments, phases such as plagioclase,
olivine, pyroxene, amphiboles and other minerals have often
been used to shed light the pre-eruptive history and evolu-
tion of magmas (e.g., Streck 2008; and references therein;).
The study of crystal populations within an igneous rock, and
the textural relationships between them, are of paramount
importance to understand the magmatic systems, the magma
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storage depths and the characteristics of the main magmatic
stages from the source to the last episodes of its evolution
(Jerram et al. 2018; and references therein). Several popu-
lations of crystals in a magma denote changing magmatic
conditions and varying degrees of undercooling that give
rise to various nucleation and growth events. Undercool-
ing-driven variations and crystallization kinetics dictate the
textural evolution of magmas, crystal shape and zoning, the
degree of compositional heterogeneity within crystals and
element partitioning. At low undercoolings, growth domi-
nates nucleation producing euhedral planar-faceted crystals,
while at high undercoolings nucleation dominates growth
promoting the formation of numerous small crystals with
disequilibrium morphologies (e.g., Watanabe and Kitamura
1992; Mollo and Hammer 2017, and references therein;
Giuliani et al. 2020). Crystallization of plagioclase, pyrox-
ene and amphibole with a variety of textures and composi-
tions induced by changes in physical and chemical variables
is very common in mafic magmas. However, all phases must
be considered for a correct interpretation on the undercool-
ing mechanism and crystallization kinetics, although many
of the differences are subtle and difficult to establish (Shea
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and Hammer 2013). Despite this, plagioclase, pyroxene and
amphibole are excellent forensic minerals to elucidate the
conditions of the magma storage zone and its evolution.
Hence these minerals have attracted considerable attention
and spawned long-lasting discussion among many research-
ers. (e.g., Streck 2008, and references therein; Viccaro
et al. 2010; Shane and Smith 2013; Erdmann et al. 2014;
Coote and Shane 2018; Ubide and Kamber 2018; Bennett
et al. 2019; Kamaci and Altunkaynak 2019; van Gerve et al.
2020; Cao et al. 2022; Molendijk et al. 2022). In addition,
the depth and conditions of magma storage influence the
eruptive style, which may be useful to distinguish between
end-member models, ranging from mush-dominated mag-
mas throughout the bulk-crust and liquid-rich magmas cir-
cumscribed to discrete storage reservoirs (e.g. Cashman
etal. 2017; Edmons et al. 2019; Sparks et al. 2019).
Several outcrops of volcanic rocks occur in the Basque-
Cantabrian Basin as a result of the Mesozoic magmatic activ-
ity around the North Atlantic, which is characterised by the
following features: (1) tholeiitic sequences of Triassic-Liassic
age and Cretaceous sequences of alkaline affinity; and (2)

distribution along regional lineaments, which have been inter-
preted as hot-spot traces on the American margin or as a conse-
quence of crustal extension and thinning in the Pyrenees dur-
ing the opening of the Atlantic Ocean (Azambre et al. 1992).
The Cretaceous alkaline sequences occur mainly in three areas,
Corbicres, Central Pyrenees and the Basque-Cantabrian Basin
(Fig. 1), including basaltic lavas, mafic to ultramafic intru-
sive rocks and feldspathoidal syenites (Azambre et al. 1992;
Castaniares et al. 1997; Ubide-Garralda 2013; Sarrionandia-
Eguidazu et al. 2017).

In this paper, we address the study of a basaltic pillow-
lava interbedded with Late Albian-Early Cenomanian
sediments outcropping in Armintza (Bizkaia), which was
emplaced during the submarine volcanism associated with
the Cretaceous magmatism of the Basque-Cantabrian Basin.
The volcanic rock is characterised by showing a large num-
ber of macrocrysts scattered throughout the lava in an apha-
nitic groundmass. We attempt to elucidate the history of
the pillow-lava using the textural and compositional record
preserved in plagioclase, pyroxene and amphibole macro-
crysts. Our work on the pillow-lava of Armintza integrates a

Fig. 1 a Regional setting of the ( a)
Cretaceous alkaline magmatism
(modified of Castafiares et al.
2001). b Simplified geological
map and distribution of volcanic
rocks in the Biscay synclino-
rium. ¢ Exposition of the
basaltic lava flow at Armintza.
d Pillow-lava lobes e Contact

of the pillow lava with the
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detailed petrographic study, bulk rock and mineral chemistry
in an effort to unravel the pre-eruptive magmatic conditions,
the magma source, as well as their significance in a regional
context. As a result of it, we propose an open-system pro-
cesses during magma evolution and a metasomatised lith-
ospheric mantle as the most probable source of the alkaline
basaltic melt.

Geological setting

The Basque-Cantabrian basin forms part of the Bay of
Biscay-Pyrenean domain. It is considered to be a segment
of the Pyrenean system that connects the Pyrenees and the
Cantabrian mountains and marks the dividing line between
the Iberian Peninsula and continental Europe (Fig. 1a). The
formation of this basin is the result of a sequence of geo-
logical process that occurred during the pericratonic rift
related to opening of the Bay of Biscay-Pyrenean rift sys-
tem (see Robles 2014, for an overview on the geological
evolution of this basin). The rifting provoked a lithosphere
thinning and in the Basque-Cantabrian Basin was controlled
by an extensional detachment active between Valanginian
and early Cenomanian times. There is a broad consensus
that the Basque-Cantabrian Basin opened by transtensional
stretching of the lithosphere in relation with oblique rift-
ing, and subsequently inverted during the Pyrenean orogeny.
Nevertheless, significant discrepancies exist regarding the
kinematic model for the opening and tectonic inversion of
the Basque-Cantabrian Basin (Mir6 et al. 2021, Pedrera et al.
2021, and references therein). During the Cretaceous, sedi-
mentary processes gave rise to several syn-rift and post-rift
depositional sequences. A two-sided basin in a deep trough
between the Iberian and European plates developed, with
high subsidence rates and great accumulation of sediments
because of the hyperextension and counterclockwise rotation
of the Iberian plate. This basin is characterised by a thick
siliciclastic or calcareous turbidite sequence and pelagic
deposits formed from Albian to the early Eocene. The open-
ing period ended with the convergence between the Iberian
and Eurasian plates that inverted the Cantabrian-Pyrenean
rift system and led to the formation of synorogenic deposits
(see Robles 2014, for further details).

Based on gravity data, Pedrera et al. (2017) postulated
that the mantle reached relatively shallow crustal levels along
the Biscay synclinorium, close to the north basin boundary.
The asthenosphere ascent promoted partial melting of the
lithospheric mantle during rifting, with stretching-driven
melt percolation as a result of lithospheric-scale deforma-
tion (Pedrera et al. 2021). The magmatism of the Basque-
Cantabrian Basin includes two main syn- and post-rift mag-
matic events that took place between the Triassic and the
Late Cretaceous. Leaving aside the tholeiitic diabases that

are widespread within the Upper Triassic salt levels, the
Cretaceous magmatism of the Basque Cantabrian Basin is
of alkaline characteristics and spans from the Valanginian
to Santonian (Lamolda et al. 1983; Garcia-Garmilla and
Carracedo-Sanchez 1989; Montigny et al. 1986; Garcia-
Mondejar et al. 2018). The magmatic locus was located
along the rift axis in this period, with magmatic flow peak-
ing during extensional deformation and late stages of rift-
ing (Ubide et al. 2014a; Pedrera et al. 2021). In particular,
it is noteworthy that the intermittent submarine volcanism
occurred coeval with marine sedimentation during the Albian
to the Santonian (Castafiares and Robles 2004; Carracedo-
Sanchez et al. 2012). This volcanism forms part of the Cre-
taceous alkaline magmatism from the North-Pyrenean Rift
zone (Fig. 1a), and in the Basque-Cantabrian Basin is mainly
represented by basalts with minor amounts of trachyte to tra-
chyandesite that occur along the Alpine Biscay synclinorium
as a thick sequence (> 1.000 m thick) interbedded with Cre-
taceous sediments (Fig. 1b). The volcanic sequence shows
characteristics typical of eruptions under shallow submarine
conditions including sheet flows of massive to columnar
aspect, pillow lavas, pillow breccias, and a wide range of
volcaniclastic (hyaloclastite, autobreccia, peperite, and talus
debris) deposits, as well as syn-eruptive reworked facies
(Castanares et al. 1997, Carracedo et al. 1999).

The studied basaltic lava flow is located in Armintza,
a little town of the Bay of Biscay (Spain), and represents
a relatively early (Albian) manifestation of the submarine
volcanism in the Basque-Cantabrian Basin. It extends super-
ficially ~ 1100 m with a direction N50-N70°E, plunging into
the sea towards the SE with a variable dip and thickness,
40-60°SE and 2-15 m, respectively (Fig. 1c). The basaltic
lava shows a pillow structure (Fig. 1d) and is interbedded
concordantly with sediments from the western Pyrenees
Black Flysch of the late Albian-Lower Cenomanian. The
base of the flow is roughly flat but in detail intermingled
contacts between lava and sediment can be observed. The
upper contact is characterised by the presence of slump
folds in the turbidite sequence (Fig. le).

Analytical methods
Bulk-rock composition

Rock sampling has been carried out at four different points
along the lava, in principle without obvious alteration
(Fig. 1c). A petrographic study has been carried out on
twenty-one samples from cross sections corresponding to
the four different sampling points. Relative amounts of mac-
rocrysts of three representative rock samples were estimated
following the procedure for porphyritic rocks described in
Hutchison (1974). Bulk-rock composition was determined
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by crushing rock samples (about 3.0 kg per sample) down
to a final particle size of < Imm with a jaw crusher. Subse-
quently, the samples were pulverized with a ring mill and
reduced by the method of coning and quartering, taking
the two diagonally opposite quarters for chemical analysis.
Major elements were determined at the Granada University
by X-ray fluorescence (XRF) on fused glass discs using a
Philips PW1404/10 X-ray spectrometer. Zr was also ana-
lysed by X-ray fluorescence using pellets of pressed rock
powder. X-ray counts were translated into concentrations by
a computer program based on De Jongh (1973) fundamental
parameter method. Calibration curves were based on inter-
national rock standards (Govindaraju 1994), and the BHVO,
BR and GSR3 standards were used as control samples. Pre-
cision was of 2—-5% for major elements, except Mn and P
(5-10%), and 2-5% for Zr. Trace elements were analysed
by ICP-MS (NexION 300D Quadrupole Ion Filter Plasma
Torch Ionization Source Mass Spectrometer), after HNO;
+ HF digestion of 100 mg of sample powder in a Teflon-
lined vessel at 180 °C and 200 p.s.i. for 30 min, evaporation
to dryness and subsequent dissolution in 100 ml of 4 vol%
HNO;. Precision is better than +5% for analyte concentra-
tions of 10ppm.

Mineral composition

Major elements of plagioclase (n = 220), pyroxene (n =
280), amphibole (n = 140), rhonite (n = 40), ilmenite (n =
25), apatite (n = 10) and pyrrhotite (n = 5) were determined
at the University of Oviedo using a CAMECA SX100 elec-
tron microprobe, equipped with four wavelength-dispersive
spectrometers. The operating conditions were an accelerat-
ing voltage of 15 kV with a beam current of 30nA and a 2
pm focussed electron beam. The calibration standards used
were natural orthoclase for K, natural wollastonite for Ca,
synthetic MnTiO; for Mn and Ti, natural magnetite for Fe,
natural albite for Na, synthetic Cr,0; for Cr, synthetic Al,0;
for Al, natural forsterite for Mg, natural apatite for P, IR-X
for Rb, LiF for F and vanadinite for Cl. Data were reduced
using the procedure of Pouchou and Pichoir (1985). Ana-
lytical errors are estimated to be of the order of +1-2% for
major elements and +10% for minor elements. Backscat-
ter electron (BSE) images of pyroxene grains were taken
by using a CAMECA SX100 electron microprobe (Univer-
sity of Oviedo). Data were collected at 15 kV and 40 nA
beam current, with an analytical step size of 1 pm.

The calculation of the amphibole formula was carried
out on the basis of 24(0, OH, F, Cl) with (OH, F, Cl) =
2 apfu (Hawthorne et al. 2012), and the Fe3* content has
been estimated using the relation between Fe** and (OH+F):
Fe’* =(1.16 - OH - F)/1.01 (Popp et al. 2006). Analyses of
pyroxenes and plagioclases have been recalculated on the
basis of 6 oxygens and 32 oxygens according to Morimoto
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et al. (1988) and Deer et al. (2013), respectively. Fe** in
pyroxenes has been estimated adjusting Fe>*/ Fe,, ratio for
electroneutrality. We calculated the rhonite formula using
stoichiometry, and the Fe3*/Fetot ratio was estimated assum-
ing 40 oxygens and 28 cations (Grew et al. 2008).

Trace elements analyses of pyroxene and amphibole were
performed by LA-ICP-MS at the University of Granada using
a 213 nm Mercantek Nd-YAG laser coupled to a NexION
2000b Quadrupole Ion Filter Plasma Torch Ionization Source
Mass Spectrometer, with a shielded plasma torch, and the
NIST-610 glass as external standard. The ablation was carried
out in a He atmosphere. The laser beam was fixed at 60-95
pm diameter. The spot was pre-ablated for 45 seconds using a
laser repetition rate of 10 Hz and 40% output energy. Then the
spot was ablated for 60 seconds at 10 Hz with a laser output
energy of 75%. In order to minimize mass fractionation and to
increase sensitivity the sample stage was set to move upwards
5 mm every 20 seconds. In each analytical session of a single
thick section (100 um), the NIST-610 glass was analysed at
the beginning and at the end, and also after every nine spots
to correct for drift. Geostandars used were the PMS, WSE,
UBN, BR and AGV (Govindaraju 1994). Concentration val-
ues were corrected using silicon as an internal standard. Data
reduction was carried out with a custom software (freeware
available from F. Bea) of the STATA commercial package.
The precision, calculated on five to seven replicates of the
NIST-610 glass measured in every session, was in the range
+ 3 to = 7% for most elements.

Méssbauer spectroscopy

In order to estimate the amount of Fe** in pyroxene and
amphibole, mineral separates from three rock samples were
prepared by breaking up them into smaller chips, then sieved
for sizing, and hand picking the small crystal fragments under
a binocular microscope for analysis by Mdssbauer spectros-
copy at the Basque Country University (Department of Elec-
tricity and Electronics). ’Fe-Mo Mossbauer spectra were
acquired at room temperature using a standard spectrometer
with a Co/Rh source. The isomer shift is reported relative to
metallic iron. All the spectra were collected in a multi-channel
analyser with 512 channels, and the experimental data were
evaluated by means of a least-squares fitting.

General petrography and bulk-rock chemistry

The pillow lava of Armintza is a porphyritic aphanitic basalt
containing macrocrysts (up to 5 cm, mostly < 1.5 cm) and
spherical vesicles (generally < 2 mm in diameter) unevenly
distributed throughout the rock. The total macrocrysts abun-
dance is high, from = 25 to 50 vol%. Large macrocrysts and
microphenocrysts (= 200-1000 pm) comprise plagioclase
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(5-15 vol%), clinopyroxene (9-25 vol%), amphibole (3-16
vol%) and ilmenite (2-6 vol%). Apatite and pyrite microphe-
nocrysts occur in minor quantities, and the vesicles represent <
5vol%. A common feature is the occurrence of glomerocrysts
and clusters of macrocrysts involving plagioclase + pyroxene
+ amphibole + ilmenite. The very fine-grained groundmass
has an intersertal texture and includes an interlocking network
of tabular to spiky plagioclase microlites, as well as abun-
dant more equant-shaped grains of pyroxene, rhonite closely
linked to amphibole macrocrysts, apatite, ilmenite and pyrite
+ pyrrhotite. Vesicles (generally < 5 vol%) are mainly filled
by calcite and minor chlorite. The macrocrysts/groundmass
ratio tends to be lower in contact zones than in internal zones.
Although the pillow lava presents a variable alteration, espe-
cially on the contact zones of the pillow lava, the plagioclase,
pyroxene and amphibole macrocrysts are relatively well pre-
served in most samples of internal zones.

Regarding the bulk-rock chemistry of the Armintza pil-
low lava, the following characteristics should be noted: (1)
Chemical composition typical of alkaline basalts without
significant variations throughout the lava, with 42.3-42.6

wt% Si0,, 14.87-14.92 wt% Al,05, 4.35-4.42 wt% TiO,,
10.3-11.5 wt% FeO, 7.3-7.6 wt% MgO, 11.9-12.3 wt%
CaO and 2.4-2.5 wt% Na,O (Table 1). (2) Enrichment of
incompatible trace elements compared to mid-ocean ridge
basalts (MORB), both N-Type and E-type (Fig. 2a). (3) REE
contents as well as Al,04/TiO, (3.38-3.41), Na,O/K,0 (2.6-
3.5), Th/Yb (2.6-2.7), Nb/Yb (43.5-45.5) and TiO,/Yb (2.5-
2.6) ratios are typical of volcanic alkaline rocks with OIB
affinities (Fig. 2a, b, ¢, d, e). Low Zr/Nb (2.34-2.48) ratios
are also consonant with this type of rocks. eNd(t) values
recorded for alkaline basalts from the Basque-Cantabrian
basin are consistent with OIB sources, and similar to those
found in extension and rift settings (Rossy et al. 1992).

Mineral textures and composition
Plagioclase

Plagioclase occurs as macrocrysts (mostly < 1.0 cm) and
microlites (mostly < 150 pm) exhibiting tabular to skeletal,

Table 1 Major and trace

. Sample PT-04-7 PT-04-3 PT-04-4 PT-04-7 PT-04-3 PT-04-4
elements compositions for the
Armintza basaltic lava Major oxides (wt%) Trace elements (ppm)

Sio, 42.34 42.62 4246 Nb 775 743 78.5
TiO, 4.39 442 435 Sc 26.8 25.6 27.8
Al O, 14.89 14.92 1487 'Y 228 229 229
FeOtot 10.68 10.28 11.53 Ta 5.5 53 5.5
MnO 0.11 0.11 0.13 Zr 1819 177.6 184.3
MgO 7.46 7.58 7.32 Hf 4.7 45 4.7
CaO 11.98 11.92 11.59 Mo 29 3.0 3.1
Na,O 2.48 2.42 238 Th 4.7 4.5 4.7
K,O0 0.71 0.82 092 U 1.2 1.2 1.3
P,05 0.50 0.45 045 Pb 2.1 2.8 2.1
LOI 4.38 4.45 403 Ga 206 19.8 19.4
Total 99.92 99.99  100.03 TI 0.1 0.1 0.1
Trace elements (ppm) REE (ppm)

Cs 1.1 1.2 12 La 50.7 49.7 49.7
Rb 14.5 34.0 18.7 Ce 1034 994 100.5
Ba 1127.8  1219.6 1026.7 Pr 128 124 12.6
Sr 1321.5 12942 12344 Nd 509 50.0 51.0
Li 57.6 29.1 547 Sm 9.3 8.9 9.8
Be 0.7 0.8 0.8 Eu 31 3.1 3.0
Sn 2.3 2.3 23 Gd 7.6 7.5 7.6
Cu 51.2 479 474 Tb 1.1 1.0 1.0
Zn 120.6 117.0 93.6 Dy 5.4 4.9 4.9
Co 449 439 439 Ho 0.9 0.9 0.9
\Y 491.7 480.1 4837 Er 2.1 2.1 2.1
Ni 68.6 76.9 68.6 Tm 0.3 0.3 0.3
Cr 151.7 141.0 1548 Yb 1.7 1.7 1.7

*LOI loss of ignition
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Fig.2 a Trace-element contents
of the pillow lava observed

in Armintza (normalised to
primitive mantle (McDonough
and Sun 1995). b Al,04/TiO,
vs. SiO, diagram; ¢ Na,O/

K,O vs. SiO, diagram (Pilet
2015); d Th/YDb vs. Nb/Yb
ratio. e TiO,/Yb vs. Nb/Yb
ratio (modified of Pearce 2008).
OIB: Ocean Island Basalts; IB:
Intraplate Basalts. MORB: Mid-
Ocean Ridge Basalts. Black
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elongate and swallowtail morphologies. Macrocrysts are
common and show a variety of crystal morphologies, from
tabular to strongly resorbed habits, with complex zoning pat-
terns and superimposed resorption events that are hard to
explain by simple crystallization paths. Plagioclase composi-
tions vary in general within the ranges An50-An86 and An62-
An73 for macrocrysts and microlites, respectively. TiO,, FeO
and MgO contents vary in the range 0.03-0.12 wt%, 0.32-
0.64 wt% and 0.02-0.11 wt%, respectively (Table 2).

Four main textural types of plagioclase macrocrysts can
be recognised, which are commonly juxtaposed in the same
thin section. (1) Coarse to fine sieve-textured plagioclase
with a tabular to resorbed habit is the most common type
(Fig. 3a). Groundmass inclusions are subrounded to amoe-
boidal in shape and they may be isolated in a random dis-
tribution or interconnected. In this case, the inclusions tend
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to elongate parallel to lamellar twin planes and may cross
laterally to interconnect with adjacent ones. An irregular
to amoeboid or geometric, patchy zoning is commonly
superimposed on the sieve texture and is often associated to
groundmass inclusions (Fig. 3a). Sieve-textured plagioclase
may show (i) narrow inclusion-free rims (= 10-40 pm) of
either more sodic or more calcic plagioclase, which may
be connected with inner patches; or (ii) dusty mantles (<
100 pm) followed by ~ 20-60 pm thick, An-rich rims (73-
80% An). In this case, a convolute zoning may develop in
the sieve-textured core near the dusty zone (Fig. 3b). (2)
Subrounded, variably resorbed macrocrysts with relatively
clear cores surrounded by a dusty zone, followed by a clear
more calcic rim (mostly < 60 mm) (Fig. 3c). The cores are
compositionally homogenous but, in some cases a delicate
patchy zoning can be observed. Compositional profiles of
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Table 2 Selected chemical compositions, calculated mineral formulae and calculated end-member fractions for plagioclase

Sample n® 1 2 3 4 5 6 7 8 9 10 11 12
Zone Cores Rims

Major oxides (wt%)

Sio, 46.68  53.52 46.96 55.44  54.14 53.90 49.98 49.04 48.89 49.82  49.07 50.32
TiO, 0.09 0.05 0.08 0.03 0.06 0.04 0.09 0.07 0.12 0.09 0.10 0.11
AL O, 32,55 2861 33.42 27.63 2797 28.66 30.96 31.54 31.54 31.52  30.83 29.93
FeOtot 0.57 0.56 0.48 0.45 0.32 0.47 0.60 0.57 0.56 0.58 0.64 0.63
MnO 0.01  bdl bdl 0.00 0.02 0.00 0.02 0.04 bdl 0.02 0.03 0.05
MgO 0.06 0.04 0.07 0.06 0.02 0.02 0.08 0.08 0.07 0.08 0.07 0.11
CaO 16.87 11.65 17.64 10.09 11.10 11.15 14.56 15.18 15.79 1547 1476 13.30
Na,O 1.73 4385 1.59 5.48 5.21 5.02 3.08 2.86 2.45 2.61 2.98 3.07
K,O 0.20 0.64 0.15 0.83 0.64 0.65 0.39 0.30 0.30 0.34 0.39 0.66
Total 98.76  99.93 100.38  100.00  99.47 99.92 99.75 99.69 99.72 100.53  98.87 98.18
Calculated mineral formulae (apfu)*

Si 8.709 9.740 8.628 10.028  9.872 9.789 9.175 9.028  9.003 9.085 9.107 9.356
Al 7.160 6.139 7.238 5.892  6.013 6.136 6.701 6.845  6.846 6.777  6.745 6.561
Ti 0.013  0.007 0.012 0.004  0.008 0.006 0.012 0.010 0.016 0.012 0.014 0.015
Fe?* 0.089 0.085 0.074 0.068  0.049 0.072 0.092 0.088  0.087 0.088  0.100 0.099
Mn 0.001 - - 0.000  0.002 0.000 0.004 0.006 - 0.004  0.005 0.009
Mg 0.015 0.010 0.018 0.017  0.005 0.005 0.021 0.021  0.019 0.023  0.020 0.029
Ca 3373 2.271 3473 1.956  2.168 2.170 2.864 2995 3.115 3.023 2935 2.649
Na 0.627 1.712 0.565 1.921 1.842 1.769 1.096 1.022  0.875 0.923  1.071 1.107
K 0.048 0.149 0.034 0.192  0.150 0.151 0.092 0.071  0.071 0.080  0.093 0.157
Calculated end-member fractions (mol%)

An 0.83  0.55 0.85 0481 0.521 0.531 0.71 0.73 0.77 0.75 0.716 0.677
Ab 0.15 041 0.14 0472 0443 0.432 0.27 0.25 0.22 0.23 0.261 0.283
Or 0.01 0.04 0.01 0.047  0.036 0.037 0.02 0.02 0.02 0.02 0.023 0.040

* Calculated based on 32 O atoms per formula unit
FeOtot FeO total, bdl below detection limit

this type of plagioclases are characterised by relatively low-
An cores with small variations in An (< 5% An), and sub-
stantial increase in the An content (up to = 20% An) through
the dusty zones with An-rich rims (Fig. 3d). FeO, TiO, and
MgO contents show similar trends across the plagioclase
profiles with higher values in the rim zones (Fig. 3d). The
compositional change (AXi) across the dusty zone is defined
as Xiinpoard - Xlouboard> With values of AAn = -3 to -22%,
AFeO =-0.02 to -0.16, ATiO, = -0.01 to -0.11, and AMgO
= -0.00 to -0.08. (3) Clear plagioclase or containing few
inclusions that present a tabular habit and partial resorption
in some cases. This type is less common in large macro-
crysts than in microphenocrysts. In fact, the latter are the
only ones that can appear completely free of inclusions. The
crystals commonly exhibit a subrounded core, unzoned or
with patchy to spongy-cellular texture, which is encapsu-
lated by a mantle with irregular oscillatory zoning and a
more calcic or sodic narrow rim (< 50 pm) (Fig. 3e, f). The
compositional oscillations, however, could not be expressed
by a periodic variation but rather the result of pulses of

growth alternating with periods of dissolution, as suggested
by Pearce and Kolisnik (1990). (4) Subhedral to anhedral
crystals of dusty plagioclase, which occur as: (i) plagioclase
crystals with a completely dusty inner zone surrounded by
a An-rich rim (74-82% An) (Fig. 3g), and to a lesser extent
(ii) completely dusty crystals.

Plagioclase glomerocrysts show characteristic features of
crystallization in crystal-rich environments (Holness et al.
2019). They consist of aggregates of randomly oriented
plagioclase crystals, with embedded contacts and irregular
grain boundaries derived from the impingement of grains,
which are cemented by groundmass material (Fig. 3h).

Clinopyroxene

Clinopyroxene macrocrysts show a variable grain size and
the largest macrocrysts may reach up to 5 cm in length. They
have a prismatic euhedral to anhedral habit, with pinkish
brown, pale brown, yellowish green to pale green colours
in thin section, and the crystals commonly exhibit complex
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«Fig.3 a Coarse sieve-textured plagioclase displaying patchy zoning
(74-79% An) and oscillatory zoning in the rim (80-83% An); b Coarse
sieve-textured plagioclase core followed by a mantle with convolute
zoning and then a dusty zone surrounded by a thin clear rim (70-72%
An); ¢ Subrounded clear plagioclase core with a dusty zone surrounded
by a thin An-rich rim; d Intracrystal compositional variation corre-
sponding to the plagioclase of c. e Plagioclase showing a core with cel-
lular texture, followed by a mantle with complex zoning including dif-
fuse high frequency oscillations, resorption surfaces and superimposed
low amplitude oscillations with a thin calcic rim (75-77% An). f Intrac-
rystal compositional variation corresponding to the plagioclase of e.
g Dusty plagioclase armoured by a resorbed thin clear rim (74% An).
h Monomineralic glomerocryst of plagioclase with plagioclase crystals
at low to high angles to one another (ilm: ilmenite)

compositional zoning patterns. Inclusions of ilmenite +
pyrite + apatite are commonly observed. Like plagioclase,
many clinopyroxene macrocrysts display external and/or
internal resorption features and can be grouped into four
major types from textural and compositional point of view.
(1) Euhedral macrocrysts consist of light brown euhedral to
rounded cores, relatively homogeneous or showing minor
compositional variations, which are encapsulated by clear
or dusty pinkish-brown rims (mostly 10-80 pm thick) with
sector zoning =+ fine-scale oscillatory zoning (Fig. 4a, b, c,
d). Mg and Ti show symmetrical compositional patterns, and
the rims may be richer or poorer in Mg than cores. Sector
zoning in rims seems to be due to differential partitioning
of Mg, Ti and Al amongst prism sectors (see Fig. S1 in elec-
tronic supplementary material). (2) Euhedral to subhedral
macrocrysts with concentric, oscillatory zoning towards the
rim, which may include a more or less resorbed greenish
core (Fig. 4e). This type of pyroxenes is characterised by
Mg-poor and Al-Ti rich cores (Fig. 4f). (3) Euhedral mac-
rocrysts that include a core with intricate zoning, a mantle
showing oscillatory zoning of variable wavelength, and a
rim with sector zoning (Fig. 4g, h). (4) Anhedral to sub-
hedral macrocrysts showing strong external and internal
resorption, commonly with ragged rims and in some cases
displaying partial shells with radial fibrous texture (Fig. 4i,
j» k). (5) Pyroxene macrocrysts that consist of cores pseu-
domorphed by a brown crystal patchwork and euhedral to
subhedral overgrowths (Fig. 41).

Representative analyses of pyroxene are listed in Table 3.
Clinopyroxene macrocrysts and microphenocrysts span a
relatively narrow compositional range, corresponding to
ternary compositions: Wo,;_s,Ens, 4,Fs;; 50. They are con-
sidered mostly as subsilicic titanian ferrian diopside fol-
lowing the criteria of Morimoto et al. (1988), with 3.0-12.1
wt% (avg. 8.89 + 1.84) Al,0;, 1-6 wt% (avg. 3.41 + 0.92)
TiO,, 5.60-9.35 wt% (avg. 7.44 + 1.31) FeO, 9.47-13.98
wt% (avg. 11.91 + 1.05) MgO, 20.36-23.02 wt% (avg. 22.17
+ 0.48) CaO and 0.40-0.80 wt% (avg. 0.55 + 0.10) Na,O.
The Fe**/Fetot ratio inferred from Mossbauer spectroscopy

of three samples is = 0.40. Cr concentrations vary at crystal
scale, from contents below the detection limit to relatively
high in Cr,05 (up to 0.50 wt%). Clinopyroxene macrocryst
compositions are characterised by Mg# values ranging from
61 to 83, where Mg# = 100MgO/(MgO+FeO) on a molar
basis, with considerable variability in TiO,, SiO, and Al,O;
(Fig. 5a, b, c, e). The rims mostly have higher Ti/Al than
cores and some pyroxenes show cores relatively rich in Cr
(Fig. 5d, f). Furthermore, there are no clear compositional
trends accounting for a simple liquid line of descent of a
basaltic liquid (Fig. 5). There are also no significant differ-
ences between pyroxenes of the groundmass and the rims of
macrocrysts. As a whole, clinopyroxene compositions are
typical of alkaline magmas according to Le Bas (1962) and
are consistent with pyroxenes from intraplate alkaline basalts
using the discriminant function diagram of Nisbet and
Pearce (1977). In addition, the studied clinopyroxenes have
higher TiO,, Al,O; and FeO, but lower SiO,, Cr,0;, MgO
and Na,O contents than magmatic pyroxenite veins and peri-
dotite xenoliths (Witt-Eickschen et al. 2003; Powell et al.
2004). Primitive mantle-normalised trace-elements patterns
for clinopyroxenes are characterised by a low concentration
of large ion lithophile elements (LILE), enrichment of LREE
relative to HREE with a general concave-downward REE
pattern, positive (Ti, Ta) and negative (Zr, Nb) anomalies.
The transitions elements (TE) present troughs at Co and Ni
(Table 4, Fig. 6a).

Amphibole

Though not as abundant as pyroxene, amphibole macrocrysts
are nonetheless widespread with a similar size distribution
and strong pleochroism, from the reddish brown to yellow
brown colour. Most amphibole macrocrysts exhibit sub-
rounded shapes and embayment features, and commonly
are partially or completely surrounded by reaction coro-
nas of variable thickness (200-700 pm thick), which may
be wrapped in some places by the groundmass foliation
defined by plagioclase microlites. The coronas consist of
an assemblage of fine-grained minerals including ilmenite +
plagioclase + clinopyroxene + rhonite (Fig. 7a, b). The grain
size of these coronas increases with the width of the corona.
The reaction coronas may appear as a worm-like symplec-
tite or as a boxy-like intergrowth where pyroxene crystals
show the same optical orientation and are elongated parallel
to the kaersutite c-axis. Amphiboles with thin opaque-rich
coronas (< 50 pm) along the contact with the groundmass
can be also observed. The reaction coronas do not develop
where amphibole is in contact with another mineral phase.
Unlike clinopyroxenes, the individual macrocrysts of kaer-
sutite are compositionally relatively homogeneous with nar-
row ranges in MgO (11.77-12.45 wt%; 12.43 + 0.47 wt%),
Al,O5 (14.10-15.30 wt%; avg. 14.67 + 0.27 wt%), TiO,

@ Springer



A. Pesquera, P. P. Gil-Crespo

Fig.4 a Light brown euhedral clinopyroxene macrocryst that is
encapsulated by a pinkish-brown rim displaying sector zoning and
numerous minute inclusions of the groundmass. b Compositional
profile corresponding to the pyroxene of a. ¢ Euhedral pyroxene
macrocryst including a rounded core and a mantle truncated by a
rim displaying sector zoning. d Compositional profile correspond-
ing to the pyroxene of c¢. e Euhedral clinopyroxene macrocryst with
concentric, oscillatory zoning towards the rim. f Compositional pro-
file corresponding to the pyroxene of e. g Euhedral macrocryst that
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includes a core with intricacy zoning, mantled by a zone showing low
frequency oscillations and a rim with sector zoning. h Compositional
profile corresponding to the pyroxene of g. i Resorbed clinopyroxene
macrocryst with a relatively homogeneous core and a thin Mg-rich
rim displaying a ragged fibrous contact with the groundmass. j Com-
positional profile corresponding to the pyroxene of i. k Clinopyrox-
ene macrocryst with strong external and internal resorption. 1 Pyrox-
ene macrocryst consisting of a core pseudomorphed by a brown
crystal patchwork and a euhedral overgrowth
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Fig.4 (continued)

(6.65-7.04 wt%; avg. 6.78 + 0.11 wt%) and FeOtot (8.50-
11.68; avg. 9.72 + 0.55 wt%) (Table 5). Mossbauer spectros-
copy of three amphibole samples reveal a Fe**/Fetot ratio of
0.35-0.37. Based on the nomenclature of Hawthorne et al.
(2012) amphiboles can be described as kaersutite with Ti >
0.5 apfu, and it should be considered as an oxo-amphibole
with dominant O in the W-site, not as a W(OH, F, Cl)-
dominant calcium-bearing amphibole. Accordingly, if Ti =
1.17 - 0.52(OH+F) (Hawthorne et al. 1998), the amount of
W0? in the studied amphibole macrocrysts is in the range of
1.20 to 1.27 (Table 5). Overall, the contents of Fe** inferred
from (OH+F) values (Popp et al. 2006) are reasonably in
agreement with the Mossbauer data. Mg# values vary in the
range of 0.68-0.72 (avg. 0.70 + 0.02), which are similar to
other occurrences of kaersutite macrocrysts in basalts of the
Basque-Cantabrian Basin (< 0.70, Azambre et al. 1992).
Some macrocrysts reveal significant small composi-
tional variations in Mg# (up to 3.5) with a general increase
toward the rims. Other elements such as Al,05 show minor
to trifling variations. Al,05/TiO, and Na,O/ K,O ratios as
well as Mg# values, around 2.15, 0.78 and 70 respectively,
are consistent with the composition of amphiboles from
intraplate basalts and OIB (Fig. 2b, c,). However, amphi-
boles of this study have higher TiO, contents (around 6.80
wt%) than those from lithospheric veins, metasomatised
peridotites and continental basanites (Fig. 7¢) (< 6.0 wt%
TiO,, Pilet et al. 2008). Trace-elements and REE con-
centrations determined by LA-ICP-MS are homogeneous
with no significant variations between different samples

and macrocrysts (Table 4). In relation to the primitive
mantle, amphiboles from this study are enriched in Rb,
Ba, Sr, REE+Y and HFSE’s except TE’s, with a concave
downward REE pattern, positive (Ti, Nb, Ta) and negative
(Th, U, Pb) anomalies (Fig. 6b). The Nb/Th and Lu/Hf
ratios are in the ranges of 250-475 and 0.04-0.07 (Fig. 6¢),
respectively, which are akin to compositions given for
amphiboles from metasomatic veins within the lithosphere
(Ionov and Hoffmann 1995; Witt-Eickschen et al. 2003;
Powell et al. 2004). Trace-element abundances between
coexisting amphibole and clinopyroxene (Fig. 6d) are like
those reported in previous studies (Ionov and Hoffmann
1995; Powell et al. 2004), with an enrichment of Rb, Ba,
Pb, Sr, Ti, Nb and Ta in amphibole over clinopyroxene.

Other minerals

Rhénite typically occurs around resorbed kaersutite macro-
crysts, commonly forming part of coronas with plagioclase
+ clinopyroxene + ilmenite (Fig. 7a, b). It is very fine-to
fine-grained (< 400 pm), with a subhedral to skeletal habit
and a dark-reddish brown to black coloured. Microprobe
analysis reflects a narrow compositional range: 22.90-24.10
wt% SiO,, 11.56-12.94 wt% TiO,, 15.84-17.01 wt% Al,O;,
19.49-21.78 wt% FeOtot, 12.68-14.09 wt% MgO, 11.13-
12.28 wt% Ca0, 0.73-0.89 wt% Na,O (Table 6). Rhonite of
this study deviates significantly of the ideal rhonite composi-
tion (Bonaccorsi et al. 1990, Kunzmann 1999) (see Fig. S2 in
electronic supplementary material), and strong correlations

@ Springer



A. Pesquera, P. P. Gil-Crespo

Table 3 Selected chemical compositions, calculated mineral formulae and calculated end-member fractions for clinopyroxene

Sample n® 1 2 3 4 5 6 7 8 9 10 11 12
Zone Cores Rims

Major oxides (wt%)

Si0, 45.77 46.47 44.35 43.38 46.56 44.78 42.55 42.17 41.85 46.10 46.97 42.93
TiO, 2.79 2.53 3.55 3.91 242 3.18 5.02 4.86 5.48 2.96 3.07 478
AL, 8.30 8.05 9.19 10.08 7.92 9.18 9.29 9.85 10.18 7.82 5.87 8.92
Cr,0, 0.10 0.27 0.09 0.02 0.41 0.06 0.03 0.03 0.03 0.13 0.02 0.02
FeO* 3.16 3.41 435 4.08 3.40 3.79 4.49 4.46 451 3.82 4.92 423
Fe,0,* 3.12 2.83 261 3.16 2.85 3.03 3.16 3.43 3.06 2.51 2.33 3.47
MnO 0.13 0.11 0.10 0.11 0.11 0.09 0.12 0.11 0.13 0.09 0.15 0.09
MgO 13.28 13.50 12.38 11.97 13.55 12.69 11.45 11.37 11.32 13.56 13.32 11.77
CaO 22.52 22.41 22.19 22.17 22.36 22.23 22.71 22.63 22.62 22.27 22.51 22.94
Na,O 0.52 0.52 0.45 0.55 0.52 0.52 0.49 0.44 0.45 0.41 0.41 0.47
K,0 0.02 0.02 0.03 0.02 0.02 0.01 0.01 0.02 0.03 0.03 0.01 0.02
F 0.16 0.16 0.13 0.13 0.16 0.16 0.18 0.19 0.16 0.15 0.21 0.12
Cl 0.01 bdl 0.01 0.01 bdl 0.01 0.01 bdl bdl bdl bdl bdl
O=F+Cl  0.07 0.07 0.06 0.06 0.07 0.07 0.08 0.08 0.07 0.06 0.09 0.05
Total 99.80 100.21 99.37 99.54 100.20 99.66 99.43 99.48 99.76 99.79 99.68 99.71
Calculated mineral formulae (apfu)*

Si 1703 1.720 1.666 1.630  1.723 1.673 1.612  1.597 1.580 1.716 1.759 1.620
Al 0.297  0.280 0.334 0.370  0.277 0.327 0.388  0.403 0.420 0.284 0.241 0.380
AIVD 0.067  0.071 0.073 0.076  0.069 0.077 0.026  0.037 0.034 0.059 0.019 0.017
Ti 0.078  0.070 0.100 0.110  0.067 0.089 0.143  0.138 0.156 0.083 0.086 0.136
Cr 0.003  0.008 0.003 0.001  0.012 0.002 0.001  0.001 0.001 0.004 0.001 0.001
Fe** 0.087  0.079 0.074 0.089  0.079 0.085 0.090  0.098 0.087 0.070 0.066 0.099
Fet 0.098  0.106 0.137 0.128  0.105 0.118 0.142  0.141 0.143 0.119 0.154 0.133
Mg 0736 0.745 0.693 0.670  0.747 0.707 0.646  0.642 0.637 0.752 0.743 0.662
Mn 0.004  0.003 0.003 0.004  0.003 0.003 0.004  0.004 0.004 0.003 0.005 0.003
Ca 0.898  0.889 0.893 0.892  0.887 0.890 0922 0918 0915 0.888 0.904 0.928
Na 0.038  0.037 0.033 0.040  0.037 0.038 0.036  0.032 0.033 0.030 0.030 0.034
K 0.001 0.001 0.001 0.001  0.001 0.000 0.000  0.001 0.001 0.001 0.001 0.001
F 0.019 0019 0.016 0.016  0.019 0.019 0.022  0.023 0.019 0.018 0.025 0.014
Cl 0.001  0.000 0.001 0.001  0.000 0.001 0.001  0.000 0.000 0.000 0.000 0.000
Calculated end-member fractions (mol%)

Wo 49.23 48.80 49.62 50.03 48.67 49.36 51.09 50.94 51.24 48.47 48.28 50.84
En 40.38 40.89 38.51 37.57 41.02 39.19 35.83 35.60 35.67 41.05 39.72 36.28
Fs 10.39 10.32 11.87 12.40 10.31 11.46 13.08 13.46 13.09 10.48 12.00 12.87

* Calculated based on 6 O atoms per formula unit, FeO*and Fe,05* calculated for electroneutrality

bdl below detection limit

of (Ca+Na) vs. (Si+Na) and (Ti+R*") vs. Fe** indicate that
exchange vectors (AlCa)(SiNa) ; and (Fe**),(Ti+R*")
are the main causes of the compositional deviation. High
(Na + VSi) and low (Ca + "VAl) is characteristic of rhonite
formed as a breakdown product of kaersutite (Grapes et al.
2003). By comparison, the rhonite composition of Armintza
is similar to that of rhonites from alkali basalts (e.g., Kong
et al. 2020), but has higher (Ca + VAl) and lower (Na +
VSi) than rhonites from pyroxenite xenoliths (Grapes et al.
2003). However, there is significant compositional overlap
and there does not appear to be a clear relationship between
composition and mode of occurrence.

@ Springer

Ilmenite is the only oxide component observed in the
basaltic lava flow. It is relatively abundant and may pre-
sent as: (1) subhedral to rounded crystals (mostly < 3
mm) associated to ferromagnesian minerals; (2) acicu-
lar (< 30 um) crystals included within amphibole; or (3)
small subrounded grains (< 40 pm) forming part of the
groundmass. Ilmenite has a significant MgO content (1.07
to 7.70 wt%) and contains minor amounts of MnO (0.38
to 0.76 wt%) (Table 6) Some ilmenite crystals display
a lamellar microstructure where Mg-poor lamellae (&
0.20-1.0 wt%) alternate with Mg-rich lamellae (4.80-7.70
wt%).
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Fig.5 Compositional variations of clinopyroxene macrocrysts from the Armintza pillow-lava in terms of Mg# vs. major elements (a, b, c, d, e)

and Ti/Al ratios ()

Apatite is a relatively common accessory phase that
occurs in the groundmass and as inclusions in clinopy-
roxene and amphibole, showing a prismatic-columnar
habit and variable grain size (up to 1 mm, but mostly
< 660 pm parallel to the c-axis). It is fluorapatite with
F (2.08-2.78 wt%), Cl (0.38-0.45 wt%), FeO (0.25-0.34
wt%), MgO (0.20-0.40 wt%) and MnO (0.04-0.09 w.t%).
Pyrrhotite (Fe,_,S) with x = 0.89 to 0.99 occurs in some
samples.

Discussion

Inferences from the mineral textures
and composition

Plagioclase

Complex zoning patterns and the variety of crystal morphol-
ogies in plagioclase macrocrysts, with internal and external
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Table 4 Trace element concentrations (ppm) of clinopyroxene and amphibole

Sample n® 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Px Amp

Li 0.6 0.6 0.7 0.6 06 06 1.9 0.8 1.5 0.6 5.8 1.5 5.1 1.9 0.9
Be 0.6 0.3 04 0.6 03 04 0.5 0.6 0.5 0.4 0.3 0.3 0.2 0.4 0.3
P 14.8 27.9 199 207 36.4 298 404 502 536 527 624 1494 994  60.0 151.5
Sc 59.7 828 529 839 643 764 520 466 537 416 413 317 456 527 20.8
v 400.8 3933 4050 429.6 5054 4037 5498 5579 5699 5603 6733 620.6 5835 6022 5913
Cr 34.8 233.1 73 421.0 1023 1160.7 31.6 170 614 9.7 329 153.6 15.3 14.4 1.9
Co 19.4 25.1 17.3 324 19.8 310 476 436 498 403 233 327 316 411 24.6
Ni 6.0 239 41 693 249 85.1 35.3 18.6 464 12.3 18.3 15.9 79 14.0 34
Cu 1.2 1.1 13 14 1.8 525 22 22 2.1 2.0 35 22 53 25 2.5
Zn 222 208 209 209 253 21.6 332 358 353 36.0 243 400 432 36.0 55.2
Ga 15.9 15.7 164 16.6 174 134 14.1 15.3 14.8 15.2 18.1 14.8 154 15.0 15.6
Rb bdl 0.1 0.1 bdl 0.01 bdl 15.6 16.1 15.6 15.8 16.3 13.8 16.9 16.5 13.3
Sr 1174 1143 1243 108.1 1428 1146  772.0 8319 7758 8484 9236 1551.6 8622 847.7 14599
Y 11.3 11.7 122 99 11.9 9.6 8.9 10.4 9.2 10.8 9.3 12.9 10.1 10.1 14.5
Zr 72.3 723 716 614 69.4 548 358 411 353 420 372 432 396 387 54.7
Nb 1.1 1.1 1.2 09 1.3 038 21.0 228 21.6 237 243 299 226 225 35.6
Ba 0.4 0.8 1.7 02 04 0.1 7559 803.3 767.1 779.7 1894 9567 7925 804.5 1030.2
La 5.96 6.12  6.28 5.61 6.58 4.87 6.62 810 721 758  8.15 825 759 7122 10.13
Ce 2097 2130 21.23 2098  24.05 17.69 2255 2541 2355 2442 2681 28.72 2348 2372  34.66
Pr 3.67 358  3.78 3.57 4.00 2.87 366 404 366 406 401 4.61 3.65 3.45 5.51
Nd 18.74 2024 2228 19.48  20.92 16.69 17.39 21.52 1955 2099 20.03 2429 1942 1879  30.66
Sm 5.15 470 488 4.71 5.51 425 432 506 452 464 462 577 471 4.76 6.97
Eu 1.85 1.88 1.98 1.74 1.98 1.43 1.31 1.57 1.49 1.60 1.46 2.07 1.55 1.42 2.32
Gd 3.98 432 394 358 4.17 3.32 342 399 325 379 372 4.61 331 3.25 5.33
Tb 0.61 0.60  0.59 0.51 0.66 0.50 046 056 041 050  0.52 0.65 052 043 0.78
Dy 2.95 3.05 3.34 2.60 2.93 2.60 227 305 254 246 243 335 260 248 3.50
Ho 0.48 0.51 0.62 0.46 0.52 0.44 038 049 040 049 037 059 043 039 0.58
Er 1.18 1.37 1.15 1.12 1.17 0.93 0.99 .12 0.88 1.06 1.01 .15 085 0.82 1.45
Tm 0.17 0.13  0.16 0.12 0.13 0.11 0.13  0.11 0.11 0.11 0.10 0.15 0.13  0.10 0.20
Yb 0.84 0.88  0.93 093 0.92 0.97 076 083 065 070 0.76 0.85 0.66 0.84 0.88
Lu 0.12 0.11 0.09 0.08 0.12 0.07 009 010 010 010 0.10 0.10  0.09 0.08 0.09
Hf 3.58 38 371 3.19 3.08 2.61 1.41 2.34 1.49  2.00 1.53 1.65 1.72 1.61 2.08
Ta 0.21 022 028 0.21 0.27 0.13 1.28 1.36 1.16 1.30 1.24 1.31 1.22 1.15 1.54
Pb 0.10 0.08  0.13 0.03 0.04 0.06 0.31 0.19 037 036 034 029 069 0.22 0.31
Th 0.09 0.1 0.12 0.08 0.09 0.03 0.08 0.07 007 005 0.07 0.07 0.05 0.07 0.07
U 0.01 0.02  0.01 0.02 0.02 0.01 0.03  0.01 0.08  0.01 0.01 0.01 0.01 0.01 0.01

“bdl below detection limit

resorption events, are interpreted to result from changes in
physical and chemical conditions of the magma. Convolute
and oscillatory zoning in plagioclase characterised by oscil-
lations of variable frequency and amplitude in An content,
together with minor and major resorption surfaces, may be
indicative of feedback processes involving grain nucleation,
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growth, replacement and dissolution (Pearce and Kolisnik
1990). Resorption events that involve only changes in An-
content might be attributed to closed-system processes, such
as: (i) convective self-mixing within a system with tempera-
ture and H,O gradients (Couch et al. 2001); (ii) temperature
increase of ascending magma provoked by the release of
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Fig.6 a Trace-element concentrations for pyroxenes (normalised
to primitive mantle, McDonough and Sun 1995). b Trace-element
concentrations of amphiboles (normalised to primitive mantle,
McDonough and Sun 1995). ¢ Nb/Th vs. Lu/Hf for studied amphi-
boles in relation with disseminated and vein amphiboles from man-
tle xenoliths and magmatic pyroxenite veins (Ionov and Hoffmann
1995; Witt-Eickschen et al. 2003). d Trace element partitioning
between amphibole and clinopyroxene from the basaltic pillow lava
of Armintza

latent heat, resulting in the increase of the An content dur-
ing plagioclase crystallization (Blundy et al. 2006); or (iii)
decompression of a H,O-undersaturated magma shifting the
composition of plagioclase towards the calcic end, which can
lead to resorption and sieve textures in plagioclase (Nelson
and Montana 1992). However, if decompression was the

main cause of resorption textures the entire volume of the
magma would be affected, and hence all macrocrysts would
have undergone similar degrees of dissolution. In addition,
the juxtaposition of texturally and compositionally distinct
plagioclase populations within single samples would be dif-
ficult to explain by decompression, or by the release of latent
heat of crystallization.

Complex zoning patterns and resorption features in pla-
gioclase might be due to open-system processes such as
magma recharge and mixing. Sieve textures in plagioclase
have been experimentally reproduced and may be indica-
tive of dissolution driven by injection of hotter Ca-rich melt
(Tsuchiyama 1985; Nakamura and Shimakita 1998). Experi-
mental works of Tsuchiyama (1985) show that incorporation
of plagioclase into a melt with which it is not in equilibrium
can give rise to: (1) mantled crystals if plagioclase is less
anorthitic than the plagioclase which is in equilibrium with
the melt; or (2) partial melting if the temperature of melt is
greater than the solidus temperature of the introduced pla-
gioclase. The injection of a hotter magma, e.g. during more
mafic magma recharge, would drive melting or dissolution
of plagioclases that are no longer in equilibrium with the
host melt. Equilibrium plagioclase compositions have been
calculated using the model of Takagi et al. (2005) for a range
of pressures, temperatures and water contents. Accordingly,
expressing the degree of disequilibrium as AAn (measured
An - calculated An), AAn values of -15.2 to 3.25 and -29.0
to 4.5 are obtained for rims and cores, respectively, which
indicates a significant disequilibrium between plagioclase
and melt (see Fig. S3 in electronic supplementary material).

Ruprecht and Worner (2007) postulated that while vari-
ations in An alone are not indicative of closed- or open-
system processes, compositional variations in Fe, Mg and
Ti across major resorption interfaces can be used to distin-
guish both processes. The concentration of these elements
in plagioclase mainly depends on bulk composition (Ginibre
et al. 2002), and their partition coefficients are a function of
the An content, temperature, oxygen fugacity, H,O content
and, to a lesser extent, pressure (Bindeman and Davis 2000;
Tepley et al. 2010; Dohmen and Blundy 2014; Sun et al.
2017). Fe partitioning strongly depends on fO, (Wilke and
Behrens 1999; Sugawara 2000, 2001), so that Fe is mainly
incorporated into plagioclase as Fe** at high fO,, replac-
ing AI’*, and increases with the An content. Fe and Ti in
plagioclase mostly show positive to flat or weakly nega-
tive trends with the An content (Fig. 8a). The positively
correlated trend for An and Fe is difficult to explain only
by changes in fO, or fH,0, suggesting the involvement of
other processes. According to Ruprecht and Worner (2007),
the positive An-Fe trend would reflect the effects of open-
system evolution with recharge and compositional mixing,
while the subhorizontal trend of Fe and decreasing Mg
with increasing An would be consistent with closed-system
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@ Amphiboles from oceanic and continental
lithospheric veins

O Amphibole xenocrysts from continental basanites

8 — O Amphiboles from metasomatised peridotites

TiO, (Wt%)

Fig.7 a Corona of rhonite + clinopyroxene + plagioclase microlites
and ilmenite on kaersutite. b Subrounded kaersutite with a corona
of rhonite + plagioclase ¢ Mg# versus TiO, contents for amphiboles
of this study relative to amphiboles from lithospheric veins, basan-

evolution involving only thermal effects and decompression.
Unlike Fe and Ti, KyMg in plagioclase weakly correlates
with An content (Bindeman et al. 1998), but An-Mg data
show a trend similar to An-Fe (Fig. 8a), which suggests a
little influence of fO, on variations of Fe in plagioclase.
Since the TiO, content is relatively insensitive to pres-
sure changes ((0.01/GPa, Bedard 2006), the ATiO, values
across the resorption surfaces would remain constant dur-
ing decompression. Instead, magma recharge and mixing
would be characterised by negative values for both AAn and
ATiO,, as well as for AFeO and AMgO (Fig. 8b).
Plagioclase glomerocrysts are interpreted as disag-
gregated fragments of a crystal-rich layer (mushy layer)
entrained by the ascending melt. Some of them are encom-
passed by thin rims (< 50 pm) relatively rich in Fe-Mg-
Ti, suggesting that they formed after the disturbance and
breakage of the crystal-rich layer due to magma recharge.
Regarding the microlites, these were likely formed by
decompression and degassing during ascent of the magma
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(d) © Kaersutites of shallow crustal origin

O Mantle derived megacrysts
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ites and metasomatised peridotites. d Ti (apfu) versus Al (apfu) for
amphiboles of this study (black circles) relative to crustal kaersutites
(green) and mantle-derived kaersutites (pink) recorded by Best (1974)

to the surface, and their narrow range in size suggests a rapid
cooling (Mangler et al. 2022).

Clinopyroxene

Resorption, zoning patterns and compositional variation in
clinopyroxenes could be attribute to three main processes.
(1) Decompression that may account for the occurrence of
resorbed cores mantled by overgrowths with higher Mg#
contents. Phase-equilibrium experiments at constant temper-
ature and water content (although for different compositions)
suggest that decreasing pressure in a water-undersaturated
melt results in an increase of the Mg content of pyroxenes
(Solaro et al. 2019). The onset of crystallization of amphi-
bole coupled with decompression can also give rise to
reverse zoning in pyroxenes (e.g. Pe-Piper 1984). However,
as in the case of plagioclase, if decompression was the trig-
gering factor of Mg enrichment, all neighbouring pyroxene
macrocrysts would be expected to have reverse zonation. On
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Table 5 .S.clected chemical Sample n°® 1 9 3

compositions and calculated

mineral formulae for amphibole Major oxides (Wt%)
Sio, 38.06 38.60 37.80
TiO, 6.93 698 6.79
Al 04 14.89 1479 14.47
FeO* 5.40 6.14 6.02
Fe,05* 3.74 372 352
MnO 0.04 0.10  0.09
MgO 12.60 1292 13.01
CaO 1246  12.51 12.35
Na,O 1.74 1.64 1.63
K,O 2.30 230 226
F 0.14 0.14 0.34
Cl 0.01 0.03 0.02
H,O%* 0.66 0.68 0.59

O=F+Cl 0.06 0.07 0.15
Total* 98.91 100.50 98.74

Calculated mineral formulae (apfu)*

Si 5729 5735 5.719
Al 2271 2265 2281
AIVD 0.371  0.325 0.300
Ti 0.785 0.781 0.773
Fe* 0.424 0416 0.401
Fe* 0.680 0.763 0.762
Mg 2.827 2.863 2935
Mn 0.006 0.012 0.012

Ca 2.009 1992 2.002
Na 0.507 0473 0478
K 0.441 0437 0.436
F 0.068 0.067 0.164
Cl 0.004  0.007 0.005
OH 0.673  0.682 0.600
o 1.255 1.244 1.231

37.18 38.05 38.76 37.40 3847 37.62 3759 37.77 37.85
675 677 680 679 677 680 690 677 6.76
1531 1493 1471 1499 1440 14.85 14.86 14.87 14.59
730 659 786 651 808 675 6.64 650 6.55
346 338 348 352 347 352 374 347 347
007 0.09 019 008 0.19 007 004 010 0.11
12.08 12.99 11.00 12.64 11.24 1239 1225 12.54 12.67
12.32 1234 1213 1235 11.94 1247 1237 1212 12.37
1.74 173 214 171 234 186 166 178 1.53
207 223 172 215 175 217 219 215 2.14
036 033 008 027 017 028 0.08 0.11 026
003 004 003 005 0.02 001 001 0.03 002
059 062 072 062 068 062 0.69 070 0.64
0.16 0.15 0.04 0.12 0.07 0.12 004 005 0.11
99.09 99.94 99.58 98.96 99.44 99.30 98.98 98.87 98.82

5.633 5.694 5.831 5.660 5.812 5.679 5.689 5.707 5.726
2367 2306 2.169 2340 2.188 2321 2311 2.293 2.274
0.367 0.327 0.439 0333 0375 0.321 0.340 0.355 0.328
0.769 0.762 0.769 0.773 0.769 0.772 0.786 0.770 0.769
0.394 0.380 0.394 0.401 0.394 0.400 0.426 0.395 0.395
0.925 0.825 0989 0.824 1.021 0.853 0.841 0.821 0.828
2729 2.898 2467 2852 2532 2789 2.764 2.825 2.858
0.009 0.011 0.025 0.010 0.025 0.010 0.006 0.013 0.014
2.000 1.979 1.956 2.002 1933 2.017 2.007 1.963 2.004
0511 0.502 0.625 0.502 0.041 0.544 0.487 0.521 0.448
0.400 0426 0331 0415 0337 0417 0422 0414 0414
0.174 0.157 0.040 0.130 0.080 0.136 0.041 0.055 0.124
0.008 0.010 0.007 0.013 0.006 0.003 0.004 0.008 0.004
0.597 0.627 0.731 0.633 0.691 0.629 0.698 0.715 0.646
1.222 1.205 1.223 1.223 1224 1232 1.257 1.222 1.226

* Calculated based on 24 (0, OH,F,
2006)

the contrary, a diversity of textures and compositional trends
are found at thin-section scale. (2) Convective self-mixing
in a magma body of single composition heated from below
can bring about crystal circulation driven by compositional
and thermal gradients in magma reservoir, and thus explain
the disequilibrium features in pyroxenes and mixing of
crystals with different thermal histories (Couch et al. 2001;
Ginibre et al. 2002). Assuming that bulk rock composition
represents the melt composition, we have explored for equi-
librium using the model of Mollo et al. (2013) based on
the difference between diopside + hedenbergite (ADi+Hd)
components predicted for clinopyroxene and those observed
in analysed crystals, showing a significant disequilibrium
in general (see Fig. S4a in electronic supplementary mate-
rial). This could be due in part to the fact that the samples

Cl) atoms per formula unit, FeO*and Fe,O;* calculated (Popp et al.

analysed have relatively high Mg# values as a consequence
of a significant content of antecrysts in the rock, as sug-
gested by Ubide et al. (2014b) (3) Magma recharge and
mixing, even with the incorporation of crystals from new
batches of hotter magma into the system, can give rise to
breakage, resorption and crystal dissolution leading to com-
plex crystal fabrics and zoning in pyroxenes. Evidence for
magma recharge and mixing is supported by the occurrence
of overgrowths or mantles with higher Mg contents, oscilla-
tory zoning in macrocrysts with low amplitude oscillations,
resorption surfaces and saw-tooth zones (e.g. Streck 2008;
Coote and Shane 2018). There are crystals, however, with
a Mg drop in the outermost parts of the rims that may be
indicative of some fractionation after the magma recharge.
Although patchy zoning may be produced by intra-crystal
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Table 6 Selected chemical compositions and calculated mineral formulae for rhonite and ilmenite

Samplen® 1 2 3 4 5 6 7 8 9 10 11 12
Rhonite Ilmenite
Major oxides (wt%)
Si0, 2361  23.35 2326  23.40 22.69 2341  0.02 0.01 0.02 0.03 0.02 0.22
TiO, 11.68  11.82 12.51 11.70 12.57 1156  48.28 45.77 47.84 50.80  50.19  49.75
AlLO, 1622 16.37 16.60  16.80 16.26 1627 110 0.85 1.08 0.48 0.23 0.50
Cr,04 na na na na na na 0.03 0.04 bdl bdl 0.01 0.04
Fe,05* 8.38 9.30 7.39 8.97 9.15 9.33 14.59 17.56 14.25 6.42 6.33 6.28
FeO* 13.54  12.59 14.51 12.70 12.94 13.03  29.37 29.40 29.84 3672 4027  41.12
MnO 0.19 0.24 0.13 0.21 0.17 0.17 0.38 0.40 0.43 0.39 0.29 0.25
MgO 13.16  13.52 1265  13.13 13.13 1324 770 6.41 7.13 479 2.54 2.07
CaO 1190  12.11 12.01 12.28 12.23 1204  0.04 0.04 0.05 0.06 0.07 0.05
Na,O 0.82 0.83 0.83 0.90 0.84 0.82 bdl bdl bdl bdl bdl bdl
K,0 0.05 0.01 0.10 0.01 0.01 0.02 bdl bdl bdl bdl bdl bdl
Total 99.55  100.13  99.99  100.11  100.00  99.69  101.51 10048  100.65  99.68  99.94  100.28
Calculated mineral formulae (apfu)*
Si 6398  6.286 6291  6.296 6.140 6.328  0.001 0.001 0.001 0.001  0.001  0.005
ATV 5182  5.195 5295 5329 5.185 5.185
AIVD 0.032 0.025 0.032 0.014  0.007  0.015
Cr 0.001 0.001 bdl bdl 0.000  0.001
Ti 2380 2393 2544 2368 2.558 2350  0.893 0.874 0.895 0952 0956  0.945
Fe** 1.709  1.883 1.505 1817 1.864 1.897  0.258 0.318 0.255 0.118  0.118  0.117
Fe** 3.068  2.833 3282 2859 2.929 2944 0578 0.591 0.594 0750  0.836  0.852
Mg 5315 5424 5.101  5.266 5.295 5333  0.282 0.243 0.264 0.178  0.096  0.078
Mn 0.044  0.055 0.030  0.049 0.040 0.039  0.008 0.009 0.009 0.008  0.006  0.005
Ca 3455  3.493 3481  3.542 3.544 3.487  0.001 0.001 0.001 0.001  0.002  0.003
Na 0431 0433 0436 0472 0.443 0430 - - - - - -
K 0.017  0.003 0.035  0.002 0.002 0.007 - - - - - -

“Calculated based on assuming 28 cations and 40 O atoms in rhonite and 3 O atoms per formula unit in ilmenite, FeO*and Fe,05* calculated

for electroneutrality
bdl below detection limit, na not analysed

diffusional processes over time (Tomiya and Takahashi
2005), or also by melt-reequilibrium processes of originally
unzoned crystals which are in disequilibrium with the host
magma (Streck 2008), in light of textural overlap and com-
positional variation we interpret patchy zoning as a result of
disequilibrium induced by open system processes.

Amphibole

The lack of a clear zonation with indistinct zoning patterns
in amphibole contrasts with the textures and compositional
variation of plagioclase and clinopyroxene. However, like
clinopyroxenes, amphibole compositions mostly fall below
the range in which mineral and melt compositions are in
equilibrium (see Fig. S4b in electronic supplementary mate-
rial), based on the Kd™"™!'; \; =0.38 + 0.05 (LaTourrettte
et al. 1995). Many kaersutite macrocrysts show round-
ing, strong embayment and breakdown features that
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commonly manifest into the formation of coronas or rims
of variable thickness produced by amphibole-melt reaction.
There are two possible explanations for these features. (1)
Decompression-induced breakdown reactions, particularly
for the thin opaque-rich rims, during magma ascent from
the storage zone at depth (Rutherford and Hill 1993; Rutherford
and Devine 2003), where rim width would depend on
time, degree of disequilibrium in P and T, and decompres-
sion rate. In this context, the occurrence of partially rimmed
amphiboles could represent fragments that disaggregated
during upflow of magma. (2) Magmatic recharge giving
rise magma heating and high temperature amphibole desta-
bilization. This would be consistent with the occurrence of
strongly resorbed amphiboles showing width reaction coro-
nas and the juxtaposition within a single sample of fresh
unrimmed and rimmed amphiboles. In contrast to reaction
rims produced by decompression, thick coronas with clino-
pyroxene suggest partial breakdown of amphibole because
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Fig.8 a Variation of FeO, MgO and TiO, vs. X,, in plagioclase.
Whilst the subhorizontal trend would indicate the dominance of
closed-system behaviour with only heat transfer and decompres-
sion, the enrichment in Fe, Ti and Mg across resorption zones is

of increasing magma temperature outside the amphibole sta-
bility field. (Rutherford and Devine 2003). Experimental
data indicate that if amphibole is in contact with silicate melt
under conditions outside its stability field, breakdown occurs
within a few days. Accordingly, the presence of unrimmed
amphiboles probably means that these amphiboles spent a
very short time outside their field of stability during ascent
(Rutherford and Hill 1993).
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interpreted to be related to a recharge magma event. b Relationships
between AAn and ATiO,, AFeO and AMgO through dusty zones
in plagioclase (see comments in text)

The occurrence of rhonite in close relationship with
kaersutite may be the result of the destabilization of previ-
ously formed amphibole during the rise of the basaltic melt
(Huckenholz and Kunzmann 1988). However, because the
steep dP/dT slope of the stability curve for Ti-amphibole
(Yagi et al. 1975; Merrill and Wyllie 1975; Huckenholz et al.
1992), particularly for pressures under 1500 MPa, the kaer-
sutite breakdown to yield rhonite probably took place by
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increase of temperature resulting from injection and flow of
a new batch of melt rather than decompression. The fact that
the reaction coronas are wrapped by plagioclase microlites
of the groundmass would indicate that rhonite-bearing coro-
nas were formed before crystallization of the groundmass.
Furthermore, the absence of these coronas in a number of
amphibole macrocrysts is consistent with the magma being
outside the amphibole stability field for a short period of
time before the eruption.

Geothermobarometric constraints

In addition to basic thermodynamic limitations, the large uncer-
tainties in the petrological techniques used to estimate storage
pressures make the Cpx-based barometry a delicate problem.
Bulk-rock compositions may not necessarily represent primary
melts and many assessments for equilibrium are unsuitable
(Wieser et al. 2023a, b). Despite this, we have attempted to
explore the depth of magma storage using the Cpx-only ther-
mobarometer of Putirka (2008, 2016) since it is independent of
temperature and H,O content. The results show a wide range of
pressures 340-830 MPa with a range of temperatures of 1060-
1150 °C (avg. 1090 + 42 °C), respectively. Applying the geo-
thermometer of Faak et al. (2013) based on exchange of Mg
between plagioclase and clinopyroxene yielded a temperature
range of &~ 1050-1130°C for K(PI/Cpx)M& = - 4.35 to - 4.45.
The large range of pressures may be interpreted to represent
polybaric storage, compositional differences and/or inherent
uncertainty of the geobarometric model (Neave and Putirka
2017). Although there is a significant overlap and there are no
clear differences between cores and rims, the lowest values cor-
respond mostly to rims. Evidence in support of this is provided
by the higher Ti/Al values for rims than for internal zones of
the pyroxene macrocrysts (Fig. 5f).

Pressure estimates derived from the experimental cali-
bration of hornblende geobarometer (Johnson et al 1989)
yield a range of 700-815 MPa (avg. 770 + 20 MPa).
Although these authors carried out the experimental cali-
bration with a phase assemblage different from that exist-
ing in the Armintza lava, nevertheless, these estimates
are reasonably acceptable in light of experimental studies
on the stability of Ti-rich amphiboles in alkaline basaltic
lavas (Pilet et al. 2010). Kaersutite was found experimen-
tally to be stable in association with clinopyroxene at pres-
sures < 10 kbar and temperatures between 950 and 1050
°C (Yagi et al. 1975), suggesting that it is stable not only
in the lower crust but also in the upper mantle. Mantle-
derived kaersutite seems to contain less Ti and more Al
than kaersutite of crustal origin (Best 1974). However,
although the kaersutite of this study has more Al than
crustal kaersutites, its Ti content is slightly higher than
that of mantle-derived kaersutites (Fig. 7d). Taking into
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account that ilmenite is ubiquitous in the basaltic rocks of
Armintza, temperatures around 1080-1100 °C for amphi-
bole formation was calculated from data of Helz (1973)
using the relation between Ti and temperature: T °C =
273(Ti/230) + 877 (Otten 1984). Temperatures based on
amphibole compositions (Putirka 2016) are in a similar
range (1060-1100 °C). On the other hand, higher tempera-
tures (1180-1210°C) are obtained from the Ti content in
calcium amphibole (Liao et al. 2021), even higher than
those obtained from clinopyroxene.

An approximate calculation of magmatic water concen-
trations has been carried out using the plagioclase-liquid
hygrometer-thermometer of Waters and Lange (2015) for
plagioclases close to equilibrium (AAn =~ 0) and tempera-
tures in the range of 1050-1150 °C, obtaining water contents
between 1.76 and 2.25 wt% H,0. We could also speculate
on the redox state of the magma using the method of France
et al. (2010) with the same plagioclases close to equilibrium,
considering that for a moment they coexisted in equilibrium
with pyroxenes in a liquid of similar composition to that of
the bulk-rock, yielding values on the order of log fO, =~ -7
to -8 corresponding to AFMQ +0.60-2.20.

Bearing in mind all these assessments, assuming a P-T range
of = 700-800 MPa and = 1050-1150 °C, respectively, for the
pre-eruptive conditions of the basaltic magma, and using the
approach and experimentally inferred equations of Popp et al.
(1995, 2006), values of log fH, ~ 1.15-1.44, log fH,0 ~ 1.5-
1.74 MPa and ;5,0 ~ 2.0 x 107 to 4.2 x 103 can be inferred
from the average amphibole composition. These values cor-
respond to melt H,O contents of ~ 0.42-0.70 wt% applying
the H,0-CO, solubility model of Allison et al. (eq. 8, 2022),
which are less than the water estimates from the plagioclase-
liquid hygrometer (~ 2 wt%) with a log fH,0 = 2.50-2.70, sug-
gesting loss of H. Inasmuch as the partial pressure of H,O is
much lower than the estimated lithostatic pressure any fluid
phase that occurs at the system will be lithostatically pressured
(Spear 1993). This means that if the fluid is circumscribed to
the H-O system, then the estimated H,O activity would indicate
either fluid-free crystallization conditions or that other compo-
nents of the C-H-O system may be present, mainly CO,. This
is the second-most abundant fluid species in the Earth (Jambon
1994) and the estimated fugacity of O, (log fO, = -8) is too
oxidizing for graphite and CH, to be stable. Given the fH, and
/H,0 inferred from kaersutite, CO, contents of = 0.85 wt% are
obtained or, in terms of fugacity, log fCO, ~ 4.40-4.58, using
the equations 6 and 10 of Iacovino et al. (2013). In compari-
son, with = 2 % wt% H,0 we would have lower CO, contents
and fugacities, ~ 0.77-0.80 wt% and log fCO, ~ 4.30-4.33,
respectively. However, as Lamb and Popp (2009) claimed, these
calculations do not denote that a free fluid phase was present,
only that if P, = P, the fluid is either rich in CO, or that there
are other components in the system (e.g. sulphur).
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Source and magma evolution

Mafic lavas associated with the Cretaceous alkaline mag-
matism of the Pyrenees were interpreted to be produced by
fractionation of alkali basalts from mantle to lower-pressure
crustal conditions (Azambre et al. 1992). The alkaline vol-
canism of the Basque-Cantabrian Basin probably repre-
sents a small-scale system in an extensional geodynamic
environment. Its architecture was built as a result of a time-
constrained series of eruptions of distinct magma batches
within a time period spanning primarily from the Albian
to the Santonian, as a result of melting of mantle sources.
Recently, Pedrera et al. (2021) proposed a model for the
magmatism in the Basque-Cantabrian Basin during Meso-
zoic times in which the asthenosphere rise and necking pro-
moted the melting of the lithospheric mantle during rifting
and hyperextension of the basin. According to these authors,
the mantle sources were affected by OIB-type components
perhaps produced by the ascending asthenosphere mantle
during the later stages of rifting. The alkaline magmatism
was ascribed to mixing between melt fractions of Grt-lherzolites
and slightly higher melt contents of Sp-lherzolites, with
possible contribution of Grt-pyroxenites. In this regard, the
OIB-type alkaline basalts from the Errigoiti formation (Biz-
kaia) were attributed by Sarrionandia-Eguidazu et al. (2017)
to low degrees of partial melting of a mantellic source con-
taining garnet and spinel (40grt/60sp) at ~ 70 km of depth,
based on theoretical melting curves for the mantle defined
by Jung et al (2006). Inasmuch as Dy/Yb and La/Yb val-
ues for the Armintza lava are in the ranges of 2.85-2.93 and
28.84-29.26, respectively, and plotting the composition of
the lava on a plot of La/Yb vs. Dy/Yb (Fig. 13; Jung et al.
20006), it would represent a mixing of small-degree partial
melts from garnet and spinel peridotite sources with a gar-
net/spinel ratio of =~ 80/20. Additionally, based on values of
the K/La and (Ce/YDb)N ratios and the model curves shown
by Jung et al. (2006), the Armintza lava could be the result
of 1-2% partial melting. It is possible that the Armintza lava
flow forms part of the same magma plumbing system that
the Errigoiti volcanism and other volcanic outcrops from the
Biscay synclinorium.

However, a model including a simple mixing of melts
derived from garnet and spinel peridotite sources is unable
to simultaneously explain the petrological and geochemi-
cal constraints related to formation of alkaline basalts. The
source of these rocks must be more enriched than the primi-
tive mantle in terms of incompatible trace elements and
must give rise to rocks with mostly constant Al,0,/TiO,
and Na,O/K,0 ratios (Pilet 2015). As this author states, the
melting of amphibole-bearing metasomatic veins in the lith-
osphere is the key factor for the genesis of alkaline basalts
in oceanic and continental settings. Experimental studies
show that melting of metasomatised lithosphere containing

amphibole-rich veins can reproduce the essential geochem-
ical features of oceanic and continental alkaline magmas
(Pilet et al. 2008). Amphiboles in mantle environments can
be grouped into: (i) disseminated amphiboles in peridotite;
and (ii) amphiboles related to hornblendite veins result-
ing from metasomatic processes in the lithospheric mantle
(Ionov et al. 1997; Witt-Eickschen et al. 2003). Unlike the
first one, amphiboles from metasomatic veins show concave
downward REE patterns with maxima in Nd and relatively
high Nb, Ta, Zr and Hf concentrations, with high Nb/Th
and low Lu/Hf (6b, c). In fact, despite having slightly higher
TiO, contents, the Al,05/TiO, and Na,O/K,0 ratios for the
amphiboles in this study are within the compositional range
observed in metasomatic vein amphiboles worldwide (Pilet
2015). Primitive mantle-normalised trace-element abun-
dances for hypothetical melts in equilibrium with amphibole
and pyroxene (Fig. 9) reveal a high degree of trace-element
enrichment with a similar pattern to those correspond-
ing to hornblendite and clinopyroxene hornblendite melts
experimentally produced at 1.5 GPa (Pilet et al. 2008). Such
experiments indicate that alkaline melts can be produced by
melting of amphibole-bearing metasomatic veins within the
lithosphere.

According to all these considerations, a model that could
hypothetically account for the evolution of magma is illus-
trated in Fig. 10. A magma possibly entraining macrocrysts
(antecrysts) from deeper levels of the mantle may have
been ponded at depth (= -30 km), as evidenced from ther-
mobarometry data. The steep trend showed on chondrite-
normalized REE spectra compared to basalts from other tec-
tonic settings (Fig. 2), and the lower Al,O; contents relative
to arcs at high MgO contents is evidence for a deeper origin
for such melts (McGee and Smith 2016). Magma recharge
and mixing with hotter, mafic magma and convective pro-
cesses driven by new magma pulses led to the disaggre-
gation of a mushy layer and intermingling of crystals with
different thermal histories. These processes give rise to the
juxtaposition of populations of plagioclase, clinopyroxene
and amphibole macrocrysts with textures and compositions
that reflect disequilibrium conditions. In addition, magma
recharge combined with extensional tectonics is presum-
ably the triggering event for the eruption. Recharge of new
magma has been invoked as a process to trigger mixing and
convection (Bergantz et al. 2015).

The occurrence of reverse zoning on the rims of dusty
plagioclase and pyroxene macrocrysts indicates the close
temporal relationship between mixing and eruption (Sakuyama
1984). Based on the rims of plagioclase are =~ 20 to
60 pm wide, the time it took for the rim development prior
to eruption is estimated to be around 5 days to 6 months
using growth rates of ~ 3 x 10”7 pm/s (Larsen 2005). Simi-
lar time scales stem from Mg diffusion using the relation
t = x*/(4D";,) where D'y, is the diffusion coefficient for
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Mg in plagioclase and x is the diffusional distance. With a
DPlMg of 7.2 x 10* yum?/s (Van Orman et al. 2014), for ~
An75 and a temperature for the lava of ~ 1100°C we obtain
a time lag between rim formation and eruption on the order
of ~ 15 days to 5 months. Timescales calculated at the same
conditions using a diffusion coefficient D" lMg =52x108
pum?/s (Faak et al. 2013), which explicitly buffer dgioy 1N
their experiments, are on the order of 20 days and 7 months.
These values are similar to those based on crystal growth
rate. Clinopyroxene growth rates have been estimated empir-
ically and experimentally converging on the order of 107
to 107 pms™! for low to high undercoolings, respectively
(Orlando et al. 2008). According to this growth rate, rims
of ~ 80 pm thick are inferred to have formed over 9 days
to 3 months, reflecting the time elapsed between recharge
and eruption. Given that most mafic phases take more than
a year to completely homogenize chemical heterogeneities
(Gerlach and Grove 1982), eruption should occur within one
year after the recharge and mixing to maintain the reverse-
zoned rims as a result of these processes. Anyway, several
factors can account for the timescale variability and discrep-
ancies, e.g., different experimental conditions, diffusional
anisotropy, improper fitting, uncertaintites in partitioning
models, or even to underlying magmatic processes (Mutch
et al. 2021).

Quantitative studies of magma ascent rates reveal that
intraplate alkaline basalts rise from near-source mantle
depths, where some storage can occur, and ascend rap-
idly through the crust (Brenna et al. 2021). Consequently,
because the extent to which primary magmas change
in composition is related to the rate of magma ascent,

fractionation and assimilation are not expected to sig-
nificantly modify the chemical characteristics of alkaline
basalts, particularly those related with small volume erup-
tions (McGee and Smith 2016). This would account for
the fact that alkaline submarine volcanism of the Basque-
Cantabrian basin is mainly represented by basalts with
minor trachyte to trachyandesite occurrences. Given that
the AAn (%Ancore-%Anrim) across resorption surfaces
varies from - 3 to - 22 (Fig. 8b), the magma would have
experienced a decompression of about ~ 25 km assuming a
change in plagioclase composition as a function of pressure
of ~ 3% An/kb (Ustunisik et al. 2014). This is consistent
with the geobarometric data and the large distance over
which decompression occurred is in agreement with esti-
mates of crustal thickness during the Albian (= 20-30 km,
Pedrera et al. 2021).

A basaltic magma containing =~ 2.0 wt% H,O rising
through continental crust in subaerial settings is H,O sat-
urated at confining pressures of about 40 MPa, which is
equivalent to ~ 1.6 km considering a typical continental
lithostatic pressure gradient of 24.5-25 MPakm™' (Wallace
et al. 2015; Cas and Simmons 2018). However, taking into
account the effect of hydrostatic pressure on the satura-
tion of volatiles, for an estimated water depth of around
500 m (Lépez-Horgue com. pers.) and applying equa-
tion 2 of Cas and Simmons (2018), the basaltic magma
with =~ 2 wt% dissolved H,O will have reached saturation
in water at crustal pressures of 35 MPa, equivalent to a
submarine crustal depth of ~ 1.4 km. Due to relative dif-
ference between H,O and CO, solubilities, and based on
saturation models of Dixon (1997), the basaltic melt of
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Fig. 10 Schematic diagram
showing the proposed model
for the formation of alkaline
lavas based on the models of
Pilet (2015) and Pedrera et al.
(2021). Decompression melting
in the asthenosphere mantle
yielded low degree melts that
percolate through the litho-
sphere. This process gives rise
to a metasomatic zone with
amphibole-bearing veins to
produce alkaline melts. These
ascend to a storage zone in
the lithospheric mantle where
crystallization, mixing and
convective processes occur

Sea level
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veins

— 60 km
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this study with CO,/H,0 = 0.3-0.4 became saturated in
CO, and began degassing at about 300 MPa. In addition,
under the H,O saturation conditions, and based on volatile
saturation curves for CO, (Wallace et al. 2015; Cas and
Simmons 2018), maximum CO, contents of the order of
100 ppm can be expected, which would mean a significant
loss of CO, during magmatic rise.

Conclusions

This paper deals with a pillow lava interbedded with Upper
Albian-Lower Cenomanian sediments that occurs in the
Basque-Cantabrian Basin (Armintza, Bizkaia, N Spain).
The pillow lava is a porphyritic aphanitic basalt of alka-
line nature with abundant macrocrysts of clinopyroxene,
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Ca-rich plagioclase (50-86 mol%), kaersutite and ilmenite.
The groundmass consists mainly of microlites of plagio-
clase, very fine-grained clinopyroxene, ilmenite, rhonite in
close association with kaersutite, apatite and Fe sulphides.
The pillow lava has a relatively homogeneous bulk-rock
composition and enrichment of incompatible trace ele-
ments, with REE patterns, Al,05/TiO, (3.38-3.41) and
Na,O/K,0 (2.59-3.49) ratios typical of OIB-type or intra-
plate basalts.

Mineral textures and compositions reveal a complex
magmatic history involving open-system magmatic pro-
cesses such as recharge and mixing. Analysis of compo-
sitional zoning in macrocrysts suggests time intervals
on short time scales (days to months) between magma
recharge and eruption. Overall, pressures and temperatures
of ~ 700-800 MPa and =~ 1050-1150 °C, respectively, are
estimated for the pre-eruptive conditions by using clino-
pyroxene, plagioclase and amphibole in combination as
thermobarometers.

Trace element compositions of clinopyroxenes and
amphiboles determined by LA-ICP-MS are consistent with
those from clinopyroxenite and hornblendite magmatic
veins. Hypothetical melts in equilibrium with pyroxenes and
amphiboles show trace-element patterns similar to alkaline
melts produced experimentally from amphibole-bearing
metasomatic veins within the lithosphere, which overlap
in their patterns with those of the Armintza basaltic lava.
Accordingly, a metasomatised lithospheric mantle including
amphibole-rich veins is interpreted as the most likely source
for the alkaline basaltic melt.

The alkaline volcanism of the Basque-Cantabrian Basin
constitutes a small-scale system in an extensional geody-
namic environment, which was built during a series of
time-limited eruptions of different batches of magma that
took place mainly from the Albian to the Santonian. Inas-
much as minerals as plagioclase, ferromagnesian silicates
and Fe-Ti oxides are sensitive to changing magmatic condi-
tions through their textures and compositional variations,
it would also be interesting to focus attention on mineral
phases from others volcanic outcrops to better understand
the Cretaceous magmatism of the Basque-Cantabrian
Basin.
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