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Abstract

This paper describes for the first time a lobe-hyaloclastite felsic complex on an oceanic island
of intraplate setting. In the submarine volcanic succession of the Basal Complex of La Palma
(Canary Islands), two main units are identified: an older felsic formation and a conformable
upper basaltic-trachybasaltic formation. The felsic formation comprises three facies associa-
tions: (1) coherent facies, represented by trachytic lobes with porphyritic, aphanitic, or glass
trachytes; (2) autoclastic facies, including hyaloclastites and autobreccias; and (3) syn-eruptive
resedimented facies, consisting of mono- and polymictic breccias (massive or graded), and
of volcaniclastic sandstones and breccias. The internal architecture and facies relationships
are consistent with sedimentation in a submarine trachytic lobe-hyaloclastite complex, which
predates the basaltic—trachybasaltic formation. These felsic rocks are classified as trachytes,
although they exhibit extensive hydrothermal alteration. The behavior of incompatible trace
elements suggests that the variety of the trachytic rocks—porphyritic or aphanitic terms—can
be attributed to fractional crystallization processes. However, the features of the incompatible
trace elements and the rare earth elements indicate that these trachytes are not cogenetic with
the submarine basaltic-trachybasaltic rocks of the Basal Complex of La Palma. Instead, the
trachytic magmas responsible for the lobe-hyaloclastite complex formation likely represent
the late evolution of a precursor basaltic magma that would have led to the formation of a
basaltic submarine shield not exposed nowadays. This study also presents the first robust
geochronological constraints for the submarine volcanic units of the La Palma Basal Complex,
based on U-Pb on zircons and Ar—Ar on amphiboles. Given that the submarine trachytic lobe—
hyaloclastite complex is the oldest lithostratigraphic unit exposed on La Palma, a minimum
age of 3.10 Ma is proposed for the initiation of the island submarine growth stage.
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1. Introduction

The origin and evolution of magmatism associated with the source and growth of
oceanic islands in an intraplate setting is currently one of the topics that causes the most
discussions and debates within the scientific community related to the study of the genesis
and evolution of magmas on Earth. Central to this debate are the mechanisms of magma
genesis and evolution, not only the possible interactions between the mantle and the
oceanic crust, but also the respective roles of the asthenosphere and the lithosphere [1-10].

The Canary Islands have played a prominent role in this scientific discussion. Since
the 1970s, numerous hypotheses have been proposed to explain the origin and evolution
of magmatism in the archipelago. Some of these models invoke a passive role of the
oceanic lithosphere, such as the hotspot hypothesis [1,2], the “blob” hypothesis [3], the
edge-driven convection [4], and the combined hotspot—-edge convection hypothesis [5,6].
Alternatively, active tectonic models have also been proposed, including the propagating
fracture model [7], the uplifted block hypothesis [8], the synthetic model [9], and the plate-
based hypothesis [10]. The diversity of these hypotheses reflects the Canary Islands” unique
geological setting, which offers an unbeatable setting to study lithosphere-asthenosphere
interactions in intraplate volcanic environments.

Unfortunately, most of these models have predominantly focused on the subaerial
evolution of the island volcanic edifices, while the earlier submarine growth stage has
received comparatively limited attention. This imbalance likely stems from the scarcity of
robust geochronological data for the early submarine units, chiefly the Basal Complexes of
the islands, and the inherent difficulties involved in their investigation.

On the other hand, in recent years, increasing attention has been directed toward
understanding the submarine construction of oceanic islands and volcanic seamounts.
Seamounts (including “guyots”) are volcanic structures that rise from the ocean floor, either
along mid-ocean ridges (“on-ridge”) or on older oceanic crust (“off-the-axis”) [11]. Global
inventories vary: refs. [12,13] catalogued 24,643 seamounts (8458 of which exceed 1 km
in height), while ref. [14] identified 10,234 “seamounts” and “guyots” higher than 1 km.
Other estimates include 11,880 [15], 14,287 [16], and 33,452 [17] seamounts.

Much of the information about the distribution, morphology, size, structure, and
growth of submarine volcanoes has been acquired using surface and immersion ana-
lytical techniques. These include bathymetric mapping [18-47]; dredging and drilling
of seamounts, volcanic-island aprons, and ocean floor materials [29-32,41,48-71]; deep
drilling on oceanic islands (e.g., Hawaii [51,72,73]; Canary Islands [74]); visual observa-
tions using submersible vehicles [36-38,40,46,75-88]; sampling using submersible vehi-
cles [36,40,54,62,79-83,87-92]; permanent sensor networks [93-97]; geophysical studies
of internal structures [30,31,35,45,46,60,91,98-105]; and surface studies of subglacial or
emergent seamounts [50,106-124].

Focusing on the emergent seamount of La Palma, ref. [108] proposed a three-stage
model for the submarine evolution of a seamount in an intraplate setting [122]:

(a) Small seamount stage (100-1000 m in height).
(b) Medium seamount stage (height > 1000 m; eruptive depth > 700 m).
(c) Explosive seamount stage (eruptive depth < 700 m).
In the Canary Islands—specifically on La Palma, La Gomera, and Fuerteventura—the

submarine growth is primarily represented by rocks of their respective Basal Com-
plexes [108,123-125], although these complexes also include remnants of the oceanic crust,
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plutonic rocks, and dyke complexes related to the growth of the earliest submarine and
subaerial edifices, and a varied set of breccia materials [108,109,115-117,124-175].

Consequently, in certain islands such as La Palma, the conditions are uniquely favor-
able for studying the submarine growth and emergence of an oceanic island through direct
field observation of exposed units.

Geological Background

La Palma is the northwesternmost island of the Canary Archipelago. The island rises
up to 2426 m above sea level (Roque de los Muchachos), from an abyssal plain located at
a depth of about 4000 m [176], although during earlier geological stages, this level was
exceeded [162]. La Palma also exhibits the steepest average slope among the Canary Islands.
The oceanic lithosphere beneath the island records the M25 magnetic anomaly, Jurassic
age [177].

From a geological, geographical, and geophysical standpoint (Figure 1), La Palma
can be divided into two morphostructurally distinct regions. The northern part of the
island has a well-defined hexagonal perimeter and a roughly conical morphology, with the
impressive Caldera de Taburiente located near its center. This prominent feature drains
southwestward via the Barranco de Las Angustias, whereas along its perimeter, it displays
numerous deep ravines, radiating outwards toward the sea.

In contrast, the southern region of La Palma is defined by a “gabled roof”-shaped
topography with relatively few ravines. This zone trends N-S and forms the Cumbre Vieja
volcanic ridge.

The northern part represents the oldest part of the island, composed of a denser, more
rigid insular core [178-180]—referred to as the North Shield—which is inferred to root
into the upper mantle. The oldest exposed rocks of this shield occur within the Caldera de
Taburiente and in the Barranco de las Angustias. These include uplifted submarine units,
such as trachytic breccias and lava flows, along with the trachybasaltic and basaltic breccias
and the pillow lavas of the Barranco de Las Angustias [108,109,128,129,136,154,173,174,181].

These submarine units, representing part of the submarine growth stage of the North
Shield, are uplifted and tilted, with bedding dipping up to 70° to the SW, and exhibit a
low-grade (greenschist facies) hydrothermal metamorphism. This has led to the recrystal-
lization of the primary minerals of the gabbros into green-colored species, such as albite,
chlorite, epidote, actinolite, prehnite, andradite, and others [129,182,183]. These mineral
assemblages suggest peak metamorphic conditions of 450-490 °C and 1-1.5 kbar. Therefore,
it is estimated that ~3000 m of overburden once covered these submarine rocks, whose top
is now exposed at ~1300 m a.s.l. inside the Caldera de Taburiente.

These submarine rocks contain microfossil assemblages of the Lower Pliocene
age [109,184] and are intruded by pyroxenites, gabbros, olivine gabbros, amphibolic, alka-
line gabbros, and syenites, and a dense network of basaltic sheeted dykes [108,136,162,173].

The subaerial growth stage of the North Shield [185-193] commenced with the forma-
tion of the Garafia Volcano (Figure 1, 1.72-1.2 Ma), now only partially exposed through
erosional windows at the headwaters or in the middle course of the deepest ravines in the
north, such as the Barranco del Agua, Gallegos, Franceses, de los Hombres, and Jieque
ravines, amongst others [185,190,194]. This edifice consists predominantly of pyroclastic
and basaltic flows. The lavas occur tilted periclinally ~30°, suggesting that the Garafia
Volcano developed as a large shield, whose center almost coincided with the Caldera de
Taburiente [195]. The estimated thickness of this unit is ~400 m, with a summit around 2000
above sea level. The Garafia Complex is crossed by numerous dykes, especially toward its
central region.
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The Garafia Volcano suffered a lateral landslide—the Santa Cruz de La Palma
landslide—on its southeastern flank, generating important debris—avalanche deposits
now exposed within the Caldera de Taburiente [154,186,196-201].
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Figure 1. A geological map of La Palma Island (modified from [201,202]). The historical eruption
outlined in red is the one from 2021. Coordinates in U.T.M. Hayford ellipsoid projection.

Subsequently, the Taburiente Volcano developed on the remains of the Garaffa Volcano,
nested in the amphitheater created by the Santa Cruz de La Palma landslide (Figure 1).
This edifice is subdivided into a Lower Taburiente Unit (1.08-0.83 Ma) and an Upper
Taburiente Unit (0.77-0.44 Ma), both dominated by basaltic lava flows and pyroclastic
deposits. The volcano experienced a major gravitational collapse on its SW flank: the Playa
de la Veta landslide (~0.83 Ma, [201,202]). Following this event, a reorganization of the
eruptive centers took place, and from being localized in the center of the shield, it became
increasingly concentrated into three rift zones (NW, NE, and N-S), converging near the
shield’s geometric center [154]. Continued accumulation, more than 500 m thick, led to a
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large edifice reaching ~3000 m above sea level, composed predominantly of pyroclastic and
mostly basaltic lavas, and some terminal episodes of a tephritic and phonolitic nature [154].

The greatest eruptive activity became progressively concentrated in the N-S rift (Cum-
bre Nueva ridge), which became increasingly higher and more unstable, and ultimately
collapsed, generating a large landslide on the western flank of the edifice, the Cumbre
Nueva landslide [186,188,194]. The resulting large depression was subsequently infilled
with younger lava flows and ultimately evolved into the present Caldera de Taburiente.
The slide has been dated at 0.56 Ma, which is the age of the topographically highest lavas
at Cumbre Nueva affected by the collapse [190].

Inside the Caldera de Taburiente, a series of plutonic bodies and dyke swarms of diverse
compositions intrude into the submarine formations and some of the debris—avalanche de-
posits related to the Santa Cruz de la Palma landslide. These plutons are formed by alkaline
gabbros, olivine gabbros, gabbros, and some syenites dated at 1.68-1.05 Ma [181] and are in-
terpreted as the magmatic chambers that fed the Garaffa and Taburiente edifices [136,181,195].

The submarine volcanic rocks and the oldest parts of the later subaerial volcanic
edifices (Garafia and Taburiente Volcanoes) were affected by at least three stress fields,
which strongly influenced the geometry and succession of the vein injection and plutonic
intrusion systems. These stress fields were caused by the interaction of local stress sources
related to the large volcanic edifices and regional fields caused by the state of stress on
the African plate in the sector [195]. According to [195], four distinct dyke systems exist.
The first two systems, I and II, coincide with the dyke systems 1 (with highly variable
orientation) and 2 (sills with NW-SE directions, inclined about 53° to the SW) of [109] and
are related to the submarine growth of the island. The third system, III-1, has essentially
a radial arrangement and is related to the formation of the Garafia Volcano. The fourth
system, III-2, also radial, is linked to the growth of the Taburiente Volcano.

Regarding the stress field tensors, stress field 1 post-dates dyke systems I and II, field
2 was contemporary with the dyke system III-1, and field 3 was contemporary with the
dyke system III-2. Stress fields 1 and 2 were active between 1.7 and 1.2 Ma, while stress
field 3 would have affected the island after 1.08 Ma.

Inside the amphitheater left by the Cumbre Nueva landslide, a new volcano, the
Bejenado Stratovolcano, was formed (Figure 1, ~0.56-0.49 Ma), ending the North Shield
growth. The Bejenado activity started with basaltic flows and pyroclasts, while its final
phase was made up of basaltic, basanitic, tephritic, and phonolitic pyroclastic and lavas,
which represent the most differentiated phase of the North Shield and form the 600 m thick
volcanic rocks of the Bejenado volcano [154].

The Cumbre Vieja Volcano is likely younger than 0.4 Ma [154,192] and forms a 15 km
long N-S trending active volcanic ridge that has undergone several historic eruptions over
the last 500 years. It is composed of stacked lava flows and pyroclasts from numerous
fissure eruptions, with emission centers preferentially concentrated along the N-S line of
summits and lavas spilling out on both flanks of the ridge. Older basaltic and basanitic
eruptions (~150 ka and older [192]) formed the western cliff, while basaltic, basanitic,
and tephritic strombolian eruptions and more recent phonolitic lava domes formed the
entire Cumbre Vieja cover and extensive coastal lava platforms, with ages ranging from
50 Ka to the present [154,187,188,202,203]. This volcano has been one of the most active
of the Canary Islands in historical times, since, in addition to the subhistoric eruption of
Montafia Quemada (which occurred between 1470 and 1492), there have been six other
eruptions: Tahuya (1585), Tigalate or Martin (1646), San Antonio (1677), E1 Charco (1712),
San Juan (1949), Teneguia (1971), and Hoya de las Plantas (2021) [204-207] (see Figure 1).
These eruptions have all been fissural, with effusive strombolian activity, sporadically,
phreatomagmatic, emitting fundamentally basanitic, and in some cases, tephritic, lavas.
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Some of these eruptions developed lava flows that reached the coastline, forming important
lava deltas (Figure 1).

As previously discussed, the submarine stage of La Palma includes a felsic episode and
a subsequent basaltic-trachybasaltic episode [129]. Both are intruded by gabbroic bodies
that caused intense contact metamorphism and by a complex network of basaltic dykes
associated with both the submarine and subaerial phases [136]. The intense heating caused
by these intrusions, together with the circulation of meteoric waters within the volcanic
edifice, caused intense hydrothermal metamorphism that especially affected the felsic rocks.
As a result, while the basaltic-trachybasaltic episode has been well characterized and dated
as Pliocene [108], the felsic unit, which is also poorly exposed, has hardly been studied
in depth and only interpreted in a general way as intrusive trachytic- or phonolitic-flow
domes within the basaltic-trachybasaltic succession [154].

This work presents a preliminary genetic study of the felsic episode, including detailed
field mapping, stratigraphic logging, facies analysis, geochemical characterization, and
age determinations.

2. Materials and Methods: Spectroscopy

Major and trace element analyses of whole-rock samples were conducted at Activation
Laboratories Ltd. (Ancaster, ON, Canada). Major elements (Si, Al, Ti, Mg, Fe, Mn, Ca, Na,
K, and P) and some trace elements (Sr, Y, Zr, Ba, and V) were measured using Fused Bead
Inductively Coupled Plasma (FUS-ICP) on lithium metaborate/tetraborate fused glass disks.
Most other trace elements (Cu, Co, Ni, Zn, Ga, Rb, Nb, Hf, Ta, Pb, Th, U, and REEs) were
analyzed via Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Chromium (Cr)
and scandium (Sc) concentrations were determined by Instrumental Neutron Activation
Analysis (INAA). Volatile content was assessed via Loss on Ignition (LOI) at 1000 °C. The
complete analytical results are provided in Table S1.

Four trachyte samples (TAB-12, TAB-23, TAB-24, and TAB-33B) from lobes of the
submarine lobe-hyaloclastite complex and one trachybasalt pillow-lava sample (TB-28B)
were collected at different stratigraphic levels along the stratigraphic section of the Barranco
de las Angustias.

Mineral separation to obtain zircon and amphibole crystal concentrates was carried
out on these samples at the Mineral Separation Laboratory of the Department of Petrology
and Geochemistry at Eotvos Lorand University in Budapest, Hungary. The separations
yielded zircon crystals from the four trachyte samples and amphibole crystals from the
only trachybasalt pillow-lava sample.

Isotopic determinations using the U-Pb method on the zircon concentrates (20 measure-
ments per sample) were performed using a SHRIMP II/mc ion microprobe at the IBERSIMS
Laboratory Service of the Scientific Instrumentation Center of the University of Granada.
Hand-picked zircons from the studied samples, several grains of the TEMORA-1 standard (for
isotope ratios; [208]), one grain of the SL13 zircon standard (for U concentration, [209]), plus a
few grains of the REG zircon (with high common Pb content, for mass calibration) were cast in
a 3.5 cm diameter epoxy mount (megamount), polished, and imaged using optical (reflected
and transmitted light) and scanning electron microscopy (SEM), including secondary electrons
(SEs) and cathodoluminescence (CL). After extensive cleaning, the mounts were coated with
ultra-pure gold (8-10 nanometers thick) and analyzed under the SHRIMP. Analytical proce-
dures followed [210]. Each selected spot was rastered for 120 s with the primary beam before
measurement and then subjected to 6 scans, following the isotope peak sequence 1%°Zr,0,
204Pb, 204'1background, 206Pb, 207Pb, 208Pb, 238U, 248ThO, and 254UO.
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Each peak was measured 10 times per scan, with counting times of 2 s (mass 196),
5 s (masses 238, 248, and 254), 15 s (masses 204, 206, and 208), and 20 s (mass 207). The
primary beam (1°0'60-) was ~5 nA, with a 120 um Kohler aperture, producing 17 x 20 pm
elliptical spots. The secondary ion beam slit was 80 um, achieving ~5000 resolution at 1%
peak height.

Calibration was performed using standards on the same mount. The REG zircon
(ca. 2.5 Ga, very high U, Th, and common lead content) was used for mass calibration,
SL13 (238 ppm U) for U concentration, and TEMORA-1 (416.8 & 1.1 Ma) for isotope ratios.
TEMORA-1 was analyzed every four unknowns to monitor analytical consistency.

Data reduction was conducted using SHRIMPTOOLS software (2014), developed by F.
Bea for IBERSIMS (accessed on 20 January 2025), based on the 2.4.0 PRAWN software (2020)
and compatible with Ludwig’s SQUID. SHRIMPTOOLS is platform-independent and runs
on Windows, Mac, or Unix computers independently of the language, time, and date system
settings. It has been written in the programming language of the STATA commercial package,
which implements powerful algorithms for robust regression, outlier detection, and time-series
analysis. Isotope intensities were calculated by averaging replicate measurements (excluding
outliers), correcting for background (204.1 mass), and normalizing to standard beam monitor
(SBM) values. Isotopic ratios (204/206, 207/206, 208/206, and 254/238) were computed
using Dodson’s [211] double-linear interpolation method. Ratios involving 206 /238, 206/195,
238/195, and 248 /254 were calculated by dividing the value at the mid-time of the analysis of
each isotope, calculated from the robust regression lines of the peak average of each scan vs.
the time at which it was measured. Errors for Dodson interpolated ratios were calculated as the
standard error of the (scans-1) interpolations for each ratio. Errors for the isotope ratios were
calculated by the regression results from propagating the standard error of the linear prediction
at the mid-point of the analysis. 206p}, /2381 was calculated from the measured 2%°Pb+/238U+
and UO+/U+, following the method described by [212]. The error reported for 206pp /238y
includes (1) the error in UO+/U+; (2) the error in the regression line In(UO+/U+) vs. In
(2%Pb /238U); (3) the standard error in the replicate measurements of the TEMORA zircon. For
high-U zircons (U > 2500 ppm), 2%Pb /23U is further corrected using the algorithm of [213].
Though seldom necessary, the software also permits correction for instrumental drift with time
using the sequence of replicate measurements of the TEMORA zircon.

Negative 2%*Pb values may result from the subtraction of the blank signal from the
measured 2%Pb peak when the latter is extremely low—typically zero, one, or two counts
per 10 s. For instance, if no counts are recorded at mass 204 and a single count is recorded
at 204.06 (the blank), the resulting 2%4Pb/2%°Pb ratio becomes negative. Although such
negative isotope ratios lack physical meaning, there is consensus within the SHRIMP
user community that these values should be retained for two primary reasons: (1) to
maintain balanced averaging across multiple measurements and (2) to mitigate the effects of
anomalously high blank values. Since blank corrections are also applied to masses ?>’Pb and
206Pb, preserving negative 2Pb values can help achieve more accurate 27 Pb /2%Pb ratios.
In this study, negative 2%4Pb values were retained in accordance with standard practice, as
they are statistically valid and contribute to the reliability of isotopic ratio corrections.

The analytical results are provided in Table S2. The images of zircon grains by cathodo-
luminescence, in transmitted and reflected light, including the analyzed spots (in the
cathodoluminescence images), are shown in Figure S1. In general, for samples such as this
one, the preferred age is the “*Pb /238U age corrected for common Pb (207-corrected), which
generally coincides with the intersection age.
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40 Ar/%° Ar analyses were performed at the Western Australian Argon Isotope Facil-
ity, Curtin University. Samples were step-heated using a 110 W Spectron Laser System
equipped with a continuous Nd:YAG laser (IR; 1064 nm) and rastered over the sample
for one minute to ensure a homogenously distributed temperature. The gas was purified
through a stainless-steel extraction line using two SAES AP10 getters, a GP50 getter, and
a liquid nitrogen condensation trap. Argon isotopes were measured in static mode using
an MAP 215-50 mass spectrometer (resolution ~500; sensitivity 4 x 10~'% mol/V) with a
Balzers SEV 217 electron multiplier. Each sample was run in 9-10 peak-hopping cycles.
Data acquisition was managed with the Argus program (M.O. McWilliams) in the LabVIEW
environment. Data reduction was performed using ArArCALC software [214], with decay
constants from [215]. Blanks were monitored every 3—4 steps, with typical “’Ar blanks
ranging from 1 x 1071¢ to 2 x 1071® mol. Argon isotopic data were corrected for blanks,
mass discrimination, and radioactive decay and, along with the age, K/Ca values, and
inverse isochron plots, are presented in Table S3, with individual uncertainties reported at
the 1o level.

Plateaus were defined by the following criteria: (i) plateaus must include at least 70%
of ¥Ar released; and (ii) they should be distributed over a minimum of 3 consecutive
steps agreeing at the 95% confidence level and satisfying a probability of fit (P) of at least
0.05. Plateau ages were reported at the 20 confidence level, calculated as the weighted
mean of plateau steps based on the inverse variance of their individual analytical error.
Inverse isochrons include all steps with p > 0.05. All uncertainties (in square brackets) were
estimated using the Monte Carlo approach of [216].

3. Results and Discussion
3.1. Description and Interpretation of Facies

The trachytic episode (Figure 2) forms a stratigraphic unit that crops out with a NW-SE
trend, dipping to the SW between 15° and 62°. Its base is located towards the center of the
Caldera, whereas its top, in stratigraphic continuity with the overlying upper submarine
trachybasaltic-basaltic sequence, is visible in the Barranco de Las Angustias, near El Carbén.
The relative position of both units and their stratigraphic continuity show that the trachytic
episode is not intrusive into, but actually older than, the intermediate—basic series and hence
constitutes the oldest formation cropping out on the island of La Palma. The stratigraphy
of the submarine trachytic episode has been studied along the Barrancos de Taburiente
and Las Angustias, from about 500 m south of the camping area of the National Park in
the Barranco de Taburiente to El Carbén (points A and B, respectively, in Figure 2). The
resulting stratigraphic log, about 330 m thick (Figure 3), characterizes this unit from the
deepest and most internal levels to the shallowest and most distal part of the submarine
trachytic episode. Three main facies, with several subfacies, have been recognized (Table 1):

(a) Coherent facies (Table 1A).

(b) Autoclastic facies (Table 1B).
(¢) Resedimented syn-eruptive facies (Table 1C).
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- Basaltic pyroclastics and lava-flows

Quaternary

[ Olivine gabbros and gabbros
[ submarine trachybasalts

- Lobes of the porphyritic trachytes and
trachybasalt pillow-lavas with interbedded
breccias

[ ] Lobes of the porphyritic trachytes with
interbedded breccias
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interbedded breccias
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I:I Breccias and sediments of the Roques Centrales
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- Breccias of the lanslide of the Lower Taburiente Volcano

[ Breccias of the lanslide of the Garafia Volcano
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COMPLEX

SEAMOUNT

Figure 2. A geological map of the central sector of the Caldera de Taburiente. The inset indicates the
location of the mapped area within La Palma Island. The green solid line marks the stratigraphic
section studied from point A to point B through the Barranco de Taburiente and the Barranco de las
Angustias. The geological units mapped may not directly correspond to the lithofacies described in
Table 1A-C. Coordinate system: UTM, Hayford ellipsoid projection.
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Figure 3. A stratigraphic log of the studied interval measured along the Barranco de Taburiente and the Barranco de Las Angustias (A-B section in Figure 2). The

characteristics of the different facies and subfacies are described in Table 1.
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Table 1. (A) Description and interpretation of the coherent facies from the trachytic episode of the
Caldera de Taburiente. (B) Description and interpretation of the autoclastic facies from the trachytic
episode of the Caldera de Taburiente. (C) Description and interpretation of the resedimented syn-
eruptive facies from the trachytic episode of the Caldera de Taburiente.

Litology, Stratification, Textures,

Facies and Structures

Interpretation

A

Very vesiculated pillow lavas forming
continuous tubes up to 1 m in diameter
(Figure 4-1). Little hyaloclastic material occurs
among the pillow lavas.

Al. TRACHYBASALTIC
PILLOW LAVAS

Lava flows from submarine
trachybasaltic eruptions.

A2. LOBES OF VITREOUS OR )

Aphanitic or vitreous trachytes in tubular
bodies, in the form of lobes, with individual
diameters varying between 0.5 and 1 m,
superimposed until reaching thicknesses of up
to 20 m. In the lobes (Figure 4-2), a zoning
from core to edge is observed:

(1)  Core: Aphanitic or vitreous trachyte,
black or gray-violet in color, with a
vitreous micro-cryptocrystalline, fluidal,
feldspathic, spherulitic, and carbonate
matrix (Figure 4-2B).

Internal intermediate zone of aphanitic

or glassy trachyte, in most cases with

flow banding (Figure 4-2B).

(3)  External intermediate zone of white
aphanitic trachyte with vesicles
(5%—-20%) of green color (with calcite,
albite, and epidote) and stretched up to
2 cm long (Figure 4-2B).

(4)  External edge of vitreous trachyte about
2-3 cm thick and greenish or black in
color (obsidian transformed to chlorite),
(Figure 4-2B).

APHANITE TRACHYTES

Trachytic lobes (similar to those
described by [217-219]. Here, they are
described on oceanic islands for the
first time.

A: COHERENT FACIES

A3. LOBES OF PORPHYRITIC

Light or gray porphyritic trachytes in tubular
bodies, in the form of lobes, with individual
diameters varying between 0.5 and 1 m,
superimposed until reaching thicknesses of up
to 30 m (Figure 4-3). Lobes may have no
internal zoning with (subfacies A.3.1.) or
without fluid texture (subfacies A.3.2.) or show
a core-to-edge zonation (subfacies A.3.3.)
(Figure 4-3C):

(1)  Porphyritic trachyte core, with
phenocrysts of plagioclase, potassium
feldspar (up to 3—4 cm, altered to albite
and epidote), biotite (up to 2 mm,
altered to chlorite, epidote, and opaque
minerals), opaques, and apatite.
Microcrystalline, feldspathic,
non-fluidal, spherulitic matrix, with
some epidote, opaques, and chlorite.
They barely present varioles.

(2) Internal intermediate zone of
porphyritic trachyte with frequent
flow banding.

(3)  External intermediate zone of white
porphyritic trachyte with stretched
green vesicles (5%-20%) (with calcite,
albite, and epidote) up to 2 cm long.

(4)  External edge (2-3 cm thick) of greenish
or black vitreous trachyte (obsidian
transformed to chlorite), with some
scattered feldspar microliths.

TRACHYTES

Trachytic lobes (similar to those
described by [217-219]. Here, they are
described on oceanic islands for the
first time.
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Table 1. Cont.

Facies

Litology, Stratification, Textures,
and Structures

Interpretation

B

B1: HYALOCLASTITES

Clast-to-matrix-supported monomictic breccia,
poorly sorted, ungraded, with little matrix,
arranged in massive layers less than 10 m thick
with gradational contacts with adjacent
trachytic bodies (Figure 4-4). Clasts up to 30
cm in size (2-3 cm on average), angular and
subangular with polyhedral or “blocky”
shapes, curviplanar margins, straight corners
and, more rarely, with amoeboid shapes. Some
exhibit “jigsaw-fit” or clast-rotated textures
with gradual transit from the lobes to the
breccias with jigsaw-fit textures and from

“In situ” hyaloclastites, generated by
fragmentation and contraction of the
trachytic lobes due to rapid cooling in
contact with sea water [220-222]. In
submarine conditions, the contact of
water with magma or with rock that is
still hot produces non-explosive
fragmentation due to supercooling
and contraction, generating
hyaloclastites. If the magma was in

N these to the breccias with clasto-rotated 4
m - the process of degassing, the
5 textures. The nature of the clasts is the same as hvaloclastites appear with a high
< that of the adjacent trachytic lobes: porphyritic 4 °s ePP i anis
= . - - degree of vesiculation, giving rise to
U trachytes (subfacies B.1.1.), fluidal porphyritic ico-like clast
E trachytes (subfacies B.1.2.), or fluidal aphanitic punicerike casts.
2 trachytes (subfacies B.1.3.), with varied
d vesiculation (stretched or rounded vesicles).
o e .
= Clast-supported monomictic breccia, poorly
2 classified, massive and with little matrix,
= forming layers less than 3 m thick, although Auto-brecciation or fracturing of the edges
they can reach 10 m. Gradational contact with  of the trachytic lobes due to the shear or
the trachytic lobes (Figure 4-5). Clasts between tensional stress that is generated
3 cm and 50 cm, amoeboid in shape, or, more between the moving magma and the
rarely, angular, and frequently plastically edge of the already solidified
B2: AUTOBRECCIAS deformed. They present “jigsaw-fit” and lobe [218]. If fragmentation occurs
clast-rotated textures. The nature of the clasts ~ under plastic conditions, the clasts are
is the same as that of the adjacent trachytic very irregular and adapt to each
lobes: porphyritic trachytes (subfacies B.2.1.), other [220]. If it is more brittle, clast
fluidal porphyritic trachytes (subfacies B.2.2.), accumulations with curviplanar
or fluidal aphanitic trachytes (subfacies B.2.3.), surfaces occur [221].
with varied degrees of vesiculation (vesicles
are stretched or rounded).
C
Monomictic, clast-to-matrix-supported breccia,
poorly sorted, massive or with slight normal
grading, in layers up to 3 m thick
C1: TRACHYTIC BRECCIAS, MASSIVE  (Figure 4-6A,B). Angular to subangular clasts, Submarine mass flows (debris flows)
OR WITH SLIGHT with an average diameter of 1.5 cm and produced by the resedimentation of
NORMAL GRADING maximum 20 cm, with polyhedral and, more hyaloclastites and autobreccias [222].
rarely, amoeboid morphologies, of porphyritic
trachytes and aphanitic, fluidal or not, and
. with varying degrees of vesiculation.
a % Submarine mass flows (debris flows)
EZ produced by small avalanches of
E m hyaloclastites, autobreccias, and lobes
= 2 Polymictic clast- and matrix-supported breccia,  of the lobe-hyaloclastic complex and
a £ massive and very poorly classified, with clasts of the pillow lavas and breccias of
A a with diameters between 0.5 cm and 2 m fragments of trachybasaltic pillows.
7 K (average 5 cm) (Figure 4-6C,D). The clasts are Clasts larger than 2 m appear to
J E of a very varied nature: subangular with represent large fragments of the
n

C2: POLYMICTIC MASSIVE BRECCIAS

porphyritic trachytes; white trachytes with
stretched vesicles; gray aphanitic trachytes
and fluidal trachytes (of sizes greater than 2 m
that appear to represent large fragments of
trachytic lobes); and subangular clasts of
trachybasalts and subrounded clasts of
gabbros and monzonites.

trachytic lobes. Subrounded clasts of

gabbros and monzonites indicate
abrasion during or prior to
transportation. The subrounded
plutonic rock pebbles could be

enclaves transported by felsic magma

torn from deep within an already
solidified magma chamber, or come
from a nearby emerged and exhumed
volcanic edifices.
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Table 1. Cont.

Facies

Litology, Stratification, Textures,
and Structures

Interpretation

C: RESEDIMENTED
SYN-ERUPTIVE FACIES

C3: POLYMICTIC MASSIVE BRECCIAS
WITH INVERSE GRADATION AT
THE BASE

Mono- and polymictic clast- and
matrix-supported breccia, medium to poorly
sorted, of subrounded and subangular clasts
with a minimum size of 2 cm and a maximum
of 30 cm (average of 10 cm). Sand and gravel
size matrix. The layers show inverse grading
at the base and, in some cases, normal grading
at the top. The clasts are porphyritic trachytes
with a glassy or microcrystalline matrix and
stretched vesicles; fluid porphyritic trachytes;
aphanitic trachytes, vitreous, more or less
fluid; porphyritic trachybasalts, very
vesiculated, with curviplanar shapes (“pie
pieces”) and curved cooling or amoeboid
edges, and rounded edges of gabbros and
monzonites. We distinguish the following
subfacies: subfacies C.3.1. (Figure 4-7), if the
clasts are exclusively porphyritic trachybasalts,
very vesiculated, with curviplanar shapes
(“pie pieces”) and curved or amoeboid edges;
subfacies C.3.2. (Figure 4-8), if the clasts are
exclusively trachytes; subfacies C.3.3.

(Figure 4-9), if clasts of trachytes, trachybasalts,
and gabbros, and monzonites exist.

Submarine gravity flows from the
resedimentation of lobes, slipped
pillow lavas, hyaloclastites, and
autobreccias of trachytic or
trachybasaltic composition. These
subaqueous gravity flows would be
“high-density gravelly turbidity
currents” in the sense of [220]; or
concentrated density flows of [223])
composed predominantly by grain
size populations 2 and 3 of [224] or A
and B by [225]. The observed facies
would correspond to the R2 parts of a
high-density turbidite defined
by [220] or to the F2 deposits of an
idealized turbidite by [225]. The
subrounded clasts of plutonic rocks
could have the same origin, as
indicated for facies C2.

C4: POLYMICTIC SANDSTONES AND
BRECCIAS WITH INVERSE GRADING
AT THE BASE

Coarse sandstones and breccias arranged in
stacked inversely graded units 1 to 3 m thick,
with subangular clasts of trachybasalts and
porphyritic trachytes up to 20 cm in the upper
part of each unit (Figure 4-10). The trachytes
are highly vesiculated, reaching, in some cases,
40% vesiculation.

Submarine gravity flows possibly of
turbidite currents: S2 of [224]
resulting from transformation of the
high-density gravel turbidite currents
that formed the massive polymictic
breccias with inverse grading at the
base (C3).

Figure 4. Cont.

@
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(10)

Figure 4. (1) The appearance of lithofacies Al (trachybasaltic pillow lavas). The morphology of the
pillow lavas is visible in (A, B, C). Detail of a pillow lava (D). (2) The appearance of lithofacies A2
(lobes of vitreous or aphanite trachytes; the photos A, B, C, D show the lobe at different scales and
details of the different parts of the lobe and its surroundings). The explanation of numbers 1, 2, 3, and
4 is found in Table 1. B2 is an autobreccia. (3) The appearance of lithofacies A3 (lobes of porphyritic
trachytes; the photos A, B, C, D show the lobe at different scales and details of the different parts of
the lobe and its surroundings). The explanation of numbers 1, 3, and 4 is found in Table 1. Bl is a
hyaloclastite. (4) The appearance of lithofacies B1 (hyaloclastites; the photos A, B, C, and D show
different aspects of hyaloclastites). (5) The appearance of lithofacies B2 (autobreccias; the photos A, B,
C, and D show different aspects of autobreccias). (6) (A, B) The appearance of lithofacies C1 (trachyte
breccias, massive or with slight normal grading). (C, D) The appearance of facies C2 (polymictic
massive breccias). D shows rounded fragments of plutonic rocks. (7) The appearance of lithofacies
C3.1. (polymictic massive breccias with inverse grading at the base; the photos A, B, C, and D show
different aspects of the polymictic massive breccias with inverse grading at the base). White lines
mark the bedding. The explanation of the facies C3.1 and C.3.3 is found in Table 1. (8) The appearance
of lithofacies C3.2. (polymictic massive breccias with inverse grading at the base; the photos A, B,
C, show the polymictic massive breccias with inverse grading at different scales and details of the
different parts of the breccia and its surroundings). White lines mark the bedding. The explanation
of the facies C3.2 is found in Table 1. A3 is a lobe of porphyritic trachytes. (9) The appearance of
lithofacies C3.3. (polymictic massive breccias with inverse grading at the base; the photos A, B, C, and
D show different aspects of the polymictic massive breccias with inverse grading at the base). White
lines mark the bedding. The explanation of the facies C3.1 and C3.3 is found in Table 1. (10) The
appearance of lithofacies C4 (polymictic sandstones and breccias with inverse grading at the base).
(B) is a detail of (A), and (D) is a detail of (C). White lines mark the bedding. The colored boxes and
arrows indicate the position of the different detail photographs.

3.2. Meaning of the Submarine Felsic Episode

The features of the facies described above and their arrangement in the felsic episode sug-
gest that this unit of the La Palma submarine edifice represents a trachytic lobe-hyaloclastite
complex (see Figure 5) similar to those described by [217-219]. So far, they have only been
described in modern mid-ocean ridges, in ophiolitic complexes such as Oman and Semail,
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and in subduction areas in arc-island and back-arc environments [221] (for example, Canadian

Archean and subglacial Quaternary rhyolites in Iceland), making the La Palma case the first

example described in oceanic islands with an intraplate environment.

TOP (SW) SUBMARINE TRACHYTE BASE (NE)

LOBE-HYALOCLASTITE COMPLEX

B2 % = '
(A1) (A3) (B1-B2) (C1-C2) (C3-C4)

(A1) Trachybasaltic pillow-lavas

(A2) Trachytic aphanitic or glassy lobes

(A3) Trachytic porphyritic lobes

(B1-B2) Hyaloclastites and autobreccias (autoclastic)

(C1-C2) Massive trachytic or with slight normal gradation,
bereccias or polimictic massive breccias

(C3-C4) Polimictic massive trachytic or with inverse gradation to the base
or sandstones and breccias with inverse gradation to the base

Figure 5. The general internal structuring of the lobe-hyaloclastic complex of La Palma. Neither

gabbros nor intrusive dykes are shown.

These complexes represent the final, most evolved, and least voluminous episodes of the

evolution of basaltic fissure volcanism that forms large shield volcanoes on the ocean floor.

They usually infill collapse calderas formed in the highest part of these volcanoes [217-219]

and comprise several facies interpreted to represent the near-vent innermost part to the distal,

outermost parts. These are as follows:

@

@)

®)

Massive proximal deposits with densely stacked lobes more than 100 m long, which
start from a central feeder dam, arranged down the slope, and which, due to their
higher viscosity and lower temperature, differ in shape from the lobes of basaltic and
trachybasaltic flows (pillow lavas).

The middle zone of hyaloclastite lobes: 2-100 m long lobes surrounded by hyaloclastite
and brecciated lavas with flow banding.

The distal breccia zone: hyaloclastitic matrix-supported breccia with lobe clasts and
few brecciated lobes with “jigsaw-fit” or clast-rotated textures. Two types of breccias
are distinguished: (a) autobreccias forming a shell that overlies the lobes (clasts
with flow bands in a chaotic arrangement) and (b) hyaloclastitic flank breccias (clast-
supported, with large fragments of lobes, interspersed with stratified hyaloclastites)
that form the distal and lateral edges of the complex (flank breccias). The genesis of
the latter is due to the late sliding and repositioning of autobreccias and hyaloclastites
by submarine mass flows.
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3.3. Geochemical Study of the Trachytic Lobe—Hyaloclastite Complex

A total of fifteen new whole-rock chemical analyses (Table S1) were performed on
the volcanic rocks from the submarine lobe-hyaloclastite complex exposed in the Caldera
de Taburiente. Ten of these samples correspond to the coherent trachytic facies (TAB-06,
TAB-30B, TAB-23, TAB-33A, TAB-33B, TAB-45, TAB-16, TAB-36, TAB-40, and TAB-41),
while five samples correspond to the dykes of intermediate composition (TAB-08, TAB-34,
TAB-42, TAB-43, and TAB-47) that intrude the trachytic lobe-hyaloclastic complex. The
first four dykes are interpreted as coeval with the submarine phase, whereas TAB-47 is
related to the younger subaerial volcanic activity. In addition, six samples from the younger
submarine basaltic-trachybasaltic sequence were analyzed (TAB-28B, TAB-29B, TAB-49,
TAB-50, TAB-51, and TAB-52).

In the TAS diagram (Figure 6A), the rocks of the lobe-hyaloclastite complex are plot-
ted as trachytes and constitute the series of rocks with the highest silica saturation on the
island (60 to 67 wt.% SiO;y). In contrast, the rocks of the youngest and less differentiated
submarine volcanic formation and the earliest intermediate dykes of the Basal Complex
define a compositional trend, from basalts and trachybasalts (hawaiites) to mugearitic and
benmoreitic compositions [226]. The dyke associated with subaerial volcanism (hollow
green triangle in Figure 6A) projects near the tephryphonolite field, reflecting its under-
saturated nature. For this reason, it is excluded from further geochemical interpretations.
Within the trachyte field, a distinction is evident between aphanitic and porphyritic types.
The aphanitic trachytes (filled triangles) appear slightly more evolved than the porphyritic
ones (hollow triangles).

Despite showing relatively low LOI proportion (<2.5% in most cases), mineralogical
evidence confirms substantial hydrothermal alteration in the La Palma submarine trachytes,
particularly an intense albitization of potassium feldspar [129]. This alteration is reflected
in unusually low K,O contents (<0.35%) compared to other Canary Island trachytes. As a
result, the rocks of the lobe-hyaloclastite complex must be considered meta-trachytes.

Trachytes from the Basal Complexes (B.C.) of La Palma, La Gomera, and Fuerteventura
(Figure 6B) occupy similar positions in the TAS diagram and exhibit notable K,O deficien-
cies. However, the closest compositional analogs to the La Palma submarine trachytes are
found in the unaltered trachytes of the Henry Seamount [227], the xenopumices from the
2011-2012 El Hierro eruption [228], and the less altered pumice emitted as enclaves in the
Teneguia eruption in 1971; none of which show signs of hydrothermal alteration. When
projected onto the diagram proposed by [229] (Figure S2), porphyritic trachytes fall into
the phonolite field, while aphanitic trachytes are projected onto the boundary between
phonolite and trachyte.

Since the trachytes of the lobe-hyaloclastite complex in the Caldera de Taburiente
predate the overlying submarine basaltic-trachybasaltic rocks, with which they exhibit clear
stratigraphic continuity, it is reasonable to consider a possible genetic link via fractional
crystallization. However, it is difficult to reconcile such a scenario, as it would require the
early eruption of highly differentiated magmas followed—after an undefined interval—by
the emplacement of basaltic melts that are compositionally closer to primary magmas,
despite their spatial and temporal association.

To investigate the petrogenetic processes responsible for the formation of the subma-
rine rocks of the Basal Complex (B.C.), a trace element analysis was conducted across the
various lithological units. In particular, binary diagrams using pairs of highly incompatible
elements (CiH-CjH; [230]) can effectively test whether these rocks are genetically related
through fractional crystallization processes.
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Figure 6. A TAS diagram of submarine volcanic rocks and xenoliths from the Canary Islands.
(A) Samples from the submarine formation of La Palma. Symbols: black-filled circles—basaltic and
trachybasaltic rocks (this work); green—intermediate dykes; red—trachytic lobes; crosses—data
from [132]; Xs—data from [108]; asterisks—data from [154]; additional symbols from this work:
hollow triangles—porphyritic trachytes; filled triangles—aphanitic trachytes. (B) Selected trachytes
from various Canary Island sources. Symbols: filled triangles—Basal Complex (B.C.) of La Palma;
hollow triangles—submarine rocks from the B.C. of La Gomera; inverted triangles—submarine
rocks from the B.C. of Fuerteventura; X—gray enclave included in lava flows of the 1971 Teneguia
eruption; crosses—samples from Henry Seamount; thomb—gray xenopumice (“restingolite”) from
the 2011-2012 El Hierro eruption.

For example, in the La-Th and Ce-Nb diagrams (Figure 7), the trachytes of the lobe—
hyaloclastite complex plot along one linear trend, while the younger submarine basaltic—-
trachybasaltic rocks and the earliest intermediate dykes that intrude the complex define
a separate trend. Both trends originate from the diagram’s origin, suggesting that they
represent distinct fractional crystallization series derived from different primary magmas.



Minerals 2025, 15, 1007

22 of 37

120
A
100 A
01 @ ; o A
La o
60 ! A A
"' LA
40- :\ A
@ A
0 (I)r T T T 4|0 T
10 20 0 1 50 60
200 %
o AN
150 ¢ SOA
Ce
A A
100 4 .
L 4 44 A
‘ A A’ -
y N
01 @ &
0 T I T
200 300 400
0 100 g

B

Figure 7. Diagrams of incompatible elements CiH-CjH. (A) Th-La (in ppm). (B) Nb-Ce (in ppm).
Symbols as in Figure 6A.

This implies that the trachytes represent the final differentiated products formed from
different fractional crystallization processes, possibly from different primary magmas.
This way, the trachytes of the lobe-hyaloclastitic complex would be the final terms of a
series of magmatic differentiation formed by the fractional crystallization of older and
different basaltic magmas to those that subsequently gave rise to later submarine basaltic
and trachybasaltic rocks, outcroppings in the B.C. from La Palma. Furthermore, in the
Nb—Ce diagram, the trachytes form a linear trend that does not pass through the origin
(Figure 7B), indicating the likely involvement of apatite during the crystallization process.

Although some overlaps exist, the overall distribution in Figure 7 suggests that the
mugearitic and benmoreitic dykes crossing the trachytic complex may have originated
from the fractional crystallization of the magmas responsible for the younger submarine
basaltic-trachybasaltic rocks.

A similar conclusion is supported by the analysis of CiH-CiH/CjH-type dia-
grams [230], such as Th vs. Th/La and Ta vs. Ta/La. If the trachytes of the lobe-hyaloclastite
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complex were genetically related to the magmas that produced the submarine basalts and
trachybasalts through fractional crystallization, both groups would be expected to plot
along a horizontal line, parallel to that defined by the mugearitic and benmoreitic dykes (as
illustrated by the dashed line in Figure 8). However, this pattern is not observed. Instead,
the trachytes—both aphanitic and porphyritic—plot along a distinct linear trend parallel to
the X-axis but originating from higher Th/La and Ta/La ratios (the solid line in Figure 8).
This suggests that the trachytes were derived from the fractional crystallization of older
basaltic magmas with higher initial Th/La and Ta/La values than those that later produced
the submarine basaltic-trachybasaltic rocks and their associated dykes.
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Figure 8. Diagrams of incompatible CiH-CiH/CjH elements. (A) Th-Th/La and (B) Ta-Ta/La.
Symbols as in Figure 6A.

All the rocks of the La Palma submarine volcanic edifice have been represented in a
diagram of incompatible trace elements normalized to the primitive mantle [231] (Figure 9).
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This diagram shows that trachytic rocks show strong depletion in Rb, Ba, K, Sr, Eu, P, and
Ti. Depletion in some of these incompatible elements (Rb, K, and, probably, Ba) can be
explained by the remobilization due to the action of hydrothermal metamorphism that has
mainly affected the trachytes, as they are the most ancient and located more towards the
center of the volcanic edifice, where warming was greater due to the greater intensity of
the plutonic and dyke intrusion. Depletion in the rest of these elements (Sr, Eu, P, and Ti)
indicates the intervention of fractional crystallization processes in the trachytic magmas of
minerals such as plagioclase (St, Eu), ilmenite—sphene (Ti), or apatite (P) [232], fractionation
that is not appreciated to have affected the magmas that gave rise to the mugearitic—
benmoreitic dykes that cross the trachytes. On the other hand, the trachytes (and the dykes)
also show an enrichment in Th, U, Nb, and Zr, characteristic of differentiated rocks.

1000 —
o
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® =
= -
q) -
2 B
E T
n’: -
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a 4
£ 10 =
m =
n =
1

m Submarine basalts and trachybasalts
m Submarine trachytes
m Associated intermediate dykes

Figure 9. Diagram of incompatible trace elements normalized to primitive mantle [231] of submarine
basalts and trachybasalts (black, 1), submarine trachytes (red, 2), and associated intermediate dykes
(green, 3).

In the rare earth element diagram normalized to the primitive mantle [231], the
composition of the submarine rocks of La Palma BC (Figure 10) reveals the following;:

1. The trachytes do not exhibit significant enrichment in light rare earth elements com-
pared to the basaltic—trachybasaltic rocks, supporting the interpretation that the two
are not genetically related.

2. The trachytes display a marked depletion in intermediate rare earth elements (MREEs),
consistent with the fractional crystallization of sphene and apatite—an observation
that aligns with the Ti and P depletion shown in Figure 9. The negative Eu anomaly
in the trachytes suggests fractional crystallization of plagioclase during the differ-
entiation process. In contrast, the mugearitic and benmoreitic dykes that intrude
the trachytes do not show this MREE depletion. Instead, they exhibit slight MREE
enrichment, further indicating that they are not cogenetic with the trachytes of the
lobe-hyaloclastite complex.
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Figure 10. Rare Earth Diagram normalized to the primitive mantle [233].

In summary, the combined analysis of incompatible trace elements and REE patterns
in the submarine rocks of the La Palma Basal Complex and in the earliest intermediate
dykes confirms the absence of a genetic relationship between the trachytes of the lobe—
hyaloclastitic complex and the rest of the submarine volcanic formation of La Palma. The
trachytic lobe-hyaloclastite complex is, therefore, interpreted to be the product of an earlier
submarine basaltic magmatic episode, not exposed on the island nowadays.

3.4. Age of the Lobe—Hyaloclastite Rocks Complex

Four trachyte samples from the lobes of the submarine lobe-hyaloclastite complex
were collected at different stratigraphic levels along the Barranco de las Angustias (samples
TAB-12, TAB-23, TAB-24, and TAB-33B). Their positions are indicated in Figure 2.

Table 2 presents the ages obtained using the U-Pb method on zircons from several
trachyte samples (see Table S2 and Figure S3). The resulting age for the trachytes is
approximately 3.10 £ 0.03 Ma.

Table 2. U-Pb ages on zircons from rocks of the La Palma trachyte submarine lobe-hyaloclastitic
complex. The position of the samples appears in Figure 2. The average of the four U-Pb concordia
ages indicates an extrusion/crystallization age of 3.10 + 0.03 Ma.

Sample Chemical Position N (N° of the Concord 2*Pb/2*U e (Ma)
P Classification Zircon Crystals) (207 Corrected) 8
TAB-12 Trachyte Las Angustias ravine (380 mts height) 20 3.08 £0.1
TAB-23 Trachyte Las Angustias ravine (380 mts height) 19 3.14 +0.05
TAB-24 Trachyte Las Angustias ravine /(360 mts height) 20 313 + 0.05 3.10 + 0.03
(El Carbon)
TAB-33B Trachyte Las Angustias ravine (390 mts height) 20 3.06 £0.1

This age is consistent with that yielded by foraminifera collected from hyaloclastite
layers in the upper part of the overlying submarine basaltic rocks, which ranges between
2.8 and 4 Ma [109,184].
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One trachybasalt sample (Al facies in Table 1), collected from pillow lavas at an
elevation of 340 m above sea level in the stratigraphic section of the Barranco de las
Angustias (sample TAB-28B, see Figure 2), has been dated.

Table 3 presents the age obtained via the “° Ar-3? Ar method on amphibole from this trachy-
basalt sample (see Table S3 and Figure S4). The resulting age is 2.48 & 0.15 Ma, being consistent
with its stratigraphic position above the trachytic submarine lobe-hyaloclastite complex.

Table 3. “°Ar->? Ar ages on amphibole from trachybasaltic pillow lavas (A1 unit of Table 1). The
position of the sample is shown in Figure 2.

Age (Ma)
Sample Cheml'cgl Position Normal isochron Inverse isochron Weighted plateau
composition
Las Angustias ravine
TAB-28 (amphibole) Trachybasalt (340 mts height) 249 +0.33 248 +0.32 248 +£0.15

(El Carbén)

However, this age is younger than that (2.8-4 Ma) yielded by the foraminifera from
the hyaloclastite layers overlying the trachytes [109,184] mentioned previously.

Accurate determination of the age of the oldest volcanic rocks exposed on La Palma—
identified in this study as the trachytic submarine lobe-hyaloclastite complex—allows us
to establish a minimum age of 3.1 Ma for the onset of submarine growth of the island.

This precise chronological marker provides a valuable constraint for testing age pro-
gression models across the Canary Archipelago. These models can shed further light
for evaluating the validity of competing theories regarding the origin and evolution of
the archipelago.

3.5. Significance of the La Palma Trachyte Submarine Lobe—Hyaloclastitic Complex in the Regional
Context of the Canary Islands

Felsic submarine volcanic rocks have also been identified on other islands of the Canary
Archipelago, associated with the stages of submarine growth and early subaerial emergence.
On La Gomera, for example, trachyte breccias related to submarine volcanism are present in
the Basal Complex of the island [124,126,127,159,234], although their significance remains
unclear. On Fuerteventura, both the Submarine Volcanic Group and the Transitional
Volcanic Group, as defined by [115], include coherent bodies and associated breccias of
trachytic or phonolitic composition. These could represent lobe-hyaloclastitic complexes
analogous to the one described in this study for La Palma.

In addition, ref. [233] reported several dated samples of felsic volcanic rocks—trachytes
and phonolites—f{rom seamounts near the Canary Islands. At Hierro Ridge, K-feldspar and
hornblende from a trachyte breccia yielded ages of 133.3 = 0.2 Ma and 133.8 = 0.6 Ma, respec-
tively. In the Bisabuelas Seamounts, plagioclase in trachyte was dated between 140.5 + 0.7 Ma
and 141.7 £ 0.4 Ma. At The Paps Seamount, K-feldspar from a trachyphonolitic pumice brec-
cia returned an age of 91.1 £ 0.2 Ma. Finally, at Tropic Seamount, K-feldspar, plagioclase,
and anorthoclase from trachyte samples were dated at 119.3 &= 0.3 Ma, 115.6 £ 0.5 Ma, and
116.3 = 0.2 Ma, respectively. These felsic rocks may also represent lobe-hyaloclastitic complexes
similar to the one documented on La Palma.

In this context, ref. [233] also dated biotite crystals from phonolites forming part of
the La Palma Ridge—a seamount located on the southern submarine flanks of La Palma—
obtaining an age of 2.11 £ 0.03 Ma. This age is younger than that of the uplifted seamount
series exposed in northern La Palma and analyzed in this study.

The occurrence of felsic volcanic rocks both in the submarine sequences of several
Canary Islands (La Palma, La Gomera, and Fuerteventura) and in nearby seamounts
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provides compelling evidence that seamount formation in the region alternated between
episodes of more basic, basaltic volcanism (sensu lato) and phases characterized by more
differentiated, felsic magmatism, in this case, trachytic and phonolitic.

4. Conclusions

The submarine volcanic rocks of the La Palma Basal Complex comprise two dis-
tinct units—an older felsic formation and a younger conformable basaltic-trachybasaltic
formation—indicating clear stratigraphic continuity. The felsic unit is composed of por-
phyritic, aphanitic, and vitreous trachytes and includes three main types of facies: (A) co-
herent facies forming trachytic lobes; (B) autoclastic facies, such as hyaloclastites and
autobreccias; and (C) syn-eruptive resedimented facies, which consist of massive or graded,
mono- and polymictic breccias, as well as volcaniclastic sandstones and breccias.

The overall structural and stratigraphic organization of these facies is consistent with
a submarine trachytic lobe-hyaloclastite complex that predates the overlying basaltic—
trachybasaltic sequence.

The analysis of incompatible trace elements indicates that fractional crystallization
can account for the diversity of trachytic facies observed, specifically, the porphyritic and
aphanitic trachytes. Moreover, the data demonstrates a lack of genetic relationship between
the magmas that produced these trachytic facies and those responsible for the formation
of the overlying submarine basaltic and trachybasaltic rocks, which also belong to the La
Palma Basal Complex. The trachytic magmas that formed the lobe-hyaloclastite complex
likely represent the final evolutionary products of an earlier submarine basaltic edifice, no
longer exposed on the island.

Geochronological data obtained from U-Pb zircon dating support this interpretation.
Given that the trachytic lobe-hyaloclastite complex is the oldest exposed rock unit on La
Palma, a minimum age of approximately 3.10 Ma is proposed for the beginning of the
island’s submarine volcanic growth.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min15101007/s1, Figure S1: The images of the zircon grains
analyzed (by cathodoluminescence in transmitted and reflected light). Figure S2: Diagram of Nb/Y-
Zr/TiO,, which represents the chemical composition of the aphanitic and porphyritic trachytes (same
symbology as Figure 6). Figure S3: Concordia diagrams showing SHRIMPI zircon analyses from the
trachyte lobes of the submarine trachytic lobe-hyaloclastite complex of the Caldera of Taburiente.
Figure S4: Ar—Ar data (TAB-28B) for an amphibole crystal included in trachybasalt pillow lava. This
figure shows the weighted plateau age and normal/inverse isochron diagrams for the **Ar-3 Ar age
data. Table S1: Rock analyses of the studied Fuerteventura rocks. Table S2: U-Pb SHRIMP data of
zircons for samples TAB-12, TAB-23, TAB-24, and TAB-33B from the trachyte lobes of the submarine
trachytic lobe-hyaloclastite complex of the Caldera of Taburiente. Table S3: Ar-Ar data (TAB-28B) for
an amphibole crystal included in trachybasalt pillow lava.
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