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Abstract

Clay minerals from several volcaniclastic environments including pyroclastic (tuffs), epiclastic (lacustrine, alluvial terraces,
marine fan delta) and unconformity-related paleosols in La Palma (Canary Islands) were studied by XRD, SEM, TEM, HRTEM
imaging and AEM. Clay minerals and their assemblages allowed us to distinguish between primary volcaniclastic basaltic
material produced directly by pyroclastic eruptions and epiclastic volcaniclastic material derived from erosion of pre-existing
volcanic rocks. The clay fractions consist mainly of smectite with minor chlorite, mica, chlorite-smectite mixed-layers and talc.

Phyllosilicates of the epiclastic units display wider compositional variations owing to wide variations in the mineralogical
and chemical composition of the parent material. Most of the phyllosilicates (mica, corrensite, talc and chlorite) are inherited
minerals derived from the erosion of the Basement Complex Unit, which had undergone hydrothermal alteration. Smectites of
the epiclastic units are saponite and beidellite-montmorillonite derived from the hydrothermal Basement Complex Unit and
from volcanic materials altered in the sedimentary environment. Conversely, clay minerals of unconformity-related paleosols
are dominated by smectite composed of variable mixtures of saponite and beidellite, which were formed by pedogenetic
processes with later hydrothermal influence. The mineralogical association in the pyroclastic unit is dominated by
hydrothermally formed smectite (beidellite-montmorillonite), zeolites and calcite. This paper contributes to the differentiation
between pyroclastic and epiclastic volcaniclastic rocks of several depositional settings in a basaltic volcanic complex by their
clay minerals characterization.
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alteratien and chemical weathering eof velcanic
detritus, which result frem reck—water—gas interac-
tiens. Recegnitien ef the erigin is eften difficult due
te simultanceus actien and everlapping ef precesses.
Teday, criteria fer distinguishing these precesses are
under discussien and several reperts have described
the fermatien ef clay minerals frem velcanic recks.
Fer example, Pevear et al. (1982), Mizeta and Faure
(1998), Shau and Peacer (1992), Christidis et al.
(1995), Ameuric et al. (2000), Cucvas ct al. (2001),
etc., suggest a hydrethermal erigin fer the genesis of
smectites in velcanic depesits. @n the ether hand,
Aeudjit et al. (1995), Ece et al. (1999), Minate
(2000) and ethers describe clay minerals fermed by
chemical weathering ef velcanic debris. Mereever,
Grauby et al. (1994), Rebersen et al. (1999),
Klepregge ct al. (1999), Huertas et al. (2000), Drief
et al. (2001), Ramirez et al. (1998), Fiere et al.
(2001) and ethers, shew examples of clay minerals
synthesized in the laberatery.

Several studies based en different metheds have
fecused en secendary clay minerals in lew-temper-
ature (<100 °C) altered submarine basalts (e.g. Shau
and Peacer, 1992; Schiffiman and Staudigel, 1994;
Laverne et al., 1996; Alt, 1999). Rebersen et al.
(1999) stated that the alteratien ef basalts asseciated
with hydrethermal fluids prevides excellent “natural
laberateries” fer the study eof alteratien preducts with
fine grained phyllesilicates being the mest character-
istic preducts ef this precess.

Previeus studies en velcanic recks in La Palma
Island (Hernédndez-Pachece and Fermédndez Santin,
1974; De la Nuez, 1983) have shewn that the Base-
ment Cemplex unit has suffered hydrethermal alter-
atien precesses. Hydrethermal fluids gave rise te the
prepylitisatien ef beth the submarine velcanic
sequence and the plutenic recks ef this Unit. Accerd-
ing te these authers, transfermatiens eccurred at
depths of 1.5-2.0 km and temperatures between
400 and 500 °C, giving rise te albite, epidete, chlerite,
calcite and zeelites. Similarly, Schiffinan and Staudi-
gel (1994, 1995) prepesed a hydrethermal metamer-
phism ef the Basement Cemplex Unit, characterized
by a relatively cemplete lew-pressure—high temper-
ature facies series encempassing the zeelite, prebnite—
pumpellyite and greenschist facies. These mineral
zenatiens imply metamerphic gradients ef 200-300
*C km™". Vegas et al. (1999a,b) underteek a prelimi-

nary study en the transfermatien and neefermatien of
clay minerals frem velcaniclastic depesits of the La
Palma Island.

The aim ef this paper is te use the mineralegical
and geechemical characterizatien ef clay minerals
which result frem the alteratien ef basaltic velcani-
clastic recks in erder te distinguish their erigin that
varies frem sedimentary, te ecarly diagenetic and
hydrethermal. Emphasis is alse made en linking clay
mineral cempesitien te variatiens in the depesitienal
envirenments (lacustrine, paleesels, alluvial terraces,
marine fan delta and tuffs). Differentiatien ef the
velcaniclastic units ef the Caldera de Taburiente and
Barrance de las Angustias areas is particularly
difficult because the recks are mainly basaltic. The
relatienship between smectite, the principal alteratien
mineral, and ether asseciated minerals is discussed.
The influence that certain depesitienal envirenments
exert en the clay mineral assemblages is alse assessed.

2. Geological and sedimentological setting

The Canary Islands are lecated off the nerthwest
ceast of Africa. These islands were fermed en a
passive margin by predeminantly alkaline intraplate
velcanism during the last 30 Ma (Carracede et al.,
1999). The Canary Islands have been widely studied
and there are several hypetheses regarding their
genesis reviewed in Arafla and @rtiz (1991): the
velcanism as related te the fermatien ef a rift, plate
displacement ever a het spet, a prepagating fracture
medel er tectenic precesses (vertical faults) under the
influence of Alpine tectenics having an African er
Atlantic cennectien.

La Palma is the westernmest island ef the
Canary Islands archipelage (Fig. 1A). It has an
area of 730 km” and a maximum altitude of 2462
m abeve sea level. Large differences in altitude
faveured the develepment ef steep slepes and a
highly entrenched netwerk ef barrances. The island
resulted frem several velcanic episedes that started
in the Miecene with the fermatien eof a seameunt
which was subsequently affected by several dyke
intrusien cycles giving rise te the se-called Base-
ment Cemplex Unit. This basement underwent
hydrethermal alteratien (Herndndez-Pachece, 1971;
De la Nuez, 1983; Schiffinan and Staudigel, 1994,
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Fig. 1. (A) The Canary Islands archipelago with La Palma Island in black. (B) Sketch of the island of La Palma showing main geological units
and features referred to in the text (according to Heméndez-Pacheco, 1971; Be la Nuez, 1983). (C) Simplified geological sketch of the study site

(according to Vegas et al., 1999b).

1995). This main geelegical unit, the Basement
Cemplex is separated frem the subaerial lavas ef
the nerthern Taburiente Velcane by an eresive
uncenferinity where several thin paleesels can be
feund (Vegas et al., 1999b). During the subaerial
episedes, velcanic activity pregressed teward the
seuth and three main velcanic units were fermed.
The largest of these is the Taburiente Velcane in the

nerth ef the island, fellewed by the Cumbre Nueva
in the central zene and the Cumbre Vieja tep in the
seuth (Fig. 1B) where recent velcanic activity is
cencentrated.

La Palma is the secend-yeungest island ef the
Archipelage. Geechrenelegy estimates its age in the
range of 2.0 te 0.77 Ma (Taburiente), and 0.81 te 0.69
Ma (Cumbre Nueva). The island is cevered at its
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seuthern end by the mest recent velcanic unit
(Cumbre Vieja), dated at 0.62 Ma te centemperary
(Abdel-Menem et al., 1972; Feraud, 1981; Staudigel
et al., 1986; Ancechea et al., 1994; Carracede et al.,
1999).

The present study is fecused en the Caldera de
Taburiente, a 15 km-leng and 6 km-wide depressien
with beunding cliffs en mest sides and a deeply
dissected floer. Eresive episedes deminated during
the later stages, during which a drainage netwerk
develeped, cenverging in the Barrance de las
Angustias and flewing eut inte the Atlantic @cean
at the island’s west ceast (Fig. 1C). In this centext
there are multiple eutcreps ef velcaniclastic recks
related te beth velcanic and cresive-sedimentatien
precesses. Based en a detailed study eof these
velcaniclastic depesits, depesitienal facies were
defined and the different lithestratigraphical units
were characterized (Vegas et al., 1999b) as described
belew (Fig. 2). The velcaniclastic recks examined
can be subdivided inte twe genetic greups (Fisher
and Schmincke, 1984; Cas and Wright, 1987): (i)
epiclastic sediments derived frem fragments ef pre-
existing velcanic recks; (ii) pyreclastic depesits
cempesed eof clastic fragments, directly derived frem
a velcanic eruptien.

2.1. Epiclastic units

2.1.1. Caldera de Taburiente lacustrine unit (CTL
Unit)

This unit is cempesed of silt and clays, with a
miner prepertien ef litharenites (velcarenites) and
cenglemerates that define a facies eof turbidites
and clays depesited in a lacustrineenvirenment.
The macreflera fessil recerd suggests an age eof
lewer-middle Pleistecene (Alvarez-Ramis et al.,
2000).

2.1.2. Barranco de las Angustias epiclastic unit (BAE
Unit)

This unit cemprises several detrital depesits. The
mest abundant are fermed of cenglemerates, lithar-
enites and miner mudstenes. The main facies are
debris flews, sheet fleed and alluvial channels
develeping in a marine fan delta setting ef upper
Pleistecene age lecated in the Barrance de las
Angustias.

2.1.3. Taburiente terraces unit (TT Uhnit)

These epiclastic depesits are cempesed of cen-
glemerates and velcarenites of alluvial erigin derived
frem the varieus eresive episedes that eccurred aleng
the Helecene. There are a variety of terraces due te the
entrenchment episedes of the drainage netwerk in the
Caldera de Taburiente.

2.2. Unconformity related paleosols

At the uncenfermity between the Basement Cem-
plex Unit and the Barrance de las Angustias pyreclastic
unit (BAP Unit) lies a paleesel of a thickness that never
exceeds 30 cm (Fig. 2). This seil develeped ever the
Basement Cemplex Unit and was subsequently cev-
ered by the hydrevelcanic eruptien that gave rise te the
BAP Unit. The A herizen appears truncated and the B
herizen is highly enriched in clay minerals.

2.3. Barranco de las Angustias pyroclastic unit
(BAPU)

BAP Unit is cempesed eof breccias, agglemerates,
basaltic lava flews and tuffs derived frem a hydre-
velcanic eruptien ef late Pleistecene age which
fermed this unit. It is feund at the base ef the
Barrance de las Angustias underlying the BAE Unit
materials, which are separated by an eresive
uncenferinity.

3. Analytical techniques

In tetal 81 samples were cellected frem the
velcaniclastic eutcreps (Fig. 2) using the stratigraphic
sectiens described in detail by Vegas et al. (1999b).
Litharenite samples were impregnated with blue-
stained pelymer resin, and K-feldspar and carbenates
were stained fer light micrescepy (LM). After
separating the silt fractien (2-62 pm) ef mudstenes
and paleesels, the clay fractien (<2 pm) was ebtained
by settling accerding te Stekes’ Law. Mineralegical
characterizatien was perfermed by X-ray diffractien
(XRD) using a SIEMENS D-5000, with Cu—Ka
radiatien and a graphite menechremater. The samples
used were randem-pewder specimens, air-dried, ethyl-
ene glycelated eriented clay mineral (<2 pm) aggre-
gates and heated (550 °C fer 2 h) clay fractiens.



Powders were scanned from 2° to 65° and oriented freshly fractured surfaces of representative samples

aggregates from 2° to 30° 26, at 0.02° 26/s scan speed. were air-dried and coated with Au.
Particle morphology and textural relationships Undisturbed mineral particles were subjected to
were established by scanning electron microscopy high resolution transmission electronic microscopy

(SEM). SEM observations were performed using a (HRTEM). Oriented sections were prepared according
JEOL JSM 6400 microscope operating at 20 kV and to the method of Tessier (1984), which involves

equipped with a Link System energy dispersive X-ray embedding a small sample in agar to protect it. The
microanalyser (AEM). Prior to SEM examination, sample was hydrated and the water replaced by
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Fig. 3. XRD patterns of the oriented aggregates (air-dried, ethylene glycol solvated and 550 °C heated 2 h) of clay fraction (<2 pum). (A)
Smectite, minor mica and scarce chlorite, talc and C/S mixed layer from CTL Unit. (B) Smectite, minor mica and scarce C/S mixed-layer from
BAE Unit. (C) Smectite, corrensite, mica and scarce chlorite and talc from ancient terraces of the TT Unit. (D) Smectite, mica, chlorite and
scarce C/S mixed layered from modern terraces of the TT Unit. (E) High cristallinity smectite from related paleosols. (F) Low cristallinity
smectite from BAP Unit.



successive baths in methanel and prepylene exide
befere embedding in Spurr resin. After pelymerizatien
of the resin, thin sectiens (50 rm) were cut by
ultramicretemy. This precedure minimises dehydra-
tien during HRTEM and thus helps preserve the
natural texture of the sample. Samples were examined
using a JE@L 4000 EX HRTEM equipped with a
deuble-tilt sample helder (up te a maximum eof +20°)
with acceleratien veltage of 400 kV, and peint-te-
peint reselutien of 0.18 nm.

Chemical cempesitien was ebtained by analytical
electren micrescepy (AEM) with TEM, in samples
of sgreat purity, using a JE@L 2000 FX micrescepe
equipped with a deuble-tilt sample helder (up te a
maximum ef +43°%) at an acceleratien veltage of
200 kV, with 0.5 num zeta-axis displacement and
0.31 rm peint-te-peint reselutien. The micrescepe
incerperates an @MFO®RD ISIS energy dispersive X-
ray spectremeter (136 eV reselutien at 5.39 keV)
and has its ewn seftware fer quantitative analysis.
The structural fermula ef 2:1 clays was calculated
en the basis of 22 exygen per unit-cell, and the
2:1:1 fer 28 exygen. All Fe present were censidered
as Fe**(due te the limitatien ef the technique), but
the pessible existence of Fe”'sheuld be taken inte
acceunt.

4. Results
4.1. Epiclastic units

4.1.1. Caldera de Taburiente lacustrine unit (CTL
Unit)

This unit is fermed by litharenite and siltstene, and
is mainly cempesed of reck fragments (RF) ef alkali
gabbres and lew-grade basaltic pillew-lavas frem the
Basement Cemplex Unit. There is a miner prepertien
of RF basalts and trachybasalts frem subaerial
velcanism, aleng with pyrexene fragments. Accessery
cempenents (<3%) include elivines, amphibeles,
plagieclase micrelites and epaque minerals. The
matrix ef the litharenites is cempesed of plagieclase,
glass and clay minerals. Detrital grains are sub-
reunded due te the transpert precesses.

The clay fractien cemprises smectites, miner mica
and scarce chlerite, talc and C/S mixed-layers. Fig. 3A
shews the XRD pattern representative eof these
samples. The air-dried pattern exhibits a bread band
between 14.5 and 12.5 A which includes smectite and
chlerite, and pessibly mixed-layer reflectiens. This
band can be separated inte several peaks under
ethylene glycel selvated cenditiens. The mest imper-
tant reflectien (16.6 A) cerrespends te smectite, the

Table 1
Chemical composition and crystallochemical formulae of the phyllosilicates from the CTL Unit

Illites Chlorites Smectites
Si@, 5191 5153 4397 4697 5697 S036 36.65 3852 3870 3522 5224 6416 5244 5385
Ti®, 034 058 1.14 027 .13 0.16
Al, @5 2065 15.41 13801 1673 1243 1339 1591 1645 1653 15.11 11.71 377 1533 1646
Fe,®; 1292 2216 1209 1346 1024 1688 2877 2268 2279 21.76 553 604 1714 13.00
Mg® 747 14.23 1724 1405 2543 1230 1776 2127 2137 2094 2886 2537 1393 1295
Ca@® 057 034 153 256 134 1.23 097 056 062 020 0.66 031 078 1.50
Na,® 58S 573 6.30 4.77 597 494
K,® 03828 0.59 0.28 032 062 0.63 038 010 038 2.24
Si 658 6.14 573 6.08 6.48 6.52 636 6.55 657 636 6.54 7.81 6.61 6.77
AI(IV) 142 1.86 227 192 152 1.48 1.64 145 143 1.64 1.46 0.19 139 1.23
Al(V]) 1.59 031 050 0.64 0.15 057 1.61 1.75 1.88 158 027 035 090 122
Ti 003 0.06 011 003 017 001
Fe3+ 132 2:12 1.26 1.40 094 1.75 8K7S 2.9 291 3.14 056 059 198 131
Mg 1.41 2.53 335 2571 431 237 4.58 539 5.41 5.63 539 4.60 262 2.43
Ca 003 004 021 035 016 017 018 010 .13 0.06 000 004 011 0.20
Na 1.44 132 159 1.20 132 1.24
K 0.14 00 005 0.05 .10 0.14 000 003 006 036
S, oct. 435 496 517 4.86 5.40 472 995 1021 1020 1036 6.22 5.55 25 4.96

The swuctural formula of 2:1 clays was calculated on the basis of 22 oxygen per unit-cell, and the 2:1:1 for 28 oxygen. All Fe present were
considered as Fe“(more abundant in the swrface environment) but the possible existence of Fe>*should be taken into account.



14.6 A peak te chlerite and the 31 A peak te mixed-
layers. Likewise, mica and scarce talc are present (10
and 9.3 A air-dried, ethylene glycel selvated and
heated patterns, respectively).

Table 1 shews structural fermulae fer mica,
chlerite and lew-charge sapenite phyllesilicates
ebtained by AEM micreanalyses of iselated clay
particles. It is neticeable that micas centain between
1.2 and 1.6 atems ef Na per unit cell suggesting a
paragenitic cempesitien and that they have a lew
charge (vermiculite charge) as censequence ef weath-
ering precesses. Clay minerals of these samples plet
(Figs. 4 and 5) in twe different areas: very lew charge
triectahedral smectites and micas.

The SEM images eof the siltstenes shew a highly
heteregenceus micrefabric with subangular particles
(30 te <1 pm). Pyrexene crystals remain and
plagieclase micrelites are partly transfermed te
smectites. In several cases enly ceatings ef smectites
appear (Fig. 6a,b). These ceatings ferm bridges
between grains at different stages of alteratien. It is
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cemmen te ebserve tubes related te erganic matter
filled with fibreus calcite cement.

Frem HRTEM ebservatiens the mica particles
shew relatively defect-free lattice fringes, with a
centinueus and censtant 10 A interlayer spacing.
These particles shew exfeliatien er micre-divisien
perpendicular te the stacking directien (Fig. 7a).

4.1.2. Barranco de las Angustias epiclastic unit (BAE
Unit)

The cenglemerates and sandstenes ef this Unit are
mainly cempesed of reck fragments (RF), pyrexenes
and plagieclases. The RF are derived frem basalts and
trachybasalts frem the subaerial velcanism ef the
Taburiente Velcane, and te a lesser extent frem alkali
gabbres and lew-grade metabasaltic pillew-lavas frem
the Basement Cemplex Unit. Accessery cempenents
(<3%) are elivine, epaque minerals and amphibele.
The matrix is cempesed of fragments of plagieclase,
glass and clay minerals. These epiclastic depesits
display intergranular peresity with intercemmunicat-
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Fig. 4. Number of octahedral cations against interlayer charge plot from clay minerals of the volcaniclastic units of La Palma Island.
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Fig. 5. Crystallochemical formulae representation after Newman and Brown (1987) from clay minerals of the volcaniclastic units of La Palma

Island.

ing peres. Argillaceeus ceatings that act as bridges
between the grains ef the skeleten are frequently
ebserved.

Phyllesilicates identified in the <2 pm fractien are
smectite, miner mica and scarce C/S mixed-layers.
Air-dried smectite exhibits basal spacing ef 14.5 A,
which expands te 16.5 A upen ethylene glycel
selvatien. The smectite fractien fully cellapses te 10

A upen heating te 550 *C. Cenversely, the mica
exhibits a 10 A spacing upen successive chemical and
heat treatments. XRD traces of randem mixed-layer
clays are ebserved at lew angles (Fig. 3B).

The AEM analyses of smectite particles shew a
diectahedral cempesitien (Table 2 and Fig. 4). The
structural fermulae vary between beidellite and
mentmerillenite end members. These smectites have



Fig. 6. SEM images of (a, b) Coatings of smectite which partly replace crystals in lacus#rine sediments (CTL Unit). (c) Detailed view of mixed
layers growing on the mawix of terrace conglomerates (TT Unit). (d) Irregular flocks of smectites developed on the paleosol. (¢) Comflake
smectite replacing the vitric matix and crystals in the BAP Unit. (f) Smectite coating on plagioclase microlites (BAP Unit).

centinueus values between tetrahedral and ectahedral
charge, as shewn in Fig. 5.

SEM images shew smectite ceatings en the RF,
pyrexene crystals and ether ferremagnesian cem-
penents. Smectite is characterized by a well-
preserved cernflake-like micrefabric. Transitien
zenes between mineral fragments and smectite
may be ebserved; seme pyrexene crystals within
the ceating remain unaltered. The zenes net
transfermed te smectite are partially replaced by
calcite. HRTEM images of smectite particles shew
anastemesing and imperfect 14 A lattice fiinge
images and numereus dislecatiens.

4.1.3. Taburiente terraces unit (TT Uhnit)

The cenglemerates ef this Unit centain the highest
cempesitienal clay mineral variability. Unaltered RF
and minerals tegether with particles tetally trans-
fermed te clay minerals are frequent. Clay minerals
alse have a high variability frem sample te sample.
Seme of them have smectite, mica and scarce chlerite,
talc and mixed-layers minerals. In centrast, ether
samples centain higher quantities of mixed layer clay
minerals. Fig. 3C displays an XRD pattern fer an
erdered (R1) C/S mixed layered clay mineral (cer-
rensite). The air-dried ferm has a ratienal pattern with
superstructure (001) at 29.2, 14.6 and 7.3 A. The



Fig. 7. HRTEM micrographs: (a) Mica particle of the TT Unit. Black arrows show exfoliation planes along which the particles break down. (b)
Mica particle (10 A) and R=1 C/S mixed layer of the TT Unit. (c, d) Anastomosing and wavy fringes on smectite particles showing a “thin brash
tip” appearance from unconformity related paleosols and BAP Unit. (¢) Simplified diagram illuswating this process.

ethylene glycel selvated example alse preduces a pattern has weak peaks at 24 and 12 A. This sample
ratienal pattern, in this case the superstructure has alse centains smectite with a streng reflection at 14.6
spacing at 31.1, 15.6 and 7.8 A. The heat-treated A in the air-dried cenditiens, 16.6 A in the ethylene



Table 2

Chemical composition and crystallochemical formulae of the phyllosilicates from the BAE Unit

Smectites

Si®, 57.54 59.16 60.34 60.06 55.35 51.21 59.72 55.22 57.37 53.85 64.04 61.98
Ti®, 1.76 0.55 0.55 098 0.17 0.52 035 0.69 0.46 0.49
Al,@®; 19.00 12.98 17.39 15.22 12.45 14.03 12.76 17.38 12.59 16.46 12.95 13.56
Fe,®; 732 17.88 12.07 10.04 14.96 13.27 12.25 922 10.33 13.00 6.94 7.48
Mg® 9.26 6.62 352 11.15 11.99 17.46 11.03 11.34 13.70 12.95 12.14 10.29
Ca® 373 217 1.68 212 4.13 3.60 392 1.63 3.32 1.50 329 3.66
Na2@ 0.54
K,® 1.38 0.64 045 0.13 0.26 224 019

Si 7.07 7.38 7.35 737 6.97 6.49 7.38 7.08 7:23 6.77 7.75 7.68
Al(LV) 092 0.62 0.65 0.63 1.03 1.51 0.62 0.92 0.77 123 0.25 0.32
Al(V]) 1.84 1.30 1.86 1.58 0.33 0.59 1.24 152 1.11 122 1.60 1.67
Ti 0.16 0.05 0.05 0.0° 0.02 0.05 0.03 0.06 0.6 0.05
Fe3+ 072 1.79 1.18 09 1.51 1.35 122 095 1.5 131 0.67 0.74
Mg 1.7 1.23 1.55 2.04 245 3.30 2.03 2.17 2.57 243 2.19 1.90
Ca 0.49 0.29 0.22 028 0.56 0.49 049 022 0.45 020 043 0.49
Na 0.13
K 021 010 007 0.02 0.04 0.36 0.03

S, oct. 442 4.37 4.59 4.66 4.68 5.26 4.54 4.87 4.79 4.95 4.50 4.36

glycel and cellapses at 10 A after heat treatment.
Mercever, anether weak peak appears at 9.3 A after
beth treatments, apprepriate te talc. Reflectiens at 14
A are interpreted as chlerite. XRD results in Fig. 3D
have similar cempesitien, but enly scarce cerrensite is
present.

The variability in chemical cempesitien (Table 3)
indicates marked cempesitienal differences between
smectites. Fermulae calculated frem micreanalyses of

iselated clay particles vary between di- and triectra-
hedral smectites and, mentmerillenite and beidellite
end members (Figs. 4 and 5).

SEM ebservatiens ef these clay minerals shew
curved plates 7 te 15 pm in length (Fig. 6¢), that
pessibly cerrespend te the mixed layer minerals
identified by XRD (Fig. 3C). A small prepertien ef
smectites with a cernflake texture filling seme of the
peres between these curved plates was alse ebserved.

Chlorites
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Table 3
Chemical composition and crystallochemical formulae of the phyllosilicates #rom the TT Unit
Smectites
Si0, 6022 64.08 59.47 54.97 49.75 60.6]1 59.36 50.50 S53.96
TiO, 0% 021 0.62
AlLO, 962 1987 502 17.86 2962 6.12 543 9.60 1043
Fe,®; 2336 7.98 1554 13.19 13.21 17.13 16.39 20.33 21.01
Mg® 351 3.66 1572 10.17 241 13.66 15.64 12.14 6.88
Ca@® 248 334 348 234 223 248 318 219 257
Naz.
K,® 081 1.08 076 0560 257 525 054
Si 761 771 751 683 622 759 747 6.68 715
AllV) 039 029 049 1.17 178 041 053 132 0385
Al(VD) 1.05 254 026 146 260 050 028 013 070
Ti 009 002 0.06
Fe3+ 237 077 158 132 133 172 166 216 224
Mg 066 066 296 188 045 255 293 239 136
Ca 034 043 047 032 030 033 043 031 036
Na
K 014 017 012 008 041 039 0.0
Soct. 408 397 430 475 440 477 487 4793 444
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Table 4
Chemical composition and crystallochemical formulae of the
phyllosilicates from the unconformity related paleosols

Smectites
Si®, 52.13 49.94 S1.31 47.50 53.87 50.11 55.78 54.00 52.81
Ti®, 088 079 147 1.10
AlL,®; 13.51 17.51 14.71 14.40 16.97 13.57 15.21 13.67 13.61
Fe,®; 15.69 1577 15.56 14.02 15.51 19.66 16.45 18.08 22.35
Mg® 1632 13.33 15.34 21.08 12.70 12.98 10.53 11.59 9.29
Ca® 232 223 210 191 217 244 264 197 191
Na,O 0.14
KO 034 019 1.8 050 0.69
Si 659 632 649 609 658 642 672 683 673
Al(IV) 141 1.6% 151 191 142 158 165 117 127
Al(VI) 061 094 069 027 103 048 1.19 088 078
Ti 008 002 014 011
Fe3+ 159 160 158 144 152 202 165 18 229
Mg 308 252 289 403 231 248 1% 219 177
Ca 031 030 029 026 028 033 027 027 026
Na
K 006 003 018 003 003 011
Sooct. 528 514 524 574 500 509 420 491 484

HRTEM images shew that the smectites are thin
crystals (2/3-20 layers thick), have a large number of
dislecatiens, ill-defined grain edges and step-shaped
lamina tips. The chlerite particles shew a relatively
defect-free lattice fringes, with centinueus and cen-
stant 14 A interlayer spacings, and exfeliatien
perpendicular te the stacking directien which shews
small-sized crystals (maximum 30 layers). Mixed-

layer clay minerals are fermed by a regular alternatien
of greups of layers (Fig. 7b).

4.2. Unconformity related paleosols

The paleesel samples are mudstenes where clay
minerals (smectites) deminate with miner plagieclase,
augite and elivine. XRD patterns are shewn fer the
air-dried, ethylene glycel selvated and heated treat-
ment of the smectite (Fig. 3E). The weak XRD pattern
of these phases is neticeable suggesting a high
crystallinity ef these samples. The smectites have a
chemical cempesitien intermediate between Fe-rich
sapenites and beidellites (Table 4; Figs. 4 and 5).

The SEM ebservatiens shew that smectites fermed
by the alteratien ef phenecrysts have a merphelegy
censisting ef irregular cemflake type particles with
undulating edges (Fig. 6d). The peres related te erganic
tubes shew neefermatien ef prismatic zeelites. In the
sectiens examined by HRTEM, the smectites cemprise
crystals with many edge dislecatiens and their tips are
step-shaped, or display a “thin brush tip” (Fig. 7¢).

4.3. Barranco de las Angustias pyroclastic unit (BAP
Unit)

This Unit is fermed by tuffs (<2 nun) cempesed of a
glassy matrix embedding different types of basaltic RF

Table S
Chemical composition and crystallochemical formulae of the phyllosilicates from the BAP Unit

Smectites Glass
Si®@, 6472 5576  63.77 6l.16 6352 64.07 6303 6082 633 63.54 6858 6506 6298 3835
Ti®, 0.23 0.64 1.21 1.55 1.83 1.59 1.45 1.38 1.12 1.64 2.46 1.9¢ 2.67 007
AlL®; 1966 1642 2096 2206 1815 1900 208 2456 2263 1821 11.15 001 17.78  12.15
Fe,®; 6.31 13.11 6.51 7.01 928 7.76 7.73 6.05 5.8 1053 1518 1121 935 3871
Mg@® 574 1191 4.77 4.79 4.21 4.97 4.44 4.29 4.70 1.35 0.17 1.16 1.89 7.03
Cn®,; 031 0.24 0.24 041 0.35 027 0.25 0.25
Ca@ 2.04 1.72 225 2.61 224 1.85 1.92 2.15 1.80 4.72 2.46 4.56 5.34 0.62
K,® 021 0.20 029 0.59 0.37 04 032 0.50 0.30 3.07
Si 7% 6.91 7.61 7.34 7.66 7.68 9.55 7.53 7.53
Al(IV) 0.23 1.09 0.39 0.66 0.34 0.32 0.45 0.47 0.47
AI(V]) 2.56 1.32 2.57 247 225 2.37 2.50 2.72 2.72
Ti 0.02 0.06 0.17 0.14 0.17 0.14 0.13 (B 010
Fe3+ 0.61 1.31 0.62 0.63 0% 0.75 0.74 0.56 0.55
Mg 1.03 220 085 0385 0.76 0.39 0.79 083 0.84
Cr 0.03 .02 002 004 004 0.03 0.03 002
Ca 0.26 0.23 029 034 0.29 0.24 025 023 023
K 0.03 0.03 0.03 (X ] 0.06 0.06 0.05 0.05 0.05
3, oct. 422 4.92 423 4.16 4.12 4.19 4.19 4.24 4.23




(<10%) and pyrexenes (<5%) with angular edges.
Calcite which eccurs as veins replacing crystals and
matrix is present, tegether with zeelites. These tuffs
shew leesely packed micrefabric where clay particles
of cernflake-like merphelegy replace beth the vitreeus
matrix and reck fragments (Fig. 6e). The smectites
ferm ceatings ever the grains (Fig. 6f). Peikiletepic
calcite partially replaces the glass matrix and the reck
fragments. Prismatic and radial fibres of zeelites grow
inte the degassing peres and ever the smectite ceat-
ings. XRD patterns ef these smectites revealed bread
peaks that reflect lew crystallinity (Fig. 3F).

Smectites have a hemegeneeus diectahedral cem-
pesitien typical ef beidellites with miner intermediate
beidellite-mentmerillenite (Fig. 4). The glass shews
lew Mg® (0.17-7.03%) and high Fe,®; (9.35-
38.71%) centent; this is alse reflected in the cempe-
sitien eof the smectites, with lew Mg® values (4.21-
11.91%) and relatively high Fe,®; (5.86-13.11%). In
centrast, ne Na,@® and ne (er very lew values) K,® was
detected in the glass, suggesting that the main interlayer
catien in the smectite is Ca. The centent of T1@®- reflects
the prepertien of Ti®; in the glass (Table 3).

Frem HRTEM ebservatiens, smectite particles are
cempesed of packets of up te 20 layers, altheugh
greups eof 2-3 layers are frequently feund. The layers
shew scarce lateral centinuity and variable spaces of
12 te 17 A, as well as numereus dislecatiens (Fig.
7d,e) and “thin brush tip” type end particles.

S. Discussion

The interpretation of XRD patterns SEM, TEM and
HRTEM data en the velcaniclastic depesits frem La
Palma Island reveals clay mineral mixtures of detrital,
hydrethermal and ncefermed erigin. In the studied
depesits, clay minerals and asseciated carbenate and
zeelites are the result of interactiens between basaltic
debris and meteeric, sea water or hydrethermal fluids.

5.1. Phyllosilicates of the epiclastic units

Phyllesilicates in the epiclastic units (CTL Unit,
BAE Unit and TT Unit) display the widest coempesi-
tienal variatien (Tables 1-3) reflecting the chemical
cempesitien ef their mineral precursers, which are
related te different velcanic seurce recks during the

upper Pleistecene te Helecene (Vegas et al., 1999a.b).
Twe main phyllesilicate assemblages were identified in
these epiclastic units. First, sapenite, mica, paragenite,
talc, cerrensite and chlerite are inherited minerals frem
the hydrethermally altered reck fragments derived
fiem the cresien of the BCU. The appearance ef
cerrensite in lew-pressure envirenments in a seameunt
series at 700—-800 m depth implies paleetemperatures
of 225-250 °C (Bird et al., 1984) and chlerite reflects
temperatures of 275-300 *C (Schiffinan and Staudigel,
1994). Randem mixed-layer C/S is an intermediate
preduct when sapenite is transfermed te cerrensite and/
or chlerite (Kristmannsdettir and Temassen, 1978;
Rebinsen et al., 1993). Sapenite may be transfermed
directly inte cerrensite with ne intermediate randemly
mixed-layer C/S (Shau et al., 1990; Ineue, 1995;
Beaufert et al., 1997). Sapenite in the upper part of
basalts in the BCU was interpreted te be fermed at
relatively lew temperatures (20-80 °C) (Schiffinan and
Staudigel, 1994, 1995). The high crystallinity ef
smectite indicates inherited erigin. Thus, the presence
of sapenite, cerrensite and chlerite in these sedimen-
tary units suggests that these minerals are inherited
frem the BCU. Mere abundant cerrensite, chlerite and
paragenite in the CTL and in the TT units are attributed
te a greater influence and preximity te the BCU seurce
recks than in the BAE Unit.

A secend assemblage includes diagenetic smec-
tites. SEM data frem the epiclastic units shew the
presence of smectite as replacement preducts ef
mineral grains, pere filling and grain ceatings (Fig.
6a—<), which suggest primary er early diagenetic
erigin fer the smectites in the sedimentary enviren-
ment. The wide range between ectahedral and
tetrahedral charge in smectite reflects the varying
cempesitiens ef pessible preteliths (Figs. 4 and 5).
Catiens nceded for smectite fermatien were derived
frem the abundant ferremagnesian minerals in the
velcanic debris at superficial meteeric cenditiens.
Smectites of the CTL Unit were fermed in small,
peerly drained, lake bettem sediments during early
diagenesis of velcanic materials.

5.2. Phyllosilicates of unconformity related paleosols
Mineralegy eof palcesels is hemegeneus, being

deminated by smectite (sapenite and beidellite; Table
4), which is attributed te pedegenetic precesses and



subsequent hydrethermal alteratien, as evidenced by
the depesitien of BAP Unit ever this paleesel (Fig. 2).
Mineral decempesitien ef basaltic lavas is knewn te
centinue until Mg clay minerals appear as hydre-
thermal alteratien preducts (Ameuric et al., 2000). Fe-
sapenite was the mest abundant secendary phase,
replacing primary minerals (elivine, pyrexene and
plagieclase) er eccurring as vesicle fillings. The
chemical cempesitien ef the secendary phyllesilicates
is net significantly influenced by the hest primary
phases, but rather by the pere fluids (Ameuric et al.,
2000).

Minerals in the paleesels were cempletely trans-
fermed te smectite with ne intermediate phases. The
mineralegical hemegenizatien and the presence of
zeelites are related te the very lew-temperature
hydrethermal fluids that gave rise te the smectite,
which is evidenced by the absence ef cerrensite and
chlerite in the paleesels (Bird et al., 1984; Schiffiman
and Staudigel, 1994, 1995).

5.3. Phyllosilicates firom the Barranco de las
Angustias pyroclastic unit (BAP Uhnit)

The mineral asseciatien ef this Unit (beidellite—
mentmerillenite series, zeelites and calcite) indicates
that the pyreclastic preducts have undergene hydre-
thermal alteratien related te the hydrevelcanic
eruptien itself. The alteratien precesses include
devitrificatien ef velcanic glass, fellewed by the
hydratien and crystallizatien ef the smectite.

Similar precesses have been described by Kiilmel
and Van Der Gaast (2000), whe feund hydrethermal
mentmerillenite, which eccurs in the vicinity ef water
springs and faulted zenes asseciated with zeelites en
Gran Canaria island. Mercever, the eccuirence ef
zeelites indicates hydrethermal influence in the early
stages of clay mineral fermatien (Bargar and Beesen,
1981; Ineue, 1995; Kristmannsdettir and Temassen,
1978).

Smectite frem the BAP Unit shews very lew
crystallinity (Fig. 3F) because the crystals are at the
first stages of their grewth, and therefere the degree of
structural erder is still limited. HRTEM images
allewed the ebservatien ef thin crystals (2-3 layers)
and numereus defects (edge dislecatiens) (Fig. 7d)
indicating that smectite particles are in the first stages
of fermatien. The main steps of particles grewth are

lecated aleng the edges of the laminae. The high
bending ferces (cevalent bend in the ectahedral
sheets) and the cembinatien ef numereus cdge
dislecatiens result in “thin brush tips” ends (Fig.
7d,e). The ends ebserved with HRTEM prebably
cerrespend te the fibres present in the undulated
margins ef the smectite particles (Fig. 6e,f). The
chemical cempesitien ef the smectite suggests that
glass and plagieclase chemistry centrel the cempesi-
tien. SEM ebservatiens indicate the presence eof
authigenic phyllesilicates, zeelite and calcite that fill
fractures, vesicles and replace highly reactive glass
and primary minerals.

6. Conclusions

This paper demenstrates that majer facters cen-
trelling clay mineral cempesitien in velcaniclastic
recks include the seurce and chemistry ef velcanic
detritus as well as the depesitienal envirenment and
early diagenetic precesses. Clay minerals coempesitien
and assemblages allewed us te distinguish between
velcaniclastic basaltic material preduced directly by
velcanic eruptiens (pyreclastic) and velcaniclastic
material derived frem eresien of pre-existing velcanic
recks and shallew intrusive recks (epiclastic).

Twe main clay mineral assemblages deminate in:
(1) epiclastic units, in which pre-existing clay minerals
(sapenite, mica, talc, C/S mixed layers and chlerite)
ceexist with neefermed smectite (beidellite—mente-
merillenite); and (ii) pyreclastic and related paleesels,
where smectite (beidellite—-mentemerillenite, sapen-
ite), zeelites and calcite of hydrethermal erigin were
fermed.

Smectite eof the epiclastic units shew higher
cempesitienal variability cempared te smectites in
the pyreclastic recks and in palcesels. Neefermed
smectite (mentmerillenite—beidellite) was alse differ-
entiated frem pre-existing sapenite by their primary
textural features ebserved in SEM-HRTEM. Smectite
fermed in sedimentary envirenments is directly
related te the different lithelegy ef the bulk reck
pretelith. Mineralegical and chemical data alse reveal
that lacustrine and terrace Caldera de Taburiente
depesits have the highest prepertien ef pre-existing
clay minerals (sapenite, cerrensite, chlerite mica and
talc) ewing te a higher debris centributien frem



Miecene velcanic basement recks than in the fan delta
sediments.

Smectite of the paleesels and the pyreclastic recks
has a uniferm cempesitien duc te in situ trans-
fermatien precesses of velcanic debris. Mereever,
hydrethermal fluids exerted a hemegenizing effect en
the mineralegy giving rise exclusively te smectite
tegether with zeelites and calcite.
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