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Summary

The Tenerife post-Icod-collapse succession, comprised of the Teide-Pico Viejo central
complex and its adjacent rift zones, marks the latest eruptive cycle on Tenerife (200-0 ka)
that broadly evolved from primitive lavas to differentiated and partly explosive volcanism.
At the same time, primitive lavas continued to erupt from dyke complexes in the rift
zones, while intermediate lavas effused in the geographical transition from rift zone to
central complex. To constrain the magmatic processes, that gave rise to the observed
temporal and spatial patterns, several types of geochemical analyses of these rocks were
applied and results embedded into a detailed, pre-existing framework of radiometric ages
and whole-rock data.

A case study of the composite lava flow of Montafia Reventada allowed to investigate
magma mixing as one potential mechanism to generate intermediate magma on Tenerife.
'The two end-members were a basanite and a phonolite, which erupted one after another,
the basanite before the phonolite. The phonolite carries a considerable amount of mafic
enclaves. Based on field evidence, the magma mixing event was constrained to a short
interval before the eruption. A detailed geochemical dataset was used to confirm the
mixed nature of the inclusions and to determine mixing ratios. Not all elements and oxides
could be modelled, which is explained by observed crystal exchange between basanite and
phonolite and by interdiftusion of trace elements between enclaves and phonolite. It thus
appears that intermediate magma may form by magma mixing on Tenerife.

Mafic magmas, in turn, appear to experience a main phase of crystallisation at upper
mantle/lower crustal levels on Tenerife. Microanalysis of feldspar crystals for major-
and trace elements and ¥Sr/*Sr ratios was therefore conducted to reconstruct magmatic
processes that these phenocrysts witnessed at depth. A set of empirical equations helped
to calculate the composition of the host melts to these crystals. This information was
then implemented into an energy-constrained numerical model of recharge, assimilation
and fractional crystallisation (EC-RAYFC). As a result, two distinct compositions of
primitive lava that have erupted in Tenerife - one with high-Sr/high-Zr, the other with

low-St/low-Zr concentrations - were constrained to follow distinct paths of assimilation



and fractional crystallisation at depth. The high-Sr/high-Zr group appears to originate
in upper mantle/lower crustal magma chambers. In this environment of constant
replenishment and expulsion of magma, simultaneous crystallisation and remelting of
cumulate slowly enriches the resident magma in trace elements, while the non-enriched
magma (low-Sr/low-Zr) appears to have largely escaped this evolutionary stage or was
subjected to it very briefly only.

Finally, the analysis of groundmass of samples from 58 out of 64 known lava deposits
for their Sr, Nd and Pb isotopic composition indicates a large influence of re-melted
country rock for the two most evolved lavas (phonolites) within this succession. The
Sr and Pb isotopes allow to exclude sediment assimilation for the observed increase in
87St/%8r ratios in some of the phonolites, but nevertheless indicate an open system for
the recent Tenerife plumbing system. After investigating all available data on potential
end-members for elevated #7Sr/*¢Sr ratios, a hypothetical contaminant is constrained to
explain the observed increase in phonolite #”Sr/%Sr ratios. Low Sr/Nd ratios indicate a
highly differentiated rock was the contaminant, similar to the Granadilla ignimbrite or
the Diego Herndndez Formation, both from the pre-Teide/Pico Viejo succession. Major
and trace element and 8'®O data are consistent with this type of highly differentiated rock
being the contaminant to the Teide phonolites. AFC modelling shows that fractional
crystallisation plays a strong role throughout the differentiation sequence, whereas for the

most evolved lavas crustal melting might dominate.
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CHAPTER 1

INTRODUCTION

The presented study deals with the petrogenetical constraints on the evolution of an
oceanic island, using the example of Tenerife. Extensive geocflemical analyses were
conducted on the most recent eruptions of this island. These date back to 200ka overall
and define the last major eruptive cycle on Tenerife, which shows continuous activity until
the present day (Carracedo et al., 2007). The obtained geochemical results are embedded
into a well-defined stratigraphic framework, which allows to characterise a dynamic

plumbing system through time and space over this eruptive interval.

1.1. The Canary Islands

The Canary Islands are a 450km long volcanic belt that is located about 115km off West-
Africa (Fig. 1.1). The archipelago comprises a chain of seven major volcanic islands that
get progressively younger from East to West (e.g. Carracedo, 1999). This has been ascribed
to the surface expression of a mantle plume or hotspot (Hoernle et al. 1993; Carracedo,
1994, 1996). Activity persists on even the oldest islands (except for La Gomera), which
may be attributed to either an elongation of the plume head in direction of plate motion
and therefore underneath the oldest islands (Zhang & Tanimoto, 1992) or to edge-driven
convection (King & Anderson, 1998; King & Ritsema, 2000). A submarine seamount,
called "Las Hijas" ("The Daughters") is located 70 km Southwest of El Hierro, and is
possibly the next island to emerge above sea level (Rihm et al., 1998).

The Canary hotspot may originate from a plume from the Core-Mantle-Boundary to
account for the increased magmatic productivity (Davies & Davies, 2009 and references
therein). Davaille et al. (2005) observed seismically that the plume splits below 1400km
depth to feed the Azores, the Canaries and the Cape Verdes. The overall melt production
for the Canary Island hotspot has been determined by Sleep (1990) at ~1 Mg/s (<1000

kg/s). The overriding African plate shows relatively slow motion at ~10 mm/a, compared
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to the oceanic crust in the Pacific (Duncan, 1981; Morgan, 1983).

The Canary Islands are situated above Mesozoic tholeiitic oeanic crust (Schmincke &
Rihm, 1994; Hoernle, 1998; Schmincke et al., 1998; Neumann et al., 2000). A sharp
transition between oceanic and continental crust was postulated by Neumann et al. (2005).
They located the transition East from the Canary Islands with the lower slopes of the
continental rise underlying Fuerteventura and Lanzarote. Magnetic chron S1 indicates an
age of igneous oceanic crust west of Fuerteventura of ~175 Ma, while chron M25 implies
an age of ~156 Ma for the oceanic crust below the easternmost Canary Islands (E1 Hierro

and La Palma) (Klitgorg & Schouten 1986; Verhoef et al., 1991; Roest et al., 1992).

Mo

-

Canary Islands

i A i

L 30°N

- 25°N
20°W 15°W

Fig. 1.1: Overview of the Canary Islands. Black lines indicate age constraints of underlying igneous oceanic
crust based on magnetic anomalies (Roeser, 1982; Klitgord & Schouten, 1986; Roest et al., 1992).

The lithosphere was invoked Ranero et al. (1995) to thin out from about 100km
thickness below the western Canary Islands to about 80km below Fuerteventura and

Lanzarote. The oceanic crust has been found N and NE of Gran Canaria to be overlain



by of ~4km sediments above a ~7km thick igneous sequence (Ye et al., 1999). This 11km
thick sequence of crust may be compacted underneath an island to about 3km of sediment
(layer 3) and 2-4 km of igneous material (layer 1 & 2), with the Moho at ~15km depth, as
suggested by Krastel et al. (2002) on the example of Gran Canaria.

1.2. Geology of Tenerife

Tenerife, as part of the Canary Island archipelago, is the fourth of the seven islands to
have emerged and is located between Gran Canaria (older) and La Gomera (younger)
(Abdel-Monem, 1971, 1972; Ancochea et al., 1990; Guillou et al., 2004b; Paris et al.,
2005). Its oldest exposed deposits are outcrops of the largely covered central Miocene
basaltic shield, which are named Roque Del Conde, and have been dated at 11.9 Ma
(Guillou et al., 2004b). This central Miocene shield has been traced to continue towards
the North East (Ancochea et al., 1990, Carracedo et al., 2009) and field and age data
seem to suggest that it underlies the younger peripheral shield volcanoes of Anaga in
the Northeast (Carracedo, 1979; Thirlwall et al., 2000; Guillou et al., 2004b; Walter et
al., 2005; Carracedo et al., 2009) and Teno in the Northwest (Carracedo, 1979). These
peripheral shields show mainly primitive volcanism although up-section they also contain
trachytic and phonolitic dykes, plugs and lavas. Deeply eroded now, the main construction
phases of Teno and Anaga ended 5 and 4 Ma ago respectively (Guillou et al., 2004b;

Walter et al., 2005), but Teno showed renewed basaltic eruptions in the last 250 ka.
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ANAGA SHIELD

TENERIFE VLo

TENO SHIELD
VOLCANO 10 km
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Fig. 1.2: Simplified geological map of Tenerife (modified after Carracedo etal. (2007); original file: courtesy of
J. C. Carracedo). Note the distribution of monogenetic vents that indicate the three rift zones to the South, the
Northeast and the Northwest.

The overall structure of the island was and is controlled by three rift zones, one to the
South, one to the Northwest and another one to the Northeast (Fig. 1.2). The two latter of
these three are currently active (Carracedo, 1994, 1996, Walter & Troll, 2003) and extend
into Anaga and Teno (Carracedo et al., 2007). Principally showing mafic volcanism, some
differentiated lavas occured in the Pleistocene as landslide fills on the North East rift
(Carracedo et al., 2009). In more recent times, mafic eruptions form single or multiple
(and then usually aligned) monogenetic cones only, which characterises the typical activity
on the rift zones.

Coinciding with the cessation of volcanism on the peripheral shields, Tenerife's central
part resumed erupting at around 3.5 Ma to build the central Las Cafnadas Volcano. It
consists of a complex Lower Group formation that comprised multiple eruptive centres
and is separated from the Upper Group by a major unconformity. This Upper Group
shows three cycles of activity, each from subordinate and primitive to large phonolitic

explosive eruptions (Marti et al., 1994; Ancochea et al., 1999), culminated in a series of



caldera-forming ignimbrite eruptions from 1 Ma to 0.2 Ma (e.g. Wolft, 1983; Marti et
al., 1994, 1997; Marti & Gudmundsson, 2000; Bryan et al., 2000; Brown et al., 2003;
Brown & Branney, 2004; Edgar et al., 2007). The central Las Cafadas volcano collapsed
laterally at around 200-180 ka (Watts & Masson, 1995; Carracedo, 1999, 2007) to leave
behind the Icod landslide scar. Buried by subsequent eruptions, it still is morphologically
recognisable as today's Valle de Icod (Valley of Icod). Mirquez et al. (2008) extrapolated
the layer of the now buried landslide debris that they found in watertunnels in the Valle
de Icod to a height of 1000 masl to the South of Teide. Pre-existing vertical collapse
structures may have initially aided lateral instability (e.g. Troll et al., 2002), but may
have been largely destroyed by this event and the present day Las Canadas Caldera may

represent retrograde-erosive remains of a landslide headscarp (cf. Carracedo, 1999, 2007).

Fig. 1.3: Aerial view of the Las Cafiadas Caldera with the nested complex of Teide-Pico Viejo. View towards
South-South-East. Image courtesy: NASA.

The recent Teide-Pico Viejo central stratovolcano complex formed inside the Las Cafiadas
collapse scar after this collapse (<200 ka, Fig. 1.3) which, by now, has almost completely
been filled by Teide-Pico Viejo's sequence of initial basanite to more recent phonolite

lavas, with the Las Cafnadas Caldera as a remnant surface expression of the pre-collapse
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architecture. Activity has been initially exclusively mafic with the first appearance of
intermediate lavas at around 14 ka BP and that of phonolites at around 9 ka BP (Carracedo
et al., 2007). The sub-plinian Montafia Blanca eruption, located on the eastern flank of
Teide, was probably the most violent eruption after the Icod collapse and occurred at
around 2 ka BP (Ablay et al., 1995).

This succession of nested activity within the Canadas Caldera has been complemented
by exclusively monogenetic, basanite cones on the Northwest rift and scarcer but similar
activity on the Northeast rift zone (Carracedo et al., 2007).

This most recent succession, the central Teide-Pico Viejo complex and its perimetre in
the Las Cafiadas Caldera and, in addition, the activity on the NW and NE rifts (after
~200 ka) represent the combined activity on the island after the Icod landslide. They are

therefore termed post-Icod-collapse lavas herein and are the focus of this PhD thesis.
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1.3. Previous work and sample set

The present work focusses on radiogenic isotope characteristics of the post-Icod-collapse
lavas in Tenerife. The foundation of this study has been laid by three publications:
Carracedo et al. (2007) made detailed age and stratigraphical constraints available, along
with the map that is being printed here with permission (Fig. 1.4), Rodriguez-Badiola et
al. (2008) provided a whole-rock major and trace element dataset on 100 representative
samples and Carracedo et al. (2008) provided volume constraints for individual eruptions.
The sampleset that these workers used, has been made available to us to proceed on
geochemical analyses and interpretation of the post-collapse succession. Initially being
used for mapping purposes, the sampleset comprised almost 600 samples, of which we
selected a representative set of 229 samples to cover 58 of 64 known eruptions within
this succession. Note, some eruptions comprise multiple phases. Six eruptions of the 64
known eruptions were only discovered after this project had commenced and, hence, are
not included. However, all but two eruptions are present in the whole-rock dataset of
Rodriguez-Badiola et al. (2008). This allows us to define three broad compositional groups
of lavas (primitive, transitional and evolved) that underly the subsequent interpretation of
isotope data (Table 1.1).

The rift zone lavas are exclusively basanites, aphyric or containing ol + cpx + plag.
Phonotephrites and tephri-phonolites are grouped around the wider perimetre or form
part of the central complex Teide-Pico Viejo. These rocks are either aphyric or contain cpx
+ plag + amp + mt/il. Phonolites are geographically restricted to the central complex and

radial vents of this edifice and contain afp + cpx + amp + bt + mt/il.



Table 1.1: Eruptions from Teide-Pico Viejo complex and the rift zones and the type of analyses performed on the sample suite

Eruption Eruption phases Samples TAS Groundmass analyses Suite
Abejera Alta ABA-21, ABA-22, ABA-36" Pho Pb Evolved
Abejera Baja ABB-19, ABB-20 Pho Pb Evolved
Montafia Abeque ABQ-47* Fo Sr Primitive
Volcan de Arafo ARA-01* Bas Pb, Sr, Nd Primitive
Montafa Arenas Negras ARE-13 Bas Pb, Sr, Nd Primitive
Montafa del Banco BAN-53 Bas Pb, Sr, Nd Primitive
Montafna Bilma BIL-34*, BIL-36 Bas Pb, Sr, Nd Primitive
El Boquerén BOQ-13, BOQ-14 Pho Pb Evolved
Montafia Botija BOT-28* Bas Pb, Sr, Nd Primitive
Montafa Cascajo Phase 1 CA1-21, CA1-23*, CA1-75 Bas Pb, Sr, Nd, O Primitive
Phase 2 CA2-20* Bas Pb, Sr, Nd Primitive
Phase 3 CA3-22, CA3-24* Bas Pb, Sr, Nd Primitive
Pico Cabras CAB-27 Pho Pb, Sr, Nd Evolved
Volcan de Boca Cangrejo CAN-05, CAN-06* Bas Pb, Sr, Nd Primitive
Chahorra CHA-03* PTe Pb, Sr, Nd Primitive
Chinyero CHI-01* Bas Pb, Sr, Nd Primitive
Volcan El Ciego CIE-18, CIE-19* TPh Pb, Sr Transitional
Montana de Chio ClO-32, CIO-77, Cl0-81, ClO-82, CIO-83 BTa Pb, Sr, Nd, O Primitive
Montafa de Las Colmenas COL-15* TBa Pb Primitive
Montafa de Los Corrales COR-04*, COR-05 Tan Pb, Sr, Nd Transitional
Montana Cruz CRU-39* Bas Pb, Sr, Nd Primitive
Volcan Cuevas Negras CUE-14* Bas Pb, Sr, Nd, O Primitive
Montafia de La Cruz DLC-18* Tra Evolved
Montana Estrecho EST-40*, EST-41 Bas Pb, Sr, Nd Primitive
Fasnia - Siete Fuentes FAS-02* Bas Pb, Sr Primitive
Montana Garachico GAR-04* Bas Pb, Sr Primitive
Galeria Rio de Guia (PV-EVO) GRG-1300, GRG-2800, GRG-2850
Montafia Guamasa GUA-17 Bas Pb, Sr Primitive
Volcan Los Hornitos HOR-17 Bas Pb, Sr Primitive
Montafa Juan Evora JEV-03* Bas Pb, Sr Primitive
Montafa Las Lajas LAJ-23, LAJ-24* TPh (e} Transitional
Las Lenguas LEN-15* Tra Pb, Sr, O Transitional
Montafia Majua MAJ-16, MAJ-17* Pho Pb, Sr, O Evolved
Bocas de Dofa Maria MAR-31, MAR-37 BTa Pb, Sr, O Primitive
Montafa Blanca Phase 1 MB1-34 Pho Evolved
Phase 3 MB3-11* Pho Evolved
Phase 4 MB4-10* Pho Evolved
Phase 5 MB5-04*, MB5-05 Pho Pb Evolved
Phase 6 MB6-12* Pho Evolved
Phase 7 MB7-08* Pho Pb, Sr Evolved
Phase 8 MB8-06, MB8-09* Pho Pb, Nd Evolved
Montafietas Negras MNE-33* Bas Pb, Sr Primitive
Montafia Negra (Lavas Bco. de Vergara) VER-32 Tra Pb, Sr Transitional
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Table 1.1 continued: Eruptions from Teide-Pico Viejo complex and the rift zones and the type of analyses performed on the sample suite

I 4214047y

Eruption Eruption phases Samples TAS Groundmass analyses Suite
Montafia Mostaza MOS-11* TBa Pb, Sr Primitive
Montafias Negras NEG-50, NEG-51 Bas Pb, Sr, O Primitive
Volcan del Palmar PAL-56, PAL-57* Bas Pb, Sr Primitive
Volcan Portillo Lower unit PO1-06* Tan Pb, Sr Transitional
Upper unit P0O2-07, PO2-09 Tan Pb, Sr Transitional
Pico Teide - Lavas Antiguos (Playa Sto. Domingo) PT-ANT-16 Bas Pb, Sr Primitive
Pico Teide - Lavas Antiguos (Playa San Marcos) PT-EAR-15 Bas Pb Primitive
Pico Teide - Intermediate Lavas PT-INE-07, PT-INE-11, PT-INE-17 TPh Pb, Sr, O Transitional
Pico Teide - Lavas Negras PT-LAE-02*, PT-LAE-03, PT-LAE-04, PT-LAE-05, PT-SUM-01 Pho Pb, Sr, O Evolved
Pico Viejo - Pa'hoe'hoe Lavas PV-EAR-13, PV-EAR-15, PV-EAR-16, PV-EAR-17 PTe Pb, Sr, O Primitive
Pico Viejo - Evolved Lavas PV-EVO-05*, PV-EVO-06, PV-EVO-07, PV-EVO-21, PV-EVO-28 Bas Pb, Sr, O Primitive
Pico Viejo - Intermediate Lavas PV-INT-08, PV-INT-09, PV-INT-18, PV-INT-29 PTe Pb, Sr, O Primitive
Pico Viejo - Lavas De La Orotava PV-LAT-01 Pho Pb, Sr Transitional
Pico Viejo - Phonolite | PV-LAT-02, PV-LAT-03*, PV-LAT-04, PV-LAT-61, PV-LAT-66 Pho o Transitional
Cuevas del Ratén RAT-44, RAT-84 PTe Pb, Sr, O Primitive
Roques Blancos RBL-01, RBL-02*, RBL-03 Pho Pb, Sr, O Evolved
Montafia Reventada Basanite REV-87 Bas Pb, Sr Primitive
Phonolite REV-10, REV-64*, REV-71, REV-85 Pho Pb, Sr Transitional
Enclaves REV-09, REV-63* PTe Primitive
Montafia Samara SAM-26, SAM-27 PTe Pb, Sr Primitive
Montafia de Los Silos SIL-60 Bas Pb, Sr Primitive
Montafia de Taco TAC-58 BTa Pb Primitive
Montafia de los Tomillos TOM-14 PTe Pb Primitive
Montafa del Topo TOP-55 Bas Pb Primitive
Volcan Tierra del Trigo TRI-61 Bas Pb, Sr Primitive
Volcan Negro VON-12, VON-13 PTe Pb Primitive
Eruptions and phases not represented in this study:
Montafia Blanca Phase 2 (phonolitic) Pho
*La Mancha Ruana (phonolitic, between Teide and Pico Viejo) Pho
*Hoya del Abrunco (trachytic, below Abejera Baja and Pico Cabras) Tra
*PT-CALV (primitive phreatomagmatic eruption Teide) Bas
PV-PHR (phreatomagmatic eruption PV)
Los Gemelos (small phonolitic eruption between PT and PV) Pho
*Montadia Liferfe (phonotephritic NW rift zone eruption) PTe

Table 1.1.: List of lava flows covered in this work. Details on sample location, age, dating method and vent locations can be found in the electronic appendix and stem from Carracedo et
al. (2007). Some eruptions comprise multiple phases of close temporal relation. The WR column marks units that have been analysed on wholerock major and trace elements by Rodriguez-
Badiéla et al. (2008), asterisks * denote samples that are present in both their and our dataset. Types of analysis: Pb = Pb isotopes, Sr = *Sr/*Sr, Nd = '*Nd/'**Nd, O = 5"*O. All samples with
groundmass data were principally attempted on three radiogenic isotopes Pb, Sr, Nd. In this, we did not always succeed, hence, there are a number of samples with one or two isotopic systems
only. A selection of samples was chosen for 3'*O stable isotope analysis. Rocktypes: Bas = basanite; PTe = phonotephrite; TPh = tephriphonolite; Pho = phonolite; TBa = trachybasalt; BTa =
basaltic trachyandesite; Tan = trachyandesite; Tra = trachyte. Suite indicates the classification of the lava according to its trace element fingerprint.




1.4. Classification of samples
In a TAS diagram (LeBas et al., 1986), following the flow chart of LeBas & Streckeisen
(1991, Fig. 8 therein), rocks from the post-Icod-collapse succession plot as an alkaline
trend from basanites to phonolites with a few excursions into the trachytic series. The
bimodality of the composition of the lava flows is evident, as 97% of the known eruptions
of the last 200 ka have been sampled, with only one sample per unit present in the dataset

to avoid overrepresentation (Fig. 1.5).
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Fig. 1.5: Total alkali silica diagram after LeBas et al. (1986). Note loose clustering of transitional lavas and the
steep trend defined by the evolved group. Data from Rodriguez-Badiola et al. (2008).

Primitive lavas range from foiditic compositions of up to 53 wt.% SiO, (basaltic
trachyandesite). Transitional lavas span from 55 to 60 wt.% SiO,, but are not very abundant

up to 57 wt.% SiO,, and mainly occur as loosely grouped tephriphonolites, phonolites and
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trachytes. Evolved lavas tightly cluster around 60 wt.% SiO, and define a semi-vertical
trend that is at a steep angle to the classic differentiation trend established by all three
groups.

The post-Icod-collapse lavas (<200ka) can be categorised from their whole-rock trace
element patterns into three groups. Rodriguez-Badiola et al. (2008) analysed 99 samples
by XRF for major and trace element concentrations. Their samples cover all analysed units
in this study and in many cases the same sample was analysed here. The lavas are arranged
by parallel trends in their trace element patterns on a multi-element variation ("spider”)
diagram, i.e. trends that do not cross-cut each other. This defines groups of lavas that
probably share a very similar geochemical history, which are further characterised by the
presence of positive or negative anomalies in the elements Pb, Ba and Sr.

This approach is preferred over using conventional TAS diagrams, as major element
concentrations may mask combinations of various petrogenetic processes. In turn, the
concentrations of trace elements relative to each other are probably a better reflection of
the underlying differentiation processes that gave rise to them. Trace element patterns of
samples indicate, within certain limits, similar or distinct trace element ratios and are thus
useful for discriminating overall magmatic histories.

Among the samples from this study, an overall enrichment of most trace elements can
be observed with increasing degree of differentiation. The elements Ba and Sr deviate
from this general pattern and show negative spikes in the evolved group. Also, the mid-
REE (Nd, Sm, Eu, Gd, Tb and Dy) tend to get depleted with increasing differentiation
by factors of 2 to 3. The elements Pr and Y remain largely unchanged by differentiation
(Fig. 1.6).

Wolft & Palazc (1989) find similar elemental patterns in the Quarternary ignimbrite
succession of Tenerife and attribute this to fractionation of feldspar and titanite. On Gran
Canaria, Troll et al. (2003) also found titanite to be the controlling mineral for MREE

depletion of the intermediate to evolved magmas of the Miocene Mogan Group volcanics.
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Fig. 1.6: Multi-element variation diagram for post-collapse lavas from Tenerife, normalised to primitive man-
tle after McDonough & Sun (1995). Inset shows averages of each group. Bottom bar shows trend for indiviual
elements with increasing differentiation for total range of elements. For example, an upwards pointing arrow
indicates an overall enrichment of that element from the primitive to the evolved group. A bent arrow indicates
a depletion in transitional, followed by an enrichment in evolved lavas (or vice versa).

Three groups of lava rock are thus identified from the data of Rodriguez-Badiola et al.
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(2008):

1.4.1. The primitive lavas (yellow)

'The primitive lavas comprise all basanites and tephrites from the rift zones, one foidite,
one basaltic trachyandesite and several intra-caldera and Teide-Pico Viejo phonotephrites
and trachybasalts. They possess a negative Pb anomaly relative to the neighbouring
elements on a multi-element variation diagram (Fig. 1.6). The primitive lavas are the most
abundant in this study (n=40) and will be colour-coded in yellow throughout the rest of

this work.

1.4.2. The transitional lavas (orange)

The transitional samples range from basaltic trachyandesites to trachyte and trachydacites
and from tephriphonolites to phonolites. These samples show positive Pb anomalies,
negative Sr anomalies and a small to absent negative Ba anomaly (Fig. 1.6). Sample REV-
64 (Montafia Reventada trachyte) has a slightly lower Sr anomaly, but is, on grounds of
its negative Ba anomaly, still grouped with the transitional lavas.

The transitional lavas erupted from either Teide and Pico Viejo or other vents inside the
Las Canadas Caldera. There is no clear structural boundary between the rift zones and
central complex, as a result the transitional lavas can be assigned to the wider perimeter
of the Teide-Pico Viejo twin stratocone system. Ten transitional units were analysed and

will be colour-coded in orange.

1.4.3. The evolved lavas (red)

The third group is comprised of phonolites erupted from Teide-Pico Viejo or the flank
vents of this central volcano. The evolved lavas include Montafna Blanca, Roques Blancos
and the last eruption from Teide’s central vent (Lavas Negras, 1150 + 140 a BP, Carracedo
et al., 2007). They are defined by strongly negative anomalies in both, Sr and Ba, with
Sr being lower than a normalised value of 10 (Fig. 1.6). The evolved group (n=12) will
be colour-coded in red. The range of yellow-orange-red is thus thought to indicate an

increasing degree of differentiation (broadly basanite/phonotephrite - tephriphonolite -

14



phonolite).

Geographically, the vents of the three compositional groups display a crude concentric

arrangement around the central vent of Teide (Fig. 1.7).

Evolved

® Transitional

@ Primitive

Fig. 1.7: Distribution of post-collapse vents on Tenerife. In red, evolved lavas, in orange, transitional lavas with
primitive lavas in yellow. The black circle indicates Montafa de los Conejos for which whole-rock data was not
available from Rodriguez-Badiola et al., 2008. This lava flow was not included in our study. Note the clustering
of evolved lavas in and around the central complex, with the transitional lavas falling into the geographical and
chemical transition between the two end-member compositions. The primitive lavas define the rift zones, but
also occur in the older products of the central complex.
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1.5. Owerview of chapters
This most recent succession on Tenerife has been investigated, targeting three broad
but distinct compositional groups of lava rocks that have been ientified (Fig. 1.4). This
distinction had been made on grounds of trace element fingerprints, which provides a
robust characterisation of lava rocks based on 25 trace elements and divides them into
primitive, intermediate and evolved. The processes that were controlling the formation of
these three compositional groups have a dedicated chapter each:

* First, a detailed case study of a composite lava flow provides a first-order example of
the formation of intermediate or mixed rocks in this succession. This was achieved
by combining major-/trace element and *’Sr/*Sr, '*N/**Nd, Pb-Pb and 'O data
with detailed field evidence.

*  Microanalysis of individual zones of feldspar phenocrysts for their major and trace
element concentrations along with their #’Sr/*Sr ratios helped to reconstruct and
model magmatic differentiation at lower crustal/upper mantle levels.

* Finally, we addressed the formation of felsic rocks in this succession (evolved group).
The analysis of the groundmass of these lavas for three radiogenic isotope systems
87Sr/%Sr, 3N/**Nd and Pb-Pb allows to constrain the formation of felsic melts.
Furthermore, 8O ratios in selected feldspar and groundmass samples constrained

potential effects of assimilation.
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CHAPTER 2

THE 1100 AD MONTANA REVENTADA COMPOSITE ERUPTION:
INTERACTION OF GENETICALLY DISTINCT MAGMAS ON OCEAN
ISLANDS, TENERIFE, SPAIN

1. INTRODUCTION

The combined recent succession of lavas in Tenerife comprises the Teide-Pico Viejo
central complex and the adjacent rift zones that are a fundamental feature to the evolution
of the structure of this ocean island edifice (Carracedo, 1994, 1996; Carracedo et al.,
2007). Within this overall bimodal succession of mainly basanite and phonolite, lavas of
intermediate composition occur, albeit of subordinate volumetric significance. The most
conspicuous way of producing a hybrid magma is simple mixing of two compositionally
distinct magmas (i.e. a mafic and a felsic one). In the majority of cases this manifests in
a direct contact between mafic and felsic magma and often incomplete mixing that are
observable in outcrop and on hand-specimen scale. In a review of this concept, Wilcox
(1999) found some 650 publications that deal in some form with magma mixing, starting
with Bunsen in 1851.

One of the key issues for understanding magma mixing in a given deposit is whether
or not the distinct magmas co-existed for any appreciable amount of time in a stratified
magma chamber prior to eruption and if they are co-genetic. Co-genetic, stratified
magma chambers have frequently been hypothesised and the majority of mixed magma
occurrences are explained this way (e.g. Sparks et al., 1977, Blake, 1981a; Huppert et
al., 1982; Wolft and Storey, 1984; Blake and Ivey, 1986; Freundt and Schmincke, 1992;
Arafa et al., 1994; Kuritani, 2001; Troll and Schmincke, 2002). In addition, the intrusion
of a genetically distinct magma into another has also been proposed to address the origin

of mixed magmas, whereby the newly arriving magma triggers an eruption due to super-
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heating and re-mobilisation (e.g. Turner, 1980; Turner and Campbell, 1986; Eichelberger
et al., 2000; Izbekov et al., 2004; Troll et al., 2004). For example, Izbekov et al. (2004)
suggested that a mafic dyke had dissected a resident andesitic magma chamber to give
rise to the 1996-1999 eruption at Karymsky volcano, Kamchatka that erupted a range of
mixed products.

As a case study of how intermediate magma may form in Tenerife, we focus on one
particular example where two distinct magmas, basanite and phonolite, interacted to
result in the apparent formation of a hybrid magma. Montafia Reventada is one of the
most recent lava flows within the post-collapse succession in Tenerife. It erupted around
900 years ago from the wider perimeter of Pico Viejo as part of the Northwest rift zone
(Carracedo et al., 2007), and emplaced a thin layer of basanite followed by a thick layer
of phonolite that contains abundant dark inclusions. Arafia et al. (1989, 1994) delivered
a detailed description of this flow, along with a geochemical dataset that constrained the
origin of the enclaves as being controlled by mixing and diffusional processes. Several
discrepancies remain, however, partly due to inconsistencies between their major-/trace
element and their isotopic datasets and partly due to a lack of geological background
information available at the time. The present work overcomes these problems through a
reliable, geochemically coherent dataset that rectifies the contradictions presented in this
previous study. Furthermore, the detailed field and age constraints of Carracedo et al.
(2007) allow a substantial revision of the magmatic processes and consequent dynamics
envisaged for the Montafia Reventada eruption and place them into a meaningful

geological context.

1.1. Description of the Montaria Reventada lava flow and sampled outcrops
Montafia Reventada consists of a group of vents located within the Northwest rift
zone of the <200ka post-collapse series of Tenerife (Carracedo et al., 2007) (Fig. 2.1).
Successive eruptions of basanitic and phonolitic lava make for a "composite" character
of this monogenetic event. In contrast to the majority of composite eruptions, where a

more felsic magma is followed by a more mafic one (e.g. Sparks et al., 1977; Blake, 1981;
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Eichelberger et al., 2000; Troll & Schmincke, 2002; Troll et al., 2004), the initial pulse
at Montana Reventada consisted of a mafic component that was followed by a phonolitic

phase.

i 4 ".‘
S Go0gld

o G -

Fig. 2.1: Aerial view of the 900 BP Montana Reventada lava, light grey field denotes the extent of phonolite
lavas, dark grey the underlying basanite lavas (Google Earth, coloured fields are the geological map of the post-
collapse succession on Tenerife after Carracedo et al., 2008). The star indicates the location of the sampled out-
crop.

Two exceptional roadcut outcrops at 330437/3128642 (UTM 28R +15 m) at either side
of the road provide a view through the complete stratigraphy of this eruption, including
the bottom contact with older lavas. This roadcut on TF-38 (also referred to as "Carretera
Boca Tauce"), downhill from the Las Canadas Caldera, has been previously described by
Arana et al. (1994). After passing Montafia Samara, the road leads into a wide, sweeping
left turn through the Montafia Reventada lava rocks. From bottom to top, the stratigraphy
comprises:

* Red bottom breccia: about 10 to 20 cm thick. It is comprised of scoriaceous basanite,

scarcely phyric and some parts show flow banding.

* Lower layer basanite: Massive, dark and mostly aphyric lava of variable thickness (20

- 200cm), that shows flow banding (overturned in places). Typical vertical cooling

cracks are abundant. In places, the massive parts grade into welded scoria, where the
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20

scoria clasts are of variable vesicularity.

Upper layer phonolite: Massive, light-coloured and porphyritic lava of 10 - 12 m
thickness. It contains about 10% alkali feldspar and scarce clinopyroxene. Scarce
amphibole features opaque dehydration rims. Cooling fractures are less pronounced
than in basanite. The lava contains melanocratic enclaves that range in size from few
cm to up to 50 cm and appear to gradually decrease in abundance up-section. The
contact between the basanite and the overlying phonolite is smooth and undulating,
lacking any type of top or basal brecciation. In places, the phonolite intrudes the lower
basanite or appears to lift out basanite blocks (<50cm). In one case, a cooling fracture
of the underlying basanite appears to have been opened and filled with phonolite (see
inset in Fig. 2.2). Here, the basanite shows a chilled margin against the intruded
phonolite and, hence, was still hot when being intruded. In the first metre above
the basanite-phonolite contact, vesicles between 2 mm and several cm are abundant.
These are elongate and parallel to the contact and grade into equant shape at about
40cm above the contact. The phonolite becomes pink in the uppermost half metre
(oxidies top) and mafic enclaves are almost completely absent near the top.

The mafic enclaves that are contained within the phonolite are up to 50 cm across.
There are two types of enclaves distinghuishable on a hand-specimen scale (four
using petrography). One fraction (up to 10 cm) are angular, vesicular and scarcely
porphyritic and have clearly been broken as solids, while another fraction (5 - 50 cm)
is porphyritic and non-vesicular and has lobate outlines that have been deformed
in a ductile fashion (blob-like). Chilled margins on the crystal-rich blob enclaves
indicate a considerable temperature contrast between enclaves and host lava. The
vesicular, scarcely phyric enclaves may indicate stronger undercooling (quenching),
where instantaneous freezing caused volatiles to exsolve to form vesicles, thus aiding
brittle fragmentation to make angular fragments (cf. Eichelberger, 1980; Troll et al.,
2004).

A top breccia that is up to 1.5m in thickness consists of large clinker and glassy

blocks.
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Fig. 2.2: Main outcrop of the Montafia Reventada composite flow. Note the volume relations of the basanite to
the phonolite. The inset shows an opened fracture within the basanite that has been filled with phonolite.

Previous work

The Montana Reventada eruption had been previously investigated by Arafa et al. (1989
& 1994). Those two are essentially the same publication, one being in Spanish (1989) and
one in English (1994), on the latter of which we focus here. In the present study, we are
merging our dataset with that of Arafia et al. (1994) and are adding solid isotopic evidence
to advance understanding of the ongoing processes within a revised geological context.
Arana et al. (1994) constrained the diffusional hybridisation of the enclaves that resulted
from the interaction of the two distinct magmas. However, without detailed knowledge on
the overall geological regime at the time, they presented a model that is in part incoherent
with the present geological understanding of the recent magmatic plumbing system of
Tenerife (e.g. Carracedo et al., 2007). Arana et al. (1994) argued in favour of diffusional
processes acting at the interface between the basanite and the trachyte on grounds of major
and trace element data. As a consequence, their mass balance calculations, combined with

mineral abundances, allowed them to exclude a continuous differentiation series as an
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origin for the hybrid enclaves. Furthermore, they found that the unequal distribution
of mineral phases between two magmas can account for deviations of principal mixing
trends in the resulting hybrid.

Although they were able to conclusively explain the hybridisation by mass balance
calculations of major and trace elements, their Pb isotope data contradict this conclusion.
Uncertainties also persist with their interpretation of the basanitic magma being erupted
before the trachytic one (reclassified in this study as phonolite). They suggested that
the basanite pooled below the trachyte in the magma chamber to create a diftusional
interface. Subsequently, a temperature and density equilibrium between the two magmas
was achieved that reduced the basanite's density below the one of the phonolite, in order
for the basanite to erupt before the phonolite. This has been suggested in case of rapidly
quenched enclaves that develop a foamy texture (e.g. Eichelberger, 1980; Coombs et al.,
2003) and, hence, have a reduced density. However, for dense mafic inclusions, as found

in Montana Reventada, this remains unsubstantiated.

2. METHODOLOGY

To define thelithological units in more detail and constrain the formation of this composite
eruption, samples were analysed for their major- and trace element concentrations as well
as for their radiogenic and stable isotope systematics (Sr, Nd, Pb and O). This dataset is
complemented by field and petrographical evidence, along with microanalytical data on

Reventada feldspars from Chapter 3.

2.1. Samples and sample selection
The sample set consisted of 14 stratigraphically constrained whole-rock and six
groundmass samples. For whole-rock analyses, three basanites, seven phonolites and four
mafic enclaves were selected. Groundmass measurements encompassed two basanites and
four phonolites. All samples are from the road section on TF-38 described above.

Unweathered pieces of sample were cut and selected for whole-rock and groundmass
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analysis. The samples are generally fresh as they are of young age (900 BP). Nevertheless,
cracks and rims affected by weathering were avoided. Samples for whole-rock and
groundmass analyses were crushed in a jaw crusher and then hand-picked to separate
enclave material from whole-rock samples and enclave material and crystal matter were

also separated from groundmass samples. Approximately 30g of fresh, pristine chips were

hand-picked and pulverised in a WC TEMA mill.

2.2. Major and trace element analyses (X-ray Fluorescence)

Samples were sent for XRF analysis to [IFM-GEOMAR, Kiel, Germany. Samples were
dried at 110°C before analysis. The major and trace element dataset was produced on fused
beads using an automated Philips PW1480 x-ray spectrometer. Trace elements measured
were Co, Cr, Ni, V, Zn, Ga, Rb, Ba, Th, Nb, La, Ce, Pr, Pb, Sr, Zr and Y. Among
these Cr and Ni gave no useful results. All analyses were performed with a Rh tube;
calibration was performed using international geological reference samples (cf. Abratis
et al., 2002; Troll & Schmincke, 2002). Lithium tetraborate glass fusion beads were
prepared following the methods of Norrish and Hutton (1969), with modifications after
Harvey et al. (1973) and Brian et al. (1980). H,O and CO, were determined by infra-red
photometry (Rosemount CSA 5003) after heating the rock powder to 960 °C. Analyses
listed in Table 2.3 are presented as hydrous.

2.3. Trace element analyses (ICP-MS)

Trace element analysis by ICP-MS was conducted by Frances Deegan at the Department
of Petrology (FALW), Vrjie Universiteit, Amsterdam, Netherlands. Samples were prepared
using a modified version of the method described by Turner et al. (1999). Samples and
geochemical reference materials (~100mg) were dissolved using concentrated HF-HNO,
in a ratio of 3:1 for in 30ml Savillex screw-top Teflon beakers. After digestion, the samples
were dried down and refluxed with concentrated HNO,. After digesting and nitrating the
samples, they were re-dissolved in concentrated HNO,. Aliquots of 1ml were taken for

ICP-MS measurements and dried down. Samples were then diluted to make a 1:5000
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3% HNO, measuring solution for the ICP-MS. All reagents were prepared using double-

distilled concentrated acids and ultra pure water (>18 MQ).

Table 2.1: Instrument settings and data acquisition parameters
for trace element analyses (ICP-MS)

Instrument Quadrupole Thermo X-Series |l ICP-MS

Forward power (W) 1300

Reflected power (W) <3

Nebuliser Meinhardt

Nebuliser gas flow rate (I/min) 0.85

Coolant gas flow rate (I/min) 14

Aucxiliary gas flow rate (I/min) 1

Spray chamber Scott double-pass water cooled (~1 °C)

Detector ETP Dinode operating in PC and Analogue

Sensitivity (2-5) x 10" counts per second / ppm ""*In and **u

lon collection Peak hopping

Dwell time™ and points / peak 2.56-20.48 ms, 3 points / peak separated by 5 DAC
units

Analysis time 90-s acquisitions (~60 sweeps), 4 repeats

Table 2.1.: Instrument settings and parameters for ICP-MS trace element analysis. *“Dwell times were adjusted
to minimise counting statistic errors, depending on individual isotope abundances and element response factors.

The samples were analysed using a Quadrupole Thermo X-Series IT ICP-MS for trace
and rare earth elements. Detection limits and analytical precision ranged from <100 ppb
to <1 ppt, and relative analytical precision was typically ~2 to 5% (one standard deviation).
See Table 2.1 for a summary of instrument settings and Eggins et al. (1997) for an in-

depth description of the applied method.

2.4. Radiogenic isotopic analyses
All radiogenic isotopic analyses were conducted by Frances Deegan at the Department
of Petrology (FALW), Vrjie Universiteit, Amsterdam, Netherlands.
300mg of homogenised sample powder was digested in a mixture of 6ml concentrated
HF and 2ml concentrated HNO, at 150°C for about 3 days. The samples were then
nitrated twice before beginning chemical separation procedures for Sr, Nd, and Pb. All
samples for Sr, Nd and Pb isotopic analysis and standards and blanks were treated in the

same manner. All errors are reported as 2 SD (Table 2.5).

2.4.1. 8r isotope analysis
Strontium extraction was performed using 0.075ml volume columns filled with Eichrom

Sr spec resin. Columns were cleaned three times prior to separation with 3N HNO, and
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ultra-pure water. Cleaning was repeated 3 times. The columns were then conditioned with
0.4ml of 3N HNO,. The samples were re-dissolved in 6ml 3N HNO,, of which 0.5ml was
loaded onto the columns after centrifuging. The remaining sample solution was dried and
re-dissolved in 6ml 2N HNO, for later Nd extraction. The prefraction was washed out
with 3N HNO,. Strontium was then collected by passing ultra-pure water through the
columns. Samples were dried and nitrated twice before running on the TIMS.

In preparation for mass spectrometry, Sr samples were loaded onto single Re filaments
with a mixture of TaCl and 1N phosphoric acid. Strontium isotope ratios were measured
by thermal ionization mass spectrometry (TIMS) at the Department of Earth Sciences,
Vrije Universiteit Amsterdam, Netherlands using a multicollector ThermoFinnigan MAT
262 system operating in static mode. Analyses were typically carried out at 3-4V, for
15 blocks (10 scans per block) per sample. Average multiple analyses of NBS 987-S =
(0.710230) (n=77). Whole-procedural blanks were below 0.5 ng for Sr.

2.4.2. Nd isotope analysis

The samples were passed through TRU-spec resin columns to collect the REE fraction.
Columns were washed three times with 2N HNO, and ultra-pure water and then
conditioned with 2N HNQO,. The sample was dissolved in 6ml 2N HNO, prior to loading.
The prefraction was washed out with 2N HNO,. The REE were collected in ultra-pure
water which was then evaporated and the sample re-dissolved in 0.165N HCIL.

The resulting solution of REE was then passed through LN columns to collect Nd.
Columns were washed three times with 6-7N HCI and 2N HF and then conditioned
with ultra-pure water followed by 0.165N HCI. Samples were sonicated for 30 mins
and centrifuged before loading onto the LN columns. The prefraction was washed out
with 9ml 0.165N HCI. Neodymium was collected in 0.25N HCI. Samples were dried,
nitrated, and diluted to produce a measuring solution of 800ng Nd in 4ml 1% HNQO, for
the Finnigan Neptune MC-ICP-MS.

Samples were analysed following the routine of Luais et al. (1997). The procedure
yielded a typical Nd beam intensity of 10-12 V, occasionally up to 20 V have been

recorded. A typical run lasted 18 min and consumed 300 ng of solution. Between samples
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or standards, the Teflon tubing and glassware were cleaned with 3% distilled HNO,
and 0.05N distilled HNO,. The standard solution BHVO?2 yielded 0.51298(5). Internal
standard CIGO values during this study (n=9) were 0.51134(4) and the total procedural
blank was < 200pg.

2.4.3. Pb-Pb isotope analysis

Samples were dissolved in 0.7N HBr, dried down and re-dissolved in 0.7N HBr.
Columns were loaded with AGIx8 resin and washed twice with 6N HCl and ultra-pure
water. Columns were conditioned with 0.7N HBr before loading the sample solution
onto the columns. The prefraction was washed out with 0.7N HBr followed by 3N HCI.
The Pb fraction was collected in 6N HC, dried down, nitrated and diluted to produce a
measuring solution of 400ng Pb in 4ml 1% HNO, for the Finnigan Neptune ICP-MS.

Pb isotopes were analysed by standard—sample bracketing using a Thermo Finnigan
Neptune multi-collector ICP-MS. All analyses were conducted using a Cetac AX-100
autosampler, in combination with a Cetac Aridus desolvating nebuliser to introduce
samples into the MC-ICP-MS. The wash-out time between analyses was 3 min, and
uptake time 2 min. A total of 5 blocks of 20 cycles was measured, with integration times
of 4 s per cycle. Levels of *"Hg were always less than 0.05mV. See Table 2.2 for instrument

settings.

Table 2.2: Pb isotope settings and data acquisition parameters

Instrument settings

Sample uptake rate (Al/min) 50

Guard electrode On

Rf power (W) 1200
Plasma gas flow rate (I/min) 15
Auxiliary gas flow rate (I/min) 0.7
Nebuliser gas flow rate (I/min) 0.9
Aridus gas flow rate Ar (I/min) 42438
Aridus gas flow rate N (I/min) 0.04-0.08

Sampling cone
Skimmer cone
Lens settings

Data acquisition parameters

Scan type
Cup configuration

Sensitivity (V/ppm 208Pb) 200
Sampling time

Ni, 1.1 mm aperture
Ni, 0.8 mm aperture
Optimised for analyte signal intensity and stability

Static multi-collection

L4: 'Hg; L2: *Pb+Hg;

C: °Pb; H1: *’Pb;

H2: ?®*Pb; H3: **°PbH

200

5 blocks of 20 measurements of 4 s integration time

Table 2.2.: Instrument settings and parameters for MC-ICP-MS Pb isotope analysis.
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For each measurement, the average of the two bracketing machine blanks was subtracted
before calculation of the Pb isotopic ratios. The blank levels varied between sessions with
intensities of 1.5-3.0 mV on 2%Pb. Variable blank correction always introduced less
uncertainties than the error from counting statistics in the concentration range of our
solutions.

A 100 ppb solution of NIST SRM-981 standard gave 16.9435(7), 15.5017(10) and
36.7297(15) for 2°°Pb/?*Pb, 27Pb/**Pb and 2°*Pb/>**Pb, respectively (n=2). The values
of Baker et al. (2004) were used for normalisation. For the BHVO standard, these
ratios yielded 18.6252(8), 15.5392(10) and 38.2269(17) for 2°°Pb/***Pb, *"Pb/***Pb and
208Ph/204Ph, respectively (n=2). Full procedure Pb blank solutions were in the order of 0.05
ppb, corresponding to 150 pg Pb. Data reduction was done offline, following the formula
for sample—standard bracketing (Albaréde et al., 2004). The error propagation was
performed using relative errors (%). All errors given on Pb isotopic ratios are 2 standard

deviations (absolute). A more detailed description of the method applied can be found in

Elburg et al. (2005).

2.5. Oxygen isotope analysis

Oxygen isotope data were obtained on a subset of 13 samples at the University of Cape
Town. Approximately 10 mg of whole-rock powder were analysed using conventional
Ni reaction vessels. Ten samples were loaded in each sample run, of which two were the
NBS28 quartz standard. Oxygen was produced by reaction with CIF, at 550 °C for at
least three hours. The isotope ratios were measured using a gas-source Finnegan Mat
DeltaXP mass spectrometer in dual inlet mode, and the results are reported in standard
§-notation relative to V-SMOW. 'The average value obtained for the NBS28 samples was
used to normalize the raw data in each run to the SMOW scale assuming a value of
NBS28 of 9.64 %o. In practise, the difference between the raw and normalised data was
< ~0.5 %o. During the analysis of oxygen isotopes in this study, averaging the difference

between duplicate NBS28 analyses gave an error of 0.10 %o (cf. Fagereng et al., 2008 for
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analytical details). A standard analytical uncertainty of 0.1 %o was applied (see Harris et

al., 2000) (Table 2.5).
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Table 2.3: Montaria Reventada major and trace element data (XRF)

Top of phonolite: Bottom of phonolite: Basanite: Enclaves in phonolite:
207_4 207_6 206_2 2065 206 205_1  205_2 E E E E
Sample | 2074 2075 2076 .o om | 206-2 2063 2085 . Cont | 2081 2082 2083 o e e
[wt. %]
SiO; 58.88  58.17 5875 59.16  58.86 5868 5912 5765 5931 57.82 57.46  46.63 462 4619 46.86 4671 5008 5012 5044 484
TiO, 1.1 121 1,42 1.08 1.4 1.08 1.03 1.28 1.06 1.28 1.35 3.31 3.35 3.33 3.32 3.36 2.62 2.64 2.6 2.92
Al,O5 18.58 18.5 1851 1855 1847 1853 1861 1858 1863 1852 1849 1716 1713 1714 1718 1717 1765 1768 17.74  17.65
Fe,0; 454 4.99 457 453 4.76 4.56 4.41 5.09 454 5.09 5.3 1113 1122 1121 1109 1119  9.04 9.04 9.02 9.84
MnO 0.17 0.16 0.16 0.17 0.17 0.16 0.16 0.17 0.16 0.17 0.17 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.21
MgO 1.09 1.28 1.12 1.06 1.12 1.05 1 1.33 1.04 1.35 1.46 4.42 453 455 4.48 4.58 3.35 3.44 3.39 3.75
Ca0 1.98 2.35 211 1.96 2.08 1.99 1.87 2.65 1.97 2.63 2.89 9 9.15 9.12 9.06 9.14 6.91 7.01 6.89 772
Na,0 7.67 7.67 7.81 7.73 7.88 7.91 7.85 7 7.9 7.64 7.59 4.94 4.97 4.93 4.83 4.86 6.3 6.05 6.07 5.67
K20 473 4.57 4.66 483 474 475 4.81 442 482 452 4.32 1.92 1.85 1.88 1.91 1.91 2.46 2.62 266 1.75
P,0s 0.29 0.35 0.31 0.29 0.32 0.29 0.28 0.37 0.29 0.38 0.4 1.26 1.29 1.3 1.29 1.29 0.99 1 1 1.17
H20 0.16 0.26 0.2 0.09 0.1 0.09 0.17 0.08 0.09 0.09 0.12 0.14 0.08 0.24
CO;, 0.02 0.01 0.02 0 0 0.01 0.04 0.02 0.02 0.02 0.02 0.02 0.01 0
Sum 99.29 9952 99.37 996 9976 9924  99.4 995 9998 9967 9969 100.28 100.17 100.13 100.51  100.7  99.91  100.1  100.29  99.45
[ppm]
Co 30 10 8 - - 9 9 13 < - 32 55 57 49 29 27 46 48 32 46
Y% 46 48 46 44 52 35 38 56 44 56 59 217 215 219 220 215 151 165 154 174
Zn 108 105 105 106 108 102 103 106 105 107 105 119 117 114 118 117 113 117 115 126
Ga 27 26 27 27 27 26 23 27 27 25 26 24 25 25 26 23 25 24 26 25
Rb 112 105 108 114 113 114 114 106 112 107 100 48 44 46 46 48 64 67 68 34
Ba 983 941 995 884 847 951 977 954 885 839 968 687 632 670 666 643 796 732 778 1148
Th 36 40 34 38 35 38 34 28 39 38 35 20 31 30 30 34 28 34 32 28
Nb 144 144 143 150 153 149 149 144 153 146 139 94 92 93 92 94 116 115 115 108
La 70 62 73 73 60 59 7 62 67 73 70 59 72 46 52 68 79 61 57 84
Ce 129 181 128 181 145 173 166 148 189 162 154 125 134 128 123 144 187 140 155 165
Pr 12 15 13 14 12 12 14 15 12 18 10 13 13 1 12 12 15 15 13 16
Pb 27 24 22 31 23 22 22 15 26 17 17 13 13 7 16 17 13 15 1 10
Sr 191 238 214 182 202 200 177 321 190 304 360 1125 1134 1133 1132 1135 953 966 950 1189
zr 589 584 588 605 607 600 602 580 617 593 570 384 372 379 377 377 456 455 461 381
Y 17 20 18 19 18 19 20 21 19 20 20 29 29 32 28 29 27 27 28 34

Table 2.3.: Major and trace element data, analysed by XRF, from the Montaia Reventada composite eruption. Note that data are in stratigraphical order: 207 is the top of the phonolite, 206
is the bottom of the phonolite and 205 is the underlying basanite. No significant difference between the top and bottom phonolite was detected and both are not distinguished in more detail
thereafter. GM in a sample name denotes a groundmass sample, "Cont" is the phonolite sample from just above the contact between the basanite and the phonolite.




Table 2.4: Montania Reventada trace element data (ICP-MS)

Top of phonoalite: Bottom of phonolite: Basanite: Enclaves in phonolite:
207_4  207_6 206_2 2065 206 205_1 205_2 E E E E
Sample | 2074 2075 2076 "o om | 2062 2063 2065 ph Cont | 251 2052 2053 ‘.o e GoeE GO HRRD. - gaar
Li 1711 1871 1634 1668 1352 1642 2049 1476 1405 1403  11.90 571  10.81 8.26 5.94 9.33 679 11.76  12.70 7.18
Be 4.51 457 3.41 5.19 3.04 5.44 6.72 4.28 4.81 474 3.45 2.72 3.33 2.30 2.42 2.74 3.34 2.69 3.42 2.56
Sc 1.68 2.89 2.11 1,72 1.72 1.65 2.18 2.23 1.59 2.20 1.91 879 12,69 9.47 857  10.71 7.91 6.17 7.19 7.40
Ti 6315 7718 7163 6811 5777 6450 7910 6852 6374 8129 6185 18475 24698 16337 17612 20208 15208 12766 15444 16220
\Y 31.9 44.4 33.1 34.8 26.7 334 38.2 425 32,5 496 37.5 2074 2745 1771 1989 2184 1445 12093 15168 153.98
Cr 0.50 0.73 0.15 0.54 0.25 0.53 0.75 1.03 0.53 0.58 0.61 0.78 0.46 1.18 0.42 0.36 0.50 0.70 0.66 0.86
Co 50.50  25.42 4.05 3.03 285 2199 2451  20.09 2.76 465 3922 5295 77.46  46.02 2400 2627 5714 4429 3630  41.29
Ni 0.37 0.35 0.41 0.30 0.11 0.24 0.27 0.55 0.29 0.35 0.41 1.13 1.60 1.35 1.09 17 0.91 0.83 0.82 0.54
Cu 3.82 5.28 4.08 3.90 3.22 3.25 413 4.56 3.74 4.76 447 1696 2203 1534 1714  17.69 9.19 999 11.62  11.07
Zn 126.3 1506 1536 1276 1063 1312 1647 1233 1224 1310 1037 1363 1688 1269 1293 1400 1409 1184 1429 1506
Ga 2231 2421 2168 2474 1622 2388 3056 21.17 2343 2456 17.66 2165 2884 1923 2028 2297 2343 1898 2415  21.41
Rb 90.05 9771 86.14 9128 6288 101.62 11655 79.90 9125 9538 6470 3950 3631 2989 3600 33.18 5816  47.98 5357 2593
Sr 171.3 2447 2030 1591 1556 1867 2184 2740 1542 2704 2396 9821 1327.3 9367 9103 10682 9685 7674 8852 10755
g 2548  30.18 2005 2646 1655 2674 3618 2468 2263 2567 1863 2890 4443 3147 2820 3558 3841 2772 3346  36.16
zr 5729  610.3 6028 6514 4666 6205 7744 5381 6262 631.3 4451 3665 447.4  306.0 3409 3758 4486 3704 4718 3553
Nb 146.6  157.8 1620 1651 1218 157.8 1921 1344 1573 1644 1138 823 1153 77.5 81.3 99.8 1134 933 1103  110.8
Mo 1.49 1.66 1.33 1.69 0.89 1.56 1.89 1.04 1.59 1.23 0.89 0.75 0.97 0.66 0.67 0.75 1.04 0.91 1.15 0.60
Rh 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
cd 0.06 0.09 0.07 0.06 0.07 0.13 0.13 0.08 0.09 0.08 0.06 0.07 0.10 0.08 0.06 0.10 0.11 0.08 0.10 0.12
In 0.10 0.08 0.08 0.10 0.07 0.11 0.14 0.10 0.11 0.12 0.09 0.20 0.25 0.16 0.19 0.19 0.16 0.13 0.17 0.18
Sn 227 2.41 2.08 2.56 1.66 2.38 2.93 2.08 223 246 1.76 1.45 2.26 1.46 1.39 1.81 1.92 1.55 1.82 1.87
Sb 0.48 0.50 0.48 0.54 0.39 0.46 0.57 0.36 0.55 0.44 0.36 0.15 0.20 0.13 0.15 0.17 0.27 0.23 0.36 0.19
Cs 1.07 1.08 0.79 1.00 0.61 1.06 1.34 0.80 0.89 0.77 0.61 0.32 0.32 0.33 0.38 0.40 0.72 0.51 0.54 0.25
Ba 975.8 10554 10329  839.8 6943 9969 12897 8811 7891 7964 6685 581.9 7284 5288 5261 6162  780.3 5946  708.7 10537
La 7872  89.22 5645 78.08 4589 8242 11149 7212 6920 7416 5485 5952 8693 60.33 5841 7091 8460 6132 71.91 8579
Ce 136.4  156.3 97.9 1380 820 1466 1949 1303 1218 1330 1034 1409 1857 1252 1281  149.0 1666 1253 1550  176.7
Pr 13.35 1522 890  13.38 755 1423 1899 1278 1176  12.91 980 1361 1997 1404 1314 1628 1802 1301 1524  17.63
Nd 4458 5174 2937 4487 2504 4757 6285 4364 3916 4405 3388 5370 7941 5584 5146 6477 67.83 4897 57.66  65.57
Sm 6.93 8.08 461 7.03 4.05 7.48 9.95 6.97 6.04 742 5.46 976 1472  10.46 935  11.87 12,07 886 1030  11.44
Eu 218 259 1.92 2.20 1.56 2.28 3.06 217 1.91 2.25 1.72 3.13 4.71 3.32 2.97 3.81 3.87 2.79 3.31 3.91
Tb 0.83 0.97 0.60 0.84 0.50 0.88 1517 0.83 0.71 0.81 0.65 1.14 1.68 1.19 1.07 1.38 1.41 1.02 1.21 1.33
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Table 2.4 continued: Montaria Reventada trace element data (ICP-MS)

Top of phonoalite: Bottom of phonolite: Basanite: Enclaves in phonolite:
207_4  207_6 206_2 206_5 206 205_1  205_2 E E E E
Sample | 2074 2075 2076 . om | 206-2 2063 2085 oo =~ Cont | 2051 2082 20853 "o cr SN O . R . S
Gd 5.41 6.46 3.75 5.49 3.16 5.74 7.50 5.46 4.84 5.57 4.19 846  12.74 9.12 810 1035  10.22 7.48 8.83 9.63
Dy 4.54 5.31 3.31 473 2.81 4.84 6.32 4.50 4.02 4.52 3.53 5.83 8.73 6.25 5.64 7.27 7.54 5.51 6.59 7.06
Ho 0.84 0.95 0.62 0.89 0.54 0.88 197 0.81 0.75 0.84 0.63 1.05 1.54 1.10 0.98 1.27 1.32 0.96 1.15 1.24
Er 2.38 2.72 1.82 2.51 1.60 2.51 3.28 2.30 212 2.30 1.76 2.61 3.81 2.70 245 3.15 3.44 2.45 3.03 3.16
Tm 0.35 0.40 0.27 0.38 0.24 0.38 0.50 0.35 0.31 0.34 0.25 0.35 0.50 0.36 0.31 0.42 0.46 0.33 0.42 0.42
Yb 2.29 2.59 1.76 245 1.53 2.33 3.20 2.20 2.10 2.24 1.65 2.11 2.99 2.15 1.97 247 2.87 2.04 256 2.49
Lu 0.32 0.36 0.25 0.34 0.21 0.34 0.45 0.31 0.28 0.30 0.23 0.28 0.39 0.28 0.25 0.32 0.38 0.27 0.33 0.33
Hf 959  10.07 931  11.10 783 1086  13.18 935 1079  10.71 7.68 7.04 8.53 5.95 6.29 7.32 8.28 6.65 8.43 6.53
Ta 8.28 8.17 7.85 8.43 6.01 875  10.39 7.51 8.14 8.20 6.41 5.75 7.20 463 487 5.54 7.07 5.64 6.74 6.05
w 154.2 79.6 342 29 18 1089  1i7.8 73.4 2.3 18 1290 1451 2407  109.0 0.8 09 2713 1716 1127 1367
Re 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Pb 7.10 7.44 6.04 7.65 4.64 852  10.04 6.28 7.28 6.59 4.81 3.18 3.75 2.60 2.92 3.11 5.26 4.11 4.99 3.26
Tl 0.19 0.12 0.10 0.18 0.06 0.27 0.32 0.18 0.24 0.16 0.14 0.06 0.12 0.08 0.05 0.11 0.16 0.14 0.19 0.09
Pb 8.27 8.57 6.75 8.67 5.25 891 1093 7.34 8.18 7.93 5.53 3.52 4.09 2.88 3.18 3.62 5.43 412 5.32 3.53
Bi 0.01 0.01 0.04 0.06 0.02 0.02 0.03 0.01 0.36 0.06 0.01 0.02 0.02 0.01 0.14 0.05 0.02 0.02 0.02 0.01
Th 13.99 1506  11.83 1487 1063 1490 19.87 1227 1245 1257 8.97 6.48 8.59 6.32 5.59 721 11.07 768  11.09 6.36
u 3.58 3.73 2.75 3.75 2.33 3.71 4.68 3.28 3.29 3.49 2.79 1.90 2.19 1.55 1.68 1.86 2.43 2.00 2.49 1.59

Table 2.4.: Trace element data (ICP-MS) from the Montaia Reventada composite eruption. All data are given in ppm. Note that data are in stratigraphical order: 207 is the top of the phono-
lite, 206 is the bottom of the phonolite and 205 is the underlying basanite. GM in a sample name denotes a groundmass sample. GM in a sample name denotes a groundmass sample, "Cont"
is the phonolite sample from just above the contact between basanite and phonolite.
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Table 2.5: Montaria Reventada isotope data

Sample *'srI*sr "“*Nd/"*“Nd 2%pp/**Pp 27Pp2*Pb 2®pp/2*Ph 30 5'°0 20
(20) (20) (20) (20) (20) [%0, SMOW]  [%o, SMOW]

Top of phonolite:

207_4 0.703049 (11) 0.512900 (46) 19.7767 (8) 15.6219 (10) 39.5980 (18) 6.84 0.1

207_5 0.703045 (17) 0.512865 (43) 19.7761 (7) 15.6210 (9) 39.5929 (14)

207_6 0.703049 (10) 0.512910 (46) 19.7802 (7) 15.6210 (9) 39.5983 (15) 6.81 0.1

207_4GM 0.703077 (7) 0.512863 (46) 19.7723 (10) 15.6203 (16) 39.5873 (22) 6.70 0.1

207_6GM 0.703032 (9) 0.512870 (37) 19.7750 (12) 15.6209 (17) 39.5931 (25) 6.89 0.1

Bottom of phonolite:

206_2 0.703032 (7) 0.512900 (43) 19.7807 (11) 15.6232 (14) 39.5997 (23) 6.60 0.1

206_3 0.703046 (7) 0.512848 (42) 19.7762 (6) 15.6175 (9) 39.5845 (14)

206_5 0.703056 (9) 0.512879 (38) 19.7746 (6) 15.6189 (8) 39.5882 (13) 6.83 0.1

206Cont 0.703062 (9) 0.512875 (34) 19.7723 (6) 15.6178 (8) 39.5835 (14)

206_2GM 0.703055 (8) 0.512882 (37) 19.7708 (10) 15.6195 (15) 39.5843 (22) 6.22 0.1

206_2GM rep 0.703066 (7)

206_5GM 0.512883 (39) 19.7671 (9) 15.6168 (15) 39.5769 (19) 6.53 0.1

Basanite:

205_1 0.703040 (7) 0.512896 (46) 19.7418 (16) 15:6122(17) 39.5607 (31) 7.90 0.1

205_2 0.703040 (7) 0.512867 (39) 19.7401 (10) 15.6163 (9) 39.5673 (20) 6.83 0.1

205_3 0.703032 (9) 0.512877 (35) 19.7355 (7) 15.6213 (9) 39.5720 (14)

205_1GM 0.703046 (9) 0.512862 (36) 19.7377 (9) 15.6173 (16) 39.5638 (18) 6.00 0.1

205_2GM 0.703024 (10) 0.512855 (38) 19.7193 (10) 15.6146 (17) 39.5423 (22) 6.04 0.1

Enclaves in phonolite:

E 206A 0.703036 (8) 0.512899 (42) 19.7641 (12) 15.6196 (15) 39.5858 (23) 6.68 0.1

E 206B 0.703059 (9) 0.512871 (46) 19.7528 (7) 15.6117 (8) 39.5603 (15)

E 206D 0.703032 (7) 0.512875 (40) 19.7594 (7) 15.6175 (8) 39.5786 (14)

E 204F 0.703039 (6) 0.512875 (38) 19.7660 (8) 15.6142 (9) 39.5701 (16) 6.16 0.1

7 403dvyn)

Table 2.5.: Isotopic data (Sr: TIMS, Pb and Nd: MC-ICPMS, Oxygen: stable isotope mass spectrometry) from the Montafia Reventada composite eruption. All errors are 2 SD. Note that
data possesses a stratigraphical order: 207 is the top of the phonolite, 206 is the bottom of the phonolite and 205 is the underlying baanite. No significant difference between the top and bot-
tom phonolite was detected. GM in a sample name denotes a groundmass sample.




3. RESULTS

3.1. Petrography and feldspar compositions
Reventada basanite is essentially aphyric with scarce feldspar phenocrysts being
occasionally present. The rock is vesicle-free in hand-specimen. The microcrystalline,
melanocratic groundmass consists of lath-shaped feldspar, mafic microlites with high
birefringence colours and opaque minerals, probably magnetite and ilmenite. The
groundmass shows abundant lamination, which in places is folded and overturned. Micro-

vesicles are few, but when found they are equant-shaped or slightly elongate (Fig. 2.3).

Fig. 2.3: Thin-sections of the Montana Reventada basanite. a) aphyric, flow-banded texture, b) diffuse contact
to phonolite above. Pictures ¢) and d) are microscopic close-ups of both a) and b). Scalebar is in cm divisions and
applies for upper row. In the bottom two panels, scale as indicated. Note the diffuse contact between the two
principal lava types.

'The overlying phonolite is porphyritic, containing less than 10% feldspar phenocrysts,

3% opaque minerals, along with rare clinopyroxene and amphibole. Sometimes, feldspar
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is intergrown with opaque minerals and less often with pyroxene and opaque minerals.
Feldspars are usually single, euhedral crystals with slightly rounded corners. Larger
crystals tend to have a sieved texture. Few glomerocrysts are present. Microcrystalline,
leucocratic phonolite groundmass is holocrystalline and consists mainly of feldspar and
opaque minerals. Vesicles are abundant and make up ~10 vol.% of the total rock close to
the lower contact, but get gradually less within one metre up-section from the contact to

the basanite (Fig. 2.4).

" ? |
5 . \ § ‘.)'1

Fig. 2.4: Thin-sections of the Montaia Reventada phonolite. a) flow-aligned crystals, b) diffuse contact to the
lower basanite and c) lack of vesicles. Scale bar is 9 cm long. Sieve-textured feldspar occurs in all samples.

Enclaves are very variable in texture and range from frothy and vesicle-rich to scarcely
phyric and banded to phyric and patchy. Four major types are distinguished: a) scarcely
feldspar bearing and strongly vesicular with a cryptocrystalline groundmass. They
correspond to the foamy type of enclave in hand-specimen (Fig. 2.5 a). The feldspars
within this type of enclave is alkaline and of anhedral, relictic appearance, the majority
being contained within vesicles, probably a result of rapid exsolution of volatiles b) scarcely
teldspar-bearing, dense enclaves that show flow-banding. Phenocryst orientations roughly
follow this lamination (Fig. 2.5 b), ¢) dark-coloured, feldspar-bearing enclaves with a
"blobby" texture, may or may not show a chilled margin and contain many nodules
of darker material (Fig. 2.5 ¢) and d) less dark, feldspar-bearing enclaves that show a
relatively coarser-grained groundmass of microlites that appears to consist of feldspars and

amphiboles. They have a patchy appearance of lighter- and darker-coloured groundmass
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mingled with each other. Glomerocrysts of feldspar intergrown with opaque oxides

clinopyroxene and amphibole may occur in this type (Fig. 2.5 d-e).

Fig. 2.5: Thin-sections of representative enclaves contained within the Montafia Reventada phonolite. Note the
variety of textures: a) scarcely phyric and vesicle-rich, b) flow-banded, scarcely phyric, c) massive, crystal-rich,
mingled, d) and e) frothy enclaves that show a coarse-grained texture in thin-section and intergrowth clusters
(fsp + amp + cpx + mt). Thin-sections f), g) and h) show contact relationships between enclaves and the phonolite:
f) phonolite intruding enclave, g) diffuse and h) sharp contact of small enclave to phonolite. Scale bars are 9cm
long and applies for all pictures, except where otherwise indicated.

Contact relationships between enclaves and the host phonolite range from well-defined
and angular to diffuse. Foamy, vesicular enclaves usually display an angular outline while
large, blob-like enclaves have a chilled margin. Coarse-grained, light-coloured enclaves
are intruded by phonolite in cases and, thus, appear to have stood competent against the
liquid phonolite groundmass (Fig. 2.5 f). Enclaves of about 1 cm or less in size may show

a sharp, well-defined contact, or a diffuse transition from enclave to phonolitic material

(Fig. 2.5 g-h).
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Fig. 2.6: Photomicrographs of feldspars contained in the Montana Reventada phonolite. Sections are 150pm
thick, hence, the high interference colours. a), ¢) and d) euhedral anorthoclases with sieve textures, probably
from reheating, all three crystals are present in the microprobe dataset b) late-stage euhedral microcline. Scale

bars represent 500um in all four panels.

Montania Reventada phonolite shows exclusively anorthoclase in measured feldspar
compositions (see Fig. 2.11). The crystals reach several mm in size and are usually euhedral
with only slightly rounded edges. Carlsbad twinning in these alkali feldspars is abundant
(Fig. 2.6).

Enclaves show similar anorthoclases, but also include a range of plagioclase crystals
from labradorite to oligoclase. The plagioclases tend to have stronger resorbed rims than

the anorthoclases. Sieve textured plagioclase occurs, but is less abundant (Fig. 2.7).
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Fig. 2.7: Photomicrographs of feldspars contained in enclaves found within the Montaiia Reventada phonolite.
Sections are 150pm thick, hence, the high interference colours. Scale bars are 500pm. A variety of feldspar com-
positions was found: a) anorthoclase, b) labradorite c) oligoclase and d) anorthoclase (compositional data from
chapter 3). Depending on crystal size, they show different degrees of resorption and sieving. Note laser trenches
in all four crystals.

3.2. Whole-rock composition

3.2.1. Major elements

We used the Total Alkali versus Silica diagram (TAS, LeBas et al., 1986) to distinguish
the constituents of the Montafia Reventada lava flow. The lower lava layer classifies as
a basanite and the upper as a phonolite, while enclaves contained within the phonolite
occupy the gap between the two as either basanites or phonotephrites. Enclave data from
Arana et al. (1994) plot on the same linear whole-rock alkali sequence between basanites
and phonolites. These authors classified the upper layer of Montafia Reventada as trachyte
without further specifying the classification scheme employed. Within the TAS pattern

that was applied here, their samples plot as phonolites (Fig. 2.8).
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Fig. 2.8: Total alkali versus silica diagram after LeBas et al. (1986). The two principal lava types, basanite and
phonolite, appear as endmembers while the enclaves are of intermediate composition. The Arafa et al. (1994)
dataset (crosses) plots on the same linear trend as our samples, between the two principal types of lava.

Major element data from the present study are broadly consistent with the data from

Arana et al. (1994), when plotted in Harker diagrams (see Fig. 2.15). All major elements

form straight trends between basanite and phonolite (iron oxides have been recalculated

to FeO_ using the formula FeO_ = FeO + 0.899 Fe,O,, Bence & Albee, 1968). The

gap between the two principal lava types is always bridged by enclaves of intermediate

composition.
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3.2.2. Trace elements

In a multi-element variation diagram, basanites and enclaves show very similar
characteristics, however, enclaves appear more enriched in the lithophile elements Cs, Rb,
Ba, Th and U. Basanite and enclaves are similar to the primitive lavas defined in Chapter 4.
Phonolites are more enriched overall, but display a negative Sr and a positive Zr anomaly
and an overall depletion in HREE (Fig. 2.9). The phonolite data, too, are consistent with
the results from Chapter 4. Although being phonolites from a TAS perspective, they still
have to be regarded transitional lavas as they do not possess the extreme negative Sr and

Ba anomalies observed in fully evolved Tenerife lavas (after the classification in Chapter
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Fig. 2.9: Multi-element variation diagram of the components of the Montana Reventada eruption. Samples
normalised to primitive mantle (McDonough & Sun, 1995). Groundmass and whole-rock samples of each group

are similar. Enclaves are similar to the basanites except for increased Cs, Rb, Ba, Th and Pb. Phonolites are fur-
ther enriched in these elements and, moreover, have a marked negative Sr anomaly and positive Zr anomaly.
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When whole-rock data are plotted against Zr concentration (used as an index of
differentiation, cf. Wolft et al., 2000), basanites and phonolites plot as end-members.
Enclaves generally fill the gap between those two end-members with the exception of one
basanitic enclave that shows similar zirconium concentrations to the massive basanite.

In the case of Ba, Sr, La and Y, this enclave appears more enriched with respect to the

basanite (Fig. 2.10).
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Fig. 2.10: Selected trace elements versus Zr concentration from Montana Reventada. Data from XRF dataset.
The crosses denote data from Araiia et al. (1994) for comparison. Their data span a smaller range in Zr, Nb, Th
and La, and are of lower resolution.
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3.3. Major element composition of feldspar phenocrysts
Using the data of Arana et al. (1994), their results scatter widely around our data and, on
the plagioclase end of the series An-Ab-Or, extend to more mafic compositions. Despite
this scatter, the range of feldspar compositions they found within enclaves and phonolites,
are broadly consistent with our bimodal pattern (data from Chapter 3, see electronic
appendix for full data of feldspar analyses). Several of the plagioclase crystals, however,

are normally or reversely zoned (Fig. 2.11).
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Fig. 2.11: Ternary diagram of feldspar compositions found in the Montaina Reventada lava flow. Circles rep-
resent our data (chapter 3) and crosses data from Arana et al. (1994). Arrows indicate variations in enclave pla-
gioclase from core to rim. Plagioclase may be normally or reversely zoned. Bimodal distribution of feldspar
compositions is found in enclaves that probably took up anorthoclase from the phonolite.

3.4. Isotope systematics

3.4.1. Strontium and Neodymium
The Sr ratios of Montafia Reventada samples are overall similar to the post-Icod-
collapse succession (Chapter 4) and, moreover, agree with the systematics of the primitive,
transitional and evolved lava groupings that was created in that chapter. Basanite whole-
rocks have ¥Sr/%¢Sr values of between 0.0703032(9) and 0.703040(7). 'This is similar to
the phonolite whole-rocks that range from 0.703032(7) to 0.703062(9), but with the
basanites possessing higher Sr concentrations. The groundmasses of basanites range

from 0.0703024(10) to 0.703046(9), with similar to slightly higher values for phonolite
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groundmass of 0.703032(9) to 0.703077(7). However, the two principal lava types have
effectively the same Sr ratios. The enclaves form no exception, displaying 0.703032(7)
to 0.703059(9), with Sr concentrations being lower or slightly higher than found in the
basanite.

In turn, changing whole-rock Nd concentrations leave '*Nd/"*‘Nd ratios largely
unaffected, yielding ratios between 0.512848(42) to 0.512910(46). Basanites show
0.512855(38) to 0.512896(46) and phonolites 0.512848(42) to 0.512910(46). Enclaves
show a range in Nd ratios between 0.512871(46) and 0.512899(42), i.e. intermediate

between basanites and phonolites. All ratios, however, are within error of each other (Fig.

2.12).
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Fig. 2.12: Neodymium isotope ratios versus Nd concentration of Montafia Reventada rocks. For reference, Nd
isotope data from chapter 2 (post-collapse lavas). All samples are within error of each other.
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3.4.2. Pb-Pb systematics

Analysis of Montafa Reventada rocks on Pb isotope composition yielded the following
ratios (reported with 2x standard deviation in brackets). Basanites: Whole-rock
20°Pb/2%Pb ratios range from 19.7355(13) to 19.7418(31), groundmass: 19.7193(21) to
19.7377(18); whole-rock 2*”Pb/?**Pb ratios from 15.6122(34) to 15.6213(17), groundmass:
15.6146(34) to 15.6173(32); whole-rock 2°®Pb/?**Pb ratios from 39.5607(61) to 39.5720(29),
groundmass: 39.5423(43) to 39.5638(37). Phonolites: Whole-rock 2°°Pb/?**Pb ratios
range from 19.7723(12) to 19.7807(23), groundmass: 19.7671(18) to 19.7750(25); whole-
rock 27Pb/?*Pb ratios from 15.6175(17) to 15.6232(28), groundmass: 15.6168(30) to
15.6209(34); whole-rock **®Pb/?%“Pb ratios from 39.5835(27) to 39.5997(45), groundmass:
39.5769(39) to 39.5931(51). Enclaves (all whole-rock): 2°Pb/?*Pb ratios range from
19.7528(14) to 19.7660(16); 2°’Pb/?**Pb ratios from 15.6117(17) to 15.6196(29); 2°Pb/>*“Pb
ratios from 39.5603(29) to 39.5858(46).

1565 39.75
>~
S

Arafia et al. (1994)

Arafa et al. (1994)

207ppy
204pp

15.60 —{

208pp,/
204pp

395

B Montafa Reventada

- B Post-Icod-collapse lavas (Chapter 4)

Palacz & Wolff, 1989 (Granadilla ignimbrite)

Gurenko et al., 2006 (shield volcanoes Teno & Anaga)
Abratis et al., 2002 (Tenerife slope dredges, volcanic)
Simonsen et al., 2000 (Tenerife subaerial lavas)

] T 4\ \(,, /r

15.55 T I T T — T 39.25

193 19.65 20193 19.65 20
206pp/204pp 206pp,/204pp

Fig. 2.13: Pb isotope analysis of the Montafia Reventada eruption in black compared to Tenerife post-collapse
lavas (chapter 2) and literature data (fields). Northern Hemisphere Reference Line (NHRL) after Hart (1984).
Note deviation of data from Arana et al. (1994), which do not agree with the data from the post-collapse lavas in
general and also not with the data from this work.

'The results agree well with literature data (Tenerife data: Palacz & Wolff, 1989; Simonsen
et al., 2000; Abratis et al., 2002; Gurenko et al., 2006) and with data on the Post-Icod-
collapse succession from Chapter 4 (see Fig. 2.18). As Montafia Reventada is part of this
post-Icod-collapse succession, the similarity of the two Pb datasets in Chapter 4 and this
chapter, aquired in two different laboratories, is likely to indicate reproducible and reliable

results.
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3.5. Oxygen isotopes
Basanites, phonolites and enclaves have been analysed for their whole-rock oxygen
composition. Moreover, basanites and phonolites have been measured for their groundmass

oxygen ratio to assess the effects of crystal matter within many of the whole-rock samples

on the oxygen isotope composition.

Phonolite whole-rocks group within 6.6 and 6.81 %o, with the phonolitic groundmass
exhibiting a larger range between 6.22 and 6.89 %o. Mafic enclaves are slightly lower
overall, ranging from 6.16 to 6.68 %o. Basanite whole-rock samples range widely from

6.83 to 7.90 %o, while the basanite groundmass is tightly confined to significantly lower

values of between 6.00 to 6.04 %o (Fig. 2.14).
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Fig. 2.14: Montaiia Reventada 3"*O value ranges for the various components, groundmass data: speckled orna-
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4. DISCUSSION

4.1. Major and trace element constraints

Whole-rock major element trends are remarkably linear for all oxides and allow two
principal end-members, basanite and phonolite, to be defined, with the enclaves plotting
at intermediate concentrations between the end-members (see Fig. 2.8 and Fig. 2.15).
Trace element data from the basanite whole-rock and groundmass samples are similar,
which is consistent with the scarcely phyric nature of this part of the lava pile (see Fig.
2.9). To check for interface processes, the phonolite was sampled just above the contact
to the basanite (sample 206cont). However, the data from this sample consistently cluster
with the phonolite data from up-section (for both major and trace elements), suggestive of
the phonolite having been too cool to trigger significant diffusional hybridisation during
flow and emplacement. Therefore, interaction between the two magmas occurred prior to

subaerial emplacement, when individual small blobs of mafic magma were entrained in

the phonolite (cf. Arafia et al., 1994).
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Fig. 2.15: Wholerock major element composition of the Montana Reventada eruption. Red: upper layer pho-
nolite, blue: lower layer basanite, orange: enclaves contained in phonolite, crosses: Reventada data from Arafa
et al. (1994). Fe data recalculated to FeO_ . All major elements define straight trends when correlated to SiO,,
which indicates an origin of enclaves by mixing of the two principal components basanite and phonolite, rather
than by fractional crystallisation. Note graphical mixing lines that indicate the percentage of phonolitic material
for intermediate compositions.

Bounded by the basanite and phonolite lava end-member, the samples form an apparently
continuous series of differentiation. However, none of these trends resemble classic liquid
line of descent patterns. Doglegs in typical trends of co-genetic suites are, for example,
often interpreted as the onset of the fractionation of a certain phase. Instead, the patterns
observed here are completely straight and indicate that hybridisation was the dominant
factor, i.e. physical and chemical mingling and mixing (cf. Geldmacher et al., 1998).

The strong compositional gradient that persists between a basanite and a phonolite

magma has been shown to trigger considerable amounts of diffusive equilibration
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(Koyaguchi, 1989). Furthermore, a thermal gradient needs to have existed between
enclaves and phonolite to produce the observed chilled margins present in a lot of enclaves
(cf. Sparks et al., 1977; Eichelberger et al., 1980). Lastly, the high surface-volume ratio of
the enclaves enhances their diffusional equilibration. These factors are highly suggestive
of diffusion governing the enclaves' hybridisation. Arafia et al. (1994) suggested that
diffusion controlled the Na and K concentration patterns in enclaves and phonolite (that
deviate from simple mixing), which is in line with the enhanced diffusivities of these
elements compared to the lower diffusion coefficients of S5iO, and CaO, TiO,, MgO and
FeO which depend on SiO, (Walker et al., 1981; Watson, 1982; Walker & DeLong,
1982; Lesher, 1986; Lesher & Walker, 1986). As an additional, non-diffusional process,
migration of crystal matter from phonolite to enclave may have introduced compositional
complexities, which in this study mainly shows in the trace element concentrations (e.g.

Ba) as major element trends are effectively straight.

Mass balance constraints

As basanite and phonolite samples are not compositionally uniform, we used the
respective maximum and minimum major and trace element concentrations from basanites
and phonolites to calculate a mass balance for the enclaves. When calculating for a given
mixture of basanite and phonolite (e.g. 20 and 80%), this yielded maximum and minimum
boundaries for each element or oxide. Trace element and oxide concentrations in one
enclave were modelled to fall into the interval of calculated maximum and minimum
of each sample. The elements that fell out of this mass balance range are interpreted to
have been influenced by either diffusion or addition of crystal matter. Please consult the
electronic appendix for a spreadsheet of the mass balance calculation.

The enclaves from our dataset are computed to represent mixtures of between 66:34
basanite to phonolite (E206A, E206B and E206D) and 80:20 basanite to phonolite
(E204F). This is consistent with the graphical mixing solution, where the former three
enclaves cluster together and the latter shows a more mafic composition (Fig. 2.15).

Simple mixing of basanite and phonolite explains all major elements, except for ALO,,

MnQO, Na,O, K,O and P,O.. However, the two less abundant major element oxides MnO

47



Chapter 2

and PO, fell within one hundreth of one weight percent of the model limits, which we
deemed insignificant. In turn, the overabundance in all enclaves in Al,O, and Na,O is
suggestive of added anorthoclase in noticable fractions. The lack of K,O in enclaves, in
turn, can be explained by uphill diffusion of K,O towards the potassium-rich side of the
diffusional interface, i.e. towards the phonolite, which consequently depletes the enclave
in this oxide (e.g. Watson & Baker, 1991; Bindeman & Perchuk, 1993; Bindeman et al.,
1999).

Table 2.6: Modelling of enclave compositions

Compared with calculated mixture

Enclave Basanite [%) Phonolite [%)] SrAchicain: depleted in:
E206A 66 34 w Li, Cu

E206B 66 34 - Sc, Cu

E206D 66 34 - -

E204F 80.4 19.6 Ba Ni, Cu, Cs, Rb, U

Table 2.6.: Percentages of mixtures between basanite and phonolite that reproduce enclave compositions are
given above. Several trace elements were enriched or depleted in the real samples, compared to the theoretical
mixture, but variations remain unique to each samples. The enrichment of W most likely stems from the use of a
tungsten-carbide mill during sample preparation.

The majority of trace elements can successfully be modelled by simple mixing, with only a
few exceptions. When filtered for elements that deviate more than 10% from the expected
mixing interval, lithophile elements Li, Sc, Cs, Rb and U were depleted, while W and
Ba were enriched. Thw enrichment of W most likely stems from the use of a tungsten-
carbide mill during sample preparatio. The siderophile element Ni and the chalcophile
element Cu were depleted in the enclaves with respect to the mixing calculation (Table
2.6). With the exception of copper, all enclaves seem to behave differently in terms of
trace element deviations, which hampers general conclusions on diffusional processes.
However, Bindeman et al. (1999) constrained up-hill diffusion for Li, Cs and Rb from
basaltic to rhyolitic melts, and the enrichment of Ba in one sample may be explained by
the uptake of anorthoclase that may contain up to 8000 ppm in Montafia Reventada rocks
(data from Chapter 3).

Enclaves always plot on potential mixing lines between basanite and phonolite (see Fig.
2.8, Fig. 2.10 and Fig. 2.15). Enclave E204F, an aphyric, vesicle-rich angular fragment
of basanite from within the phonolite, deviates in Sr, Ba, Rb, La and Y concentrations by

possessing either the highest (Sr, Ba, La, Y) or lowest (Rb) concentration of all samples.
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As it has not taken up crystal matter from the phonolite, it serves as the best sample to
constrain the diffusional process of the mentioned elements, for the observed deviations
likely stem from diffusion onlyThe trace element fingerprint of the phonolite indicates
that either it was formed as a result of an earlier phase of mixing and homogenisation
of two magmas (one more evolved and one more primitive) or the country rock, it
was derived from, was of less mafic composition than phonolites that show an evolved
signature. Regarding the homogenous crystal populations that show no signs of a mixing

event, we suggest the latter.

4.2. Petrography and feldspar composition

Petrographical evidence is consistent with a continuous eruption of first basanite and then
phonolite. Flow-banded enclaves closely resemble the laminated texture of the underlying
basanite. They may therefore represent clasts that have been picked up by the phonolite
while it was overriding the basanite. The lack of a basanite top breccia and a phonolite
bottom breccia is suggestive of that, too, i.e. the sharp interface between the two layers
indicates a close temporal relationship.

Overturned flow-banding in the basanite indicates that a shearing component was
present at the time this lava was still plastic. We interpret this type of small-scale folding
to stem from the push of the advancing flow front of the overriding phonolite. It follows
that the basanite must have been ductile at the time of phonolite emplacement.

Furthermore, on microscopic scale, the diffuse contact between basanite and phonolite
indicates that they approached a similar temperature upon emplacement, i.e. the basanite
was still hot at the time the phonolite arrived. It thus appears likely that the basanite and
the upper phonolite are contemporaries.

Frothy vesicle-rich enclaves, in turn, may be first-contact-quenched fragments that
reflect a magmatic history (e.g. Eichelberger, 1980). Large temperature contrast between
a hot mafic magma and a cooler silicic one hereby initiates rapid quenching of the
fraction of mafic magma that initially touches the felsic one during e.g. magma chamber

replenishment. This solidification simultaneously oversaturates volatiles in the rest melt,
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which consequently exsolve and produce a foamy, vesiculate texture which shortly after
freezes completely. Exsolution of volatiles may further enhance crystallisation (cf. Sparks,
1997, Hammer et al., 2000) and form a positive feedback together with concurrent
solidification. This would ultimately speed up this process considerably. Considering the
angular (i.e. fragmented) nature of these enclaves, it appears likely that they represent
fragments of this inital, rapidly quenched contact zone between basanite and phonolite.

Sieve textures in anorthoclases indicate an increase in temperature within the phonolite
(cf. Nelson, 1992; Hibbard, 1995; Stewart & Pearce, 2004). Indeed, the petrography
conducted shows that strongly sieved anorthoclase crystals are not found in other phonolites
from the post-collapse succession (e.g. Abejera Alta, Abejera Baja, El Boquerén, Pico
Cabras, Montafia Majua, Montafia Blanca, Roques Blancos), which complies with the
lack of extensive mixing textures in these lavas.

Compositional zoning in feldspars in the enclaves, in turn, may reflect either earlier
histories experienced by the mafic magma (reverse zoning) or hybridisation of the enclaves'
groundmass, which may be recorded in the normally zoned plagioclase feldspar. Potential
xenocrysts cannot be excluded in these, however.

Petrography allows to considerably confine the geological interpretation. Basanite
and phonolite must have followed in close succession, probably right after each other.
Furthermore, they need to have been in contact with each other prior to eruption, as
shown by both angular and ameboidal enclaves and reheating of phonolite. Variations in
feldspar compositions (normally zoned plagioclase) and the presence of sieved anorthoclase

crystals in enclaves reflect their transfer from phonolite to basanite.

4.3. Srand Nd isotope systematics
The Montafia Reventada Sr isotope data are consistent with an origin of enclaves
by mixing. Nd isotope ratios fall within error of each other and, hence, do not allow
advanced interpretations. However, the obtained *Nd/"*‘Nd ratios are very similar for
all samples and thus do not preclude a mixing origin of the hybrid enclaves. Equally, the

similarity of #Sr/*¢Sr ratio in basanite, phonolite and enclaves inhibits distinguishing
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between chemical and physical mixing. In the same way, the combined Sr and Nd data
of Arafia et al. (1994) forbids discrimination between the basanite and the enclave (only
one enclave was measured) due to their large errors. Mixing relationships are therefore
obscured on a plot of *Nd/*Nd versus *Sr/*Sr. However, the essentially constant Sr
ratios follow the mixing systematics of the post-Icod-collapse succession (Chapter 4)and
can be discriminated by correlating them with their respective Sr concentration. Data
from Chapter 4 resemble a hyperbolic mixing curve and the new data from this chapter
tollow this pattern in the bottom leg of the curve (Fig. 2.16).

'The compositions of enclaves group close to the basanite due to similar levels in Sr
concentrations. One enclave (E204F) that is higher in Sr concentration differs in other
trace elements, too, but is consistent with the multi-element patterns of basanite. It could
be that hybridisation was less effective in this sample. Diftusion, which is thought to be
the main process of hybridisation in this case (Arafa et al., 1994), is greatly hindered
in solids compared to silicate liquids (Watson & Baxter, 2007 and references therein).
Indeed, enclave E204F is an angular fragment of what we interpret to have resulted from
the initial quenching of mafic magma upon contact with the phonolite (cf. Eichelberger et
al., 1980; Troll et al., 2004). Hence, this sample was probably solid when it was entrained
in the phonolitic magma and may not have experienced the degree of hybridisation that is

found in ameboidal enclaves that were ductile in comparison.
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Fig. 2.16: Srisotope compositions versus wholerock Sr concentrations. All errors are 2 and contained within
symbols. Data from Neumann et al. (1999) (trace elements) and Simonsen et al. (2000) (isotopes) were from the
same sample set and correlated by us on grounds of sample name, unfortunately their highest radiogenic samples
of up to 0.7042 were not matched with trace element analyses. Data from the Granadilla ignimbrite (Palacz &
Wolff, 1989) are also shown.

4.4. Oxygen isotopes
Phonolite samples are systematically higher in oxygen isotope composition than phonolitic
groundmass, which indicates a higher 8O value for crystal matter contained within the
rock. Enclaves possess a similar range of 8'8O values as the host phonolite, but their values
are at the same time encompassed by the range of basanitic 0. Oxygen isotope data
from enclaves are consistent with a hybridisation origin as they plot between the basanitic
and phonolitic data (Fig. 2.17). In the case of enclave E204F, the basanitic groundmass is

a valid end-member as the enclave sample is scarcely phyric, only. This is consistent with a
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mixing process where the relatively small size of the enclaves (high surface-volume ratio)

allows for rapid exchange of isotopes by diffusion.
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Fig. 2.17: Montafa Reventada oxygen isotope ratios versus wholerock MgO. The data from transitional lavas
overlap at 26 level with the analysed phonolites that belong to this group. In contrast, basanite whole-rock sam-
ples are much higher than the primitive eruptions and show very variable whole-rock values. Mafic enclaves plot
as intermediate between phonolite and basanite, owing to their hybrid nature.

The basanite whole-rock samples show high values of up to 7.9 %o compared to
groundmass of around 6 %o. The only difference between whole-rock and groundmass
samples are the scarce removed feldspar phenocrysts in the groundmass. Moreover, the
two measured basanite whole-rock samples differ strongly between each other, while
groundmass samples are similar in 8"O. It appears therefore most likely that high 3'*O
crystal matter or high 6O xenoliths (cf. Donoghue et al., 2008) are responsible for the

strongly deviating oxygen isotope signal in the whole-rock basanite samples. However,
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currently there is more basanite samples being analysed on their 'O composition to base

future interpretations on more data.

4.5. Pb-Pb systematics

Pb isotope measurements from Arafa et al. (1994) scatter widely and do not overlap

at all with the 20 analyses of this study, which cluster much tighter within the post-

collapse data fields. Furthermore, proposed mixing relationships between the phonolite

and basanite to produce intermediate enclave compositions are contradicted by their Pb

data that oppose any mathematically possible mixing relationship (Fig. 2.18). We will

therefore ignore these data for interpretation.
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Fig. 2.18: Montana Reventada Pb isotopic composition in comparison with the post-collapse lava framework
from chapter 2 (coloured fields). In line with the previous classification, the Reventada phonolite plots as tran-
sitional, whereas the basanite is primitive. Pb data from Arana et al. (1994) appears to be fallible.
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All enclave samples can be explained as a mixture between the basanitic and phonolitic
end-members. The basanites, phonolites and enclaves show similar *’Pb/?**Pb ratios,
insufficient to constrain mixing. The 2**Pb/?*Pb values, however, divide the components
of Montana Reventada into three distinct groups, with the enclaves placed in-between
the basanite and phonolite. Enclaves have thus been produced through mixing of the two

main components, basanite and phonolite.
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Fig. 2.19: Pb-Pb isotope systematics of the Montafia Reventada eruption. Errors are 26 and are included in
the data symbol when not visible. Basanite and phonolite define independent sub-vertical trends. Enclaves that
are found in the phonolites show a similar range in ’Pb/?**Pb but bridge the gap in 2°°Pb/?**Pb between the
basanite and phonolite.

The wide range of 2’Pb/**Pb ratios in enclaves suggests that self-diffusion was a
subordinate factor in this case (cf. Watson & Baxter, 2007), as otherwise the 2”Pb/?**Pb

would need to be more similar among the enclave samples. Instead, chemical diffusion

was likely responsible for the 2’Pb/***Pb systematics, and, hence, also for the observed
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206Pb/204Pb'

It thus appears that a certain degree of heterogeneity in whole-rock samples has to
be expected, possibly due to slightly varying contents of crystal matter in each sample.
Groundmass samples principally overlap in error, in turn. Hybrid enclaves may even be
more irregular as amounts of anorthoclase crystals entrained into each batch of mafic
magma likely varies from enclave to enclave. Moreover, enclave volume will vary, too,
resulting in an accelerated homogenisation and increased significance of crystal uptake

for smaller ones.

5. MODEL

Subaerial emplacement

The areal extent that the basanite flow covers is much larger than that of the phonolite,
even though the phonolite is much thicker. Hence, it appears likely that the basanite was
much less viscous. Considering a normal "caterpillar-like" emplacement of a lava flow on
the surface, we suggest that the basanite erupted first and spread quickly due to its low
viscosity (Cas & Wright, 1987) (because the surface it covers is about twice as large as that
of the phonolite, the thickness of both units divided by two serves as good approximation
of eruption volume). When the eruption of primitive magma waned, pressure dropped
within the conduit. This mobilised the heated up phonolite magma, which used the existing
basanite conduit. There is no @ priori reason why it should remain steady for a period of
time after the basanite ceased erupting. The lack of signs for explosive activity related to
the phonolite and the still higher viscosity of the phonolitic lava, in comparsion to the
basanite, imply, however, a considerably slower eruption rate and low volatile content.
Given similar conduit geometry, this may have caused the lava "caterpillar” to have been
temporarily interrupted as the eruption waned when the phonolite started eftusing at a
much slower rate than the basanite. While the basanite still kept flowing away from the
vent, phonolite was beginning to cover the deposited basanite in the proximal facies. This

resulted in a physical separation of both lava types, with the phonolite being emplaced
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on top of the basanite as a new layer. The gradational vesiculation of the phonolite away
from the contact with the basanite, up to one metre above the contact, indicates that
either the heat coming from the freshly emplaced basanite led to exsolution of volatiles
from decomposing mineral phases within the phonolite, or gas migrated upwards from
the basanite into the phonolite. Furthermore, scoriaceous and deformed banded mafic
enclaves contained within the phonolite indicate that the phonolite acted as an erosive
agent and removed the top layer of basanite. The lack of breccia in-between the two
distinct layers of lava is suggestive of a close temporal relationship between the two lavas.
The internal shearing visible within the basanite displays folded and overturned flow-

banding and corroborates this view.

Evidence for direct magmatic contact

The enclaves within the phonolite that exhibit textural and compositional mixing
relationships between the two lavas, suggest an interval of direct magmatic interaction.
Angular and vesicular enclaves within the phonolite are interpreted to stem from the
quenching of mafic magma at the initial contact with the phonolite. This implies that
the temperature difference between the two bodies of magma must have been very
pronounced for these textures to occur (Sparks et al., 1977; Eichelberger, 1980). Upon
contact, exchange of thermal energy created a steep temperature gradient which cooled
the basanite and heated the phonolite and gave rise to quenched enclave textures. The
subsequent movement of the superheated phonolitic body triggered internal shearing, thus
disrupting these solids and their vesicular boundary zone, creating angular fragments.
Enclaves that feature a chilled margin are also indicative of a strong temperature contrast.
The temperature gradient was apparently inadequate to produce a mafic foam similar to
the angular enclaves but still large enough to form a chilled margin at the contact of the
enclaves with the phonolitic magma. We interpret these as resulting from entrainment of
mafic magma in an already "heated-up" phonolite. This is corroborated by the smooth and
undulate contacts of these enclaves that appear as if a liquid had frozen.

Furthermore, exchange of crystal matter across the boundary between two magmas is

indicative of mechanical interaction and has been documented for over 150 years (e.g.
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Bunsen, 1851; Gamble et al., 1979; Tepley et al., 1999; Troll & Schmincke, 2002; Troll
et al., 2004; Browne et al., 2006; Meade et al., in press). In the case of the Montafia
Reventada eruption, the mafic end-member was almost aphyric, implying that crystal
exchange was a one-way route, i.e. from the phonolite into the enclaves. In particular, this
process may account for disparities between distinct enclaves, in that different amounts of
crystals may have entered individual enclaves. The presence of up to 10% of anorthoclase
feldspar in enclaves that shows similar composition and texture to the feldspar found in
the phonolite that should be almost aphyric by default, thus suggests direct mechanical

interaction.

Timing constraints

Blake (1981) modelled flow fields that occur when a vertically extensive magma chamber
is drained (i.e. erupts) and concluded that, at any given time during eruption, all layers
of a potentially zoned magma chamber would be sampled and erupted. From that, a
mingled deposit would result that shows a crude inverse stratigraphy of all types of magma
present in the chamber and increasingly contains lower residing magma up-section in the
resulting deposit. With respect to the stratigraphy of Montana Reventada, this would
imply a magma chamber in which the basanite had overlain the phonolite. This, however,
has to be considered an instable configuration as the mafic magma is denser relative to the
felsic one (e.g. Turner, 1980; Sparks & Huppert, 1984; Turner & Campbell, 1986).

By using the MELTS algorithm, Coombs et al. (2003) constrained enclaves and chilled
margins that form between an andesite and a dacite on the order of hours. Prolonged
contact would thereafter lead to solidification of the undercooled andesite. This means
for Montafia Reventada that timescales of interaction were probably on the same order
of magnitude and a contact between basanite and phonolite of more than a few hours
to perhaps days appears unlikely. An eruption from a well-established, zoned magma
chamber, as postulated by Arafa et al. (1994), therefore appears unlikely, too.

Moreover, in several studies, mixing of two such compositionally distinct magmas has
proved to require thorough mingling before diffusion evens out the remaining chemical

and textural heterogeneities (e.g. Kouchi & Sunagawa, 1995). The Reventada enclaves, in
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contrast, are texturally and lithologically discrete entities. Thus the timescales required for
thorough mingling within a comparatively viscous phonolitic magma are not consistent
with these enclaves being a mere physical mixture of two magmas. Rather, a diffusional
hybridisation appears more likely, as has been postulated by Arafa et al. (1994), to explain
the variable character of the enclaves. This, in turn, indicates rather short time-scales of
interaction, again, indicating that a long-lived stratified magma chamber is unlikely to

have existed.

Thermal constraints

The Montafia Reventada basanite is a typical example of a rift zone eruption. It is a
principally aphyric, low volume lava of basanitic composition that probably ascended
quickly through a dyke system without prolonged residence in crustal magma chambers
(cf.Hansteen et al., 1998; Klugel et al., 2000, 2005; Galipp et al., 2006; Longpré et al.,
2008; Stroncik et al., 2009). Geochemically, the Montania Reventada basanite is equivalent
to other mafic Tenerife rift zone eruptions, not only in major and trace elements but also
in its isotopic composition. But, it is also very similar to other rift zone eruptions in terms
of volume (low) and crystal content (low). Several studies suggested that, for lavas, the two
factors of eruption volume and amount of transported crystals are a proxy for the strength
of an eruption (Murata & Richter, 1966; Marsh, 2004; Kinman et al., 2009). This implies
that these small, primitive rift zone eruptions may closely represent the background signal
of melt production in Tenerife.

In contrast, the phonolitic part of Montana Reventada may be more likely derived
from recycling of country rock. Assimilation and fractional crystallisation may account
for variations within the most recent Tenerife phonolites, yet, to a good degree, they
may consist of re-melted country rock (see Chapter 4). This means that primitive magma
supplied sufficient heat to trigger the formation of the phonolite, but need not directly
have interacted with the resulting phonolite itself (e.g. Annen & Sparks, 2002).

On the other hand, the phonolite's much larger volume, 5-10x that of the basanite,
implies that it is difficult, if not impossible, to reconcile a direct genetic link with the

simultaneously erupted basanite. Neither was the low volume of the co-eruptive basanite
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sufficent to produce the observed quantity of phonolite by fractional crystallisation, nor was
the thermal energy of this amount of basanite adequate to melt country rock to the extent
inferred by the volume of phonolite (cf. Sparks et al., 1977). Moreover, a co-genetic suite
from fractional crystallisation is excluded by the straight-lined major element trends. We
consider it thus more likely that a basanitic dyke encountered the phonolite magma after
the phonolite had been formed by previous processes that are unrelated to the basanite.
This basanite dyke was therefore co-eruptive, but not co-genetic, with the phonolite.

We envisage an already emplaced phonolite magma chamber that was cut sideways by
an ascending mafic dyke (cf. Izbekov et al., 2004). When the basanite dyke intruded
the phonolitic magma chamber, it quenched against it, leaving behind solidified mafic
material within the phonolite as well as still liquid magma. The resulting liquid mafic
enclaves were prone to mineral and molecular exchange due to their small size and direct
contact with the phonolite. In principle, however, the bulk of the two magmas were never
adjacent to each other for any extended period of time. Both end-members thus remained
mechanically and chemically distinct and bear no direct genetic relationship. This is in
agreement with the results of Chapter 4, where phonolitic magma from the post-collapse
succession was found to be derived to a large degree from re-melting of country rock at
shallow depths and, hence, is compositionally distinct from the underlying mantle melts.
In contrast, basanitic magma ascends mainly in dykes from deeper levels and does reflect

a compositional connection with the mantle (e.g. Carracedo, 1994, 1996).
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Fig. 2.20: Idealised model of magma body relationships during the Montaina Reventada eruption in four phases
from I to IV. Colors follow temperature estimates, from yellow = hot (mafic material) to burgundy = cool (pho-
nolitic magma). Not to scale. Initially, the mafic dyke exhibits a normal temperature gradient towards the coun-
try rock (I and IT) which diminishes on its sides as long as it keeps ascending and being replenished from below
(III). The dyke erupts, but cools rapidly after magma supply ceases (IV). The phonolite, in contrast, remains
steady throughout phase I to III as evidenced by the lack of phonolitic material within in the basanite lava. It
will, however, have gradually heated up during these stages, becoming less viscous. The arrest of the dyke finally
permits the phonolite to ascend through the pre-existing conduit, facilitated by its now reduced viscosity (IV).

The Montafia Reventada composite flow is therefore a direct manifestation of the

petrogenetical bimodality in recent Tenerife activity. It is located exactly above the
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assumed boundary of phonolite production, where interaction of mafic dykes and active
phonolitic magma chambers have to be expected (Carracedo et al., 2007). Described by
Izbekov et al. (2004), a basaltic dyke intercepted an andesite magma chamber in the 1996
eruption of Karymsky, Kamchatka and erupted before the bulk of the andesite. A similar
case in Tenerife was made by Marti et al. (2008) who found that the Abrigo ignimbrite
was shallowly emplaced but too volatile-poor to erupt by itself. Instead, abundant mafic
enclaves and mingling textures within the pumices showed an interaction with mafic
magma that may have triggered the eruption. Apart from explosivity and erpution volume,
the Montafia Reventada eruption is different only in geometrical terms, where the mafic
dyke may have arrived sideways to allow the basanite to erupt before the phonolite (Fig.
2.20). This is consistent with the typical lateral extent of dykes of a few metres width by
many kilometres length and, in this case, a comparatively small phonolitic magma pocket

(total eruption volume approx. 0.13 km?, Carracedo et al., 2008).

6. CONCLUSIONS

Intermediate magmas in Tenerife may form through direct interaction of two end-
member-type magmas: basanite and phonolite. At Montana Reventada, thorough mixing
has been interrupted by eruption, so that enclaves reflect short-term interaction between
basanite and phonolite. Prolonged interaction of basanite and phonolite within the same
magma chamber likely leads to homogenisation of the whole magmatic body and may
be one of the processes responsible to produce intermediate magmas on the Canary
archipelago. We furthermore provide a geologically feasible model of eruption, where
a dyke of large lateral extent encountered an already emplaced phonolite pocket. As the
dyke eruption waned, the decrease in pressure allowed the heated-up and less viscous

phonolite to follow the basanite in its conduit.
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CHAPTER 3

MICROANALYSIS OF FELDSPAR PHENOCRYSTS FROM TEIDE-Pico
VIEJO COMPLEX AND ITS ASSOCIATED RIFT ZONES:
CONSTRAINING THE LOWER CRUSTAL MAGMATIC PLUMBING SYS-
TEM BY MELT- AND EC-RAYFC-MODELLING

1. INTRODUCTION

In the previous chapter, the petrogenesis of recent intermediate lavaswithin the post-
collapse succession in Tenerife (<200ka) was addressed on the example of the Montafia
Reventada eruption. In that case, magma mixing between a mafic and a felsic magma
just prior to eruption yielded significant volumes of various hybrid composition enclaves.
However, the mafic lavas from this succession show a certain variability, too (see section
1.5). This study therefore aims to constrain the differentiation processes that are at work
to form mafic lavas in the recent post-Icod-collapse succession in Tenerife.

Mafic magma may pool at deeper levels in typical oceanic island settings (Hawaii being an
extreme case). Several thermobarometry studies on the Canary Islands have attributed the
crystallisation of the assemblages in primitive eruptions to upper mantle or lower crustal
storage (Hansteen et al., 1998; Kligel et al., 2000, 2005; Galipp et al., 2006; Longpré
et al., 2008; Stroncik et al., 2009), where they may stall for a period after primary melt
formation within the mantle. When considering a swift ascent through a sheeted dyke
complex without interposed magma chambers (typical for rift zone eruptions on ocean
islands), the bulk of the crystal cargo that the primitive magma carries is likely to have
crystallised at these levels, recording the processes that influence magmatic variability at
the crust-mantle interface (e.g. Longpré et al., 2008).

When investigating phenocryst assemblages, feldspar has proven to be useful in
elucidating the magmatic histories of igneous rocks. Apart from being the most abundant

rock-forming mineral in the crust, its wide stability field (~ <25km, e.g. Borghini et al.,
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2009 and references therein), crystallisation from a wide variety of melt compositions
and its sustained "resistance” to diffusional reequilibration of major elements (plagioclase;
Morse, 1984) make it an ideal candidate to determine the evolution of magma. Metaphors
like "tree-rings" are widely used in the literature and describe the layer-by-layer addition
of new feldspar material onto a pre-existing crystal, thereby recording the ambient melt
composition.

In recent studies, Sr isotope compositions of individual zones in feldspar crystals has
been undertaken by carving out small portions of feldspar with a microdrill for subsequent
analysis by TIMS after chemical purification (Charlier et al., 2006). Correlation of this
"crystal isotope stratigraphy” with major and trace element profiles and petrographical
features of the individual zones has yielded complex histories of mafic recharge,
hybridisation, homogenisation, wall crystallisation and assimilation (e.g. Davidson &
Tepley, 1997; Knesel & Davidson, 1999; Tepley et al., 1999; Tepley et al., 2000; Tepley &
Davidson, 2003; Chadwick et al., 2007, Gagnevin et al., 2007). Gagnevin et al. (2005)
cored alkali feldspar megacrysts instead of conventional drilling to improve sample yield
and quality.

The TIMS strategy, while providing high-quality, high-precision analyses, is extremely
time-consuming which has led to the advent of studies based on laser ablation multi-
collector ICPMS. Davidson et al. (2001) repeated a previous microdrilling study
(Davidson & Tepley, 1997), but instead used laser ablation coupled to a multi-collector
mass spectrometer. They were able to replicate the earlier results with the trade-off of larger
analytical uncertainties. However, the new method was significantly less time-consuming
and allowed for a substantially greater volume of analyses. Ramos et al. (2004) provided a
methodology for LA-MC-ICPMS studies on geologic materials by extensively testing the
method on various natural specimen (carbonate, plagioclase, clinopyroxene and low Rb/
Sr fine-grained basaltic groundmass) and scrutinising for potential isobaric interferences.
This methodology has been applied by several subsequent studies (e.g. Ramos et al., 2005,
Salisbury et al., 2008).

Another set of studies concentrates on non-isotopic methods of microanalysis. For
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example, Ginibre et al. (2002 a&b) used back-scattered electron images (BSE) and trace
element zoning to distinguish types of oscillatory zoning in plagioclase and two distinct
episodes of magma recharge at Parinacota volcano, Chile. On the Canary Islands, Troll
& Schmincke (2002) found a complex interplay of fractional crystallisation, convection,
magma mixing and assimilation recorded by the major element micro-stratigraphy of
feldspars in the rhyolitic/trachytic ignimbrite ‘A’ in Gran Canaria. Triebold et al. (2006)
constrained mafic recharge and magma mingling events for individual eruptions of the
Teide-Pico Viejo complex in Tenerife by using back-scattered electron images (BSE) and
detailed trace element profiles from plagioclase crystals.

Common to all of these studies is that they identified distinct isotopic and trace element
signatures of the interacting components. Isotopic studies on Tenerife have shown that
the isotopic composition of Sr is rather homogeneous in the majority of whole-rock
analyses (Palacz & Wolff, 1989; Simonsen et al., 2000; Abratis et al., 2002; Gurenko
et al., 2006). Even if scarce, #Sr/*Sr ratios that exceed this general Tenerife signal have
nevertheless been reported (Palacz & Wolff, 1989; Simonsen et al., 2000) for Tenerife.
Furthermore, whole-rock data are commonly known to represent an average and mask
small-scale heterogeneities. The microanalytical data available from the ERUPT project
(Chertkoff et al., 2005 a&b) were too few to discard isotopic heterogeneity on a single-
crystal scale for Tenerife, especially as high #7Sr/%Sr ratios have been found in the work
presented in Chapter 4. We therefore adopted a regional-scale approach by covering
as many eruptions of the stratigraphically well-constrained post-collapse succession in
Tenerife. This succession consists of the central complex Teide-Pico Viejo, monogenetic
vents located in the surrounding Las Cafiadas Caldera and on the Northwest and the
Northeast rift zone.

The aim of this study is to constrain the overall dynamics present within a magmatic
system by investigating a large number of feldspar crystals. To achieve this, the selected
phenocrysts are from lavas that a) span the whole range of compositional variability
witnessed in Tenerife and b) cover a well-constrained period of time (200 ka to present).

Individual zones in feldspar phenocrysts within the post-collapse lavas of Tenerife were
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analysed for their major and trace element and Sr isotope composition. The results from
this work are embedded into a framework of pre-existing stratigraphical and wholerock
major and trace element data (Carracedo et al., 2007; Rodriguez-Badiola et al., 2008).
The classification of primitive, transitional and evolved lavas based on their trace element
patterns is shown in section 1.5. This is used to colour-code the feldspar data after the
composition of the lava they were found in (primitive - yellow, transitional - orange,

evolved - red).
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Table 3.1: Samples for feldspar microanalysis of lavas from Teide-Pico Viejo complex and rift zones

Eruption

Analyses performed

Eruption phases Samples Rock Feldspar types Major elements ~ Trace elements  *'Sr/**Sr
EMP LA-ICPMS LA-MC-ICPMS
Abejera Alta ABA-21, ABA-22, ABA-36* Pho Anorthoclase . . -
Abejera Baja ABB-19, ABB-20 Pho Anorthoclase . . -
El Boquerén BOQ-13, BOQ-14 Pho Anorthoclase ° . =
Montana Cascajo Phase 1 CA1-75 Bas Bytownite ° . .
Phase 2 CA2-20* Bas Labradorite . . .
Phase 3 CA3-22 Bas Bytownite . - .
Pico Cabras CAB-27 Pho Sanidine . .
Volcan El Ciego CIE-18 TPh Anorthoclase 0 . att.
Montafa de Chio Cl0-32, Cl0-77, CIO-81, C10-82, CIO-83 BTa Andesine, Oligoclase . ° &
Volcan Cuevas Negras CUE-14* TPh Andesine e . .
Galeria Rio de Guia (PV-EVO) GRG-1300, GRG-2800, GRG-2850 n/a Andesine ° . °
Montana Las Lajas LAJ-23 TPh Andesine, Oligoclase . . .
Las Lenguas LEN-15* Tra Oligoclase, Anorthoclase . . .
Montafna Majua MAJ-16, MAJ-17* Pho Andesine, Anorthoclase . e .
Bocas de Dofa Maria MAR-37 PTe Andesine . . .
Montafa Blanca Phase 1 MB1-34 Pho Anorthoclase . . -
Phase 4 MB4-10* Pho Anorthoclase o . att.
Phase 5§ MB5-04*, MB5-05 Pho Anorthoclase, Sanidine . . att.
Phase 7 MB7-08* Pho Anorthoclase . .
Montafnas Negras NEG-50 Bas Bytownite . . .
Volcan Portillo Upper unit PO2-07 Tan Labradorite . . .
Pico Teide - Lavas Antiguos (Playa Sto. Domingo) PT-ANT-16 Bas Anorthoclase . . att.
Pico Teide - Lavas Antiguos (Playa San Marcos) PT-EAR-15 Bas Labradorite . . att.
Pico Teide - Intermediate Lavas PT-INE-07, PT-INE-11, PT-INE-17 TPh Oligoclase . . .
Pico Teide - Lavas Negras PT-LAE-03, PT-LAE-05, PT-SUM-01 Pho Anorthoclase . . att.
Pico Viejo - Pa'hoe'hoe Lavas PV-EAR-15, PV-EAR-16, PV-EAR-17 PTe Labradorite, Andesine . . .
Pico Viejo - Evolved Lavas PV-EVO-07, PV-EVO-21, PV-EVO-28 Bas Andesine ° . .
Pico Viejo - Intermediate Lavas PV-INT-08, PV-INT-18, PV-INT-29 PTe Andesine . . .
Pico Viejo - Phonolite | PV-LAT-02, PV-LAT-04, PV-LAT-61, PV-LAT-66 Pho Oligoclase, Anorthoclase . . .
Cuevas del Raton RAT-84 PTe Oligoclase . . «
Roques Blancos RBL-02*, RBL-03 Pho Oligoclase, Anorthoclase ° . .
Montafa Reventada Enclaves REV-09, REV-63, REV-85a Enclave Andesine, Oligoclase, . . L]
Anorthoclase
Phonolite REV-10, REV-70, REV-71, REV-85b Pho Labradorite, Andesine, . . .
Oligoclase, Anorthoclase
Montafa Samara SAM-26 PTe Labradorite ° ® -
Volcan Negro VON-12 PTe Labradorite . . .

Table 3.1.: List of samples and the types of analyses performed on feldspars from the Montaia Reventada eruption. Rocktypes: Bas = basanite; PTe = phonotephrite; TPh = tephriphonolite;
Pho = phonolite; BTa = basaltic trachyandesite; Tan = trachyandesite, Tra = trachyte. Performed analyses are marked with ¢, "att." stands for attempted but failed and "-" equals not performed.
More information and details on sample location can be found in the appendix.




Chapter 3

2. METHODOLOGY

2.1. Sample selection
Microanalysis was conducted on whole-rock samples that contained at least 2-3% feldspar
by volume. The set of specimens covered 66 samples from 29 eruptions (altogether 34

eruption phases) from the post-collapse succession (Table 3.1).

2.2. Microanalysis
The following microanalytical techniques were performed at the GeoAnalytical Lab
at Washington State University, Pullman, WA, USA: a) Electron Microprobe (EMP)
for analyses of major elements, b) Laser Ablation - Inductively Coupled Plasma-Mass
Spectrometry (LA-ICPMS) for trace element analyses and ¢) Laser Ablation - Multi
Collector-Inductively Coupled Plasma - Mass Spectrometry (LA-MC-ICPMS) for

87S1/%¢Sr analyses.

2.2.1. Rock cutting and thin section preparation

Samples with flow alignment of crystals were preferentially selected and cut parallel to
the flow plane. Units that did not display such alignment or flow lamination were cut
depending on texture. All microanalyses were conducted on 150pm thin sections and
sample sites were controlled with petrographical microscopes that were built into the
EMP and the laser ablation unit. 99 thin sections of 46 x 26 mm size were prepared to fit
the brackets of the EMP and laser ablation unit.

Sections had to be of 150 pm thickness for the destructive laser ablation process that

generally carves tens of microns into the sample during analysis.

2.2.2. Electron Microprobe (EMP) Analysis

Major element analysis of feldspar was performed at Washington State University on a
Cameca SX-50 on carbon coated thin sections. Analytical conditions included an electron

beam acceleration of 15 kV, a beam current of 15 nA, beam size of 10pm? and counting
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times of 10 - 30s on peaks. Low beam current and short on-peak-time of 10s compensated
for potential Na loss. Relative analytical precision [(standard deviation/mean) x 100] was
<1 % for Si and Al, <3 % for Na, <5 % for Ca and K and <20 % for Fe. Ba analysis failed
for most attempts with errors exceeding 2500 % in cases. BaO data plotted generally on
the higher side when compared to laser ablation measurements.

Crystals that were free from inclusions were analysed with programmed traverses of
varying distances and continuous manual refocussing. Phenocrysts with a large amount
of inclusions or ‘untidy’ textures were analysed spot-by-spot. We excluded measurements

with a total outside 100 + 2 wt.%.

2.2.3. Laser ablation

For trace element and Sr isotope analyses, we used a New Wave™ UP-213 Nd:YAG
laser ablation unit (213 nm wavelength; Jackson, 2001; Roy and Neufeld, 2004) coupled
to single and multi-collector mass spectrometers (see Table 3.2 for respective operating
parameters). Laser ablation was conducted in dynamic mode which allows continuous
monitoring of the elemental signals over the duration of one analysis. Laser troughs were
preferred over points in order to maximize isotopic signals while minimizing the depth
of the laser pit. A continuous flow of Ar gas carried the resulting aerosol to the mass
spectrometer. Mass fractionation is generally increased by greater pit/trough depths,
utilising 150pm thick sections provided a maximum excavation depth below which there
was no discernible laser induced fractionation (Ramos et al., 2004).

Table 3.2: Instrument parameters of the New Wave™ UP-213 laser ablation unit

Trace element analysis &S/ sr Units
Spot size 20 40 [um]
Trough length 500 500 [pum]
Scan speed 16 50 [um/s]
Fluence ~12 12 [J/em?]
Repetition rate 20 20 [Hz]
Duration ~30 ~180 [s]
Passes 1 40 -
Depth/pass 10 2 [um]
Rate of auxiliary gas flow (He) - 0.85t00.95 [I/min]
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2.2.4. Trace element analysis: Laser Ablation - Inductively Caup/ed Plas-
ma - Mass Spectrometry (LA-ICPMS)

Feldspar zonation patterns and inclusions were investigated by transmitted light
petrography prior to LA-ICP-MS analysis and whenever possible they were texturally
correlated with previously measured EMP data points. Individual zones of feldspar were
analysed for 14 trace elements (Rb, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Y, Pb, Mg, Sr and
T1) and two major elements (Ca and Si).

Analyses were performed using a ThermoFinnigan Element2™ Inductively Coupled
Plasma-Mass Spectrometer (ICP-MS). The ICP-MS was set to start capturing
simultaneously with laser ablation. Each analysis was therefore preceded by 10-15 seconds
of 'empty’ Ar flow that served to monitor instrument blank levels throughout the session.

Calibration was performed using the National Institute of Standards (NIST) 612 glass
standard. Silica, previously determined by electron microprobe analysis, was used as an
internal standard. The detection limit for the LA-ICP-MS was below 0.1 ppm for most
elements, and in-run precision was <10%. Sm and Gd were excluded from the dataset as

their intensities were low and exhibited fluctuation (cf. Fig. 3.1 and Fig. 3.2).

100,000,000

1,000,000

100000

10}

Fig. 3.1: Graph of a typical flawless trace element analysis in a feldspar (copied from the original spreadsheet).
X-axis is time of analysis, y-axis the recorded beam intensity. Fluctuations are averaged out, this provides a
robust signal of trace element contents in the feldspar zone. Note the more variable behaviour of Sm and Gd
intensities due to low concentrations. These two elements were therefore not included in the results.
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Fig. 3.2: Example of a graph of an analysis where two different compositional zones during one run had been
encountered in a feldspar (copied from the original spreadsheet). X-axis is time of analysis, y-axis the recorded
beam intensity. Note the decrease in intensities towards the end of the run and the parallel fashion in which they
decrease. In this case, data interpretation is limited to the interval between 20 and 35 seconds to yield a meaning-
ful average of intensities.

Continuous recording of intensity levels allowed the data to be scrutinised for unseen
compositional boundaries within the feldspar. Parallel signals at nearly constant intensity
levels implied compositional homogeneity in those elements (Fig. 3.1). Parallel, but step-

like patterns indicated that two compositionally distinct zones had been analysed (Fig.

3.2).

2.2.5. Laser Ablation - Multi Collector - Inductively Coupled Plasma -
Mass Spectrometry (LA-MC-ICPMS)

Analysis of Sr isotopic ratios in feldspar zones was performed at the GeoAnalytical Lab,
Washington State University, WA by laser ablation multi collector ICP-MS, following
the method of Ramos et al. (2004). Ramos et al. (2004) used the same laboratory and
analytical setup. All samples were polished to a 1 um finish and cleaned in alcohol prior
to analysis. For a typical Tenerife post-collapse plagioclase (~2000 ppm Sr), a 40x500x100
pm trough yielded ~11 ng of Sr. Laser parameters are outlined in Table 3.2. The laser
ablation sample cell was flushed with He carrier gas to pick up the ablated sample. A gas
flow of ~0.7 I/min of argon was added to this gas/sample mixture prior to introduction of

sample into the plasma.
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Analyses of laser-ablated samples consisted of 100 ratios, with each ratio measured in
1 s integrations. Method and intrument parameters were optimised to obtain *¥Sr beam
intensities between 2 and 4 V (Table 3.3). Baselines for analyses were measured on-peak
for ~60 s while flushing the sample chamber with He mixed with Ar. This is comparable
to a normal analysis, but without activating the laser. Typical baselines were <0.2 mV
(*8Sr) depending on the length of the analytical session. Analyses of unknowns were
bracketed by three sets of three analyses of an external standard. The standard was a large
plagioclase from the Imnaha member in the Columbia River basalts. This feldspar shows

a homogenous composition with respect to its *¢Sr/**Sr ratio and its Sr concentration

(0.70405 and 700ppm, respectively).

Table 3.3: Instrument parameters of the ThermoFinnigan Neptune MC-ICPMS

Units
RF power 1200 W]
Argon cooling gas flow rate 15 [I/min]
Auxiliary gas flow rate 0.8 [/min]
Interface cones Nickel
Acceleration voltage 10 [kV]
lon-lens settings Optimized for maximum sensitivity and optimal
peak shape
Mass resolution 400
Mass analyzer pressure 5-8x10° [mbar]
Detection system Nine Faraday collectors
Sampling mode 3 or 10 blocks of 10x8 s integrations for laser
and solution analysis, respectively
Background/baseline determination 3 min on peak in 2.0% HNO;
Nebuliser Glass cyclonic spray chamber fitted with a
Micromist PFA nebuliser
Uptake mode Free aspiration
Sample uptake rate 50 [pl/min]
Typical sensitivity on 88Sr 55-60 (10" Q resistors) [V/ppm]
Ar sample gas flow rate 0.60-1.05, optimized to maximize ®Sr signal [/min)
Beam dispersion (Dispersion Quad) -25

We monitored ¥Rb and #Kr to account for isobaric interferences of #’Rb, #Kr and *Kr.
For the Rb interefrence correction, a natural 8Rb/%*Rb ratio of 0.3855 was used (corrected
for mass bias by the measured *Sr/*#Sr ratio), which is applicable for unspiked or low Rb
concentration samples (Waight et al., 2002). See Ramos et al. (2004) for an overview of

potential interferences and correction procedures (their Table 3).
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2.2.6. Calibration of feldspar isotope data using microdrill/TIMS

Strontium isotope analysis by LA-MC-ICP-MS initially yielded demonstrably offset
#7Sr/*¢Sr ratios with a need for external calibration. Initial ratios produced were between
0.702089(84) and 0.703340(151), which are lower than assumed mantle values and lower
than most published Tenerife ®’Sr/*¢Sr data. We therefore applied a combination of
microdrilling and TIMS analysis to measure individual feldspar zones. Furthermore, the
whole range of trace element concentrations and *’Sr/*¢Sr ratios that were obtained from
laser ablation analysis was covered in these measurements to achieve a robust external
calibration.

Material was excavated from individual feldspar zones with a Merchantek Microdrill
following the drilling procedure of Charlier et al. (2006). Drilling was conducted at
Wiashington State University. A minimum amount of 100ng Sr was aimed for to achieve
a concentration of 100ppb in 1ml liquid for subsequent MC-ICPMS analysis. The real
concentration in each feldspar zone was known from previous LA-ICPMS analyses,
which enabled calculation of the necessary volume for each drill site.

The drill volume was calculated as product of the section of our drillbit (a cut-off isosceles
triangle of variable size with depth) and drill length. The drillbit possessed an opening
angle of 0=30° measured with the turning stage of a petrographic microscope (error
+1°). The drill depth was then adjusted according to the total necessary volume for each
individual zone of feldspar. The drilling procedure was conducted in a continuous air flow
unit to reduce the amount of air-suspended particles. Prior to drilling, a drop of ultrapure
water was placed on the thin section to capture the drill flakes. We drilled in five passes
each corresponding to 20% of the total drill depth.

The combination of drill volume and ICPMS requirements dictated a wider and deeper
drill pit than the laser had excavated before. This involved drilling across several zones to
obtain the analyte volume. Therefore, only adjacent zones that were known from previous
analyses to be homogenous in both Sr concentration and ¥Sr/*Sr isotopic ratio were
drilled, so as not to yield an average of two compositionally different zones.

Samples were then digested in HF and HNO, and Sr was separated using Eichrom Sr-
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Spec resin in the clean laboratory at Washington State University. Typical blanks were
less than 10pg Sr, following the method outlined in Wolft et al. (1999).

Samples were tested for intensity (proportional to concentration of Sr) on the MC-
ICPMS at Washington State University. The first drill session yielded samples with
a concentration of only 10ng Sr. As a result, the columns were recalibrated and gave
acceptable results when tested with other samples of similar concentration. However, a
repeat drill session on our samples yielded equally low concentrations in the pre-screening.
'The reason for this remains unclear. A new strategy was adopted which involved analysing
the low Sr samples by TIMS at the Isotope Geoscience Unit, SUERC, East Kilbride,
Scotland in collaboration with Prof. Rob Ellam.

Samples were loaded on single Re filaments together with a Ta emitter solution.
Measurements were conducted on a VG Sector 54-30 with a dynamic multi-collector
routine and a *Sr/*Sr fractionation control (normalised values). Samples were run
manually at 0.5V to prevent excessive loss of the small samples at an early stage of the

analysis.
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Fig. 3.3: Calibration factors (TIMS data divided by laser data) versus the original laser data. Blue squares are
raw laser data, red squares are calibrated laser data. Errors contained within symbol when not visible. Laser data
are unrealistically low in ¥Sr/*Sr (>0.702089) and had to be calibrated by analysing the same feldspars by a mi-
crodrill/ TIMS approach. Note the *’Sr/%Sr ratios from TIMS analysis correlate with the laser data (R?=0.95),
i.e. the error in the laser data is systematic (the higher the farther away the ratio is from an apparent sweetspot
at ~0.70304). The calibration factors (y-axis) were used to recalculate the *’Sr/%Sr ratios from feldspar analysis.
Lower part: black dots are error values yielded from LA-MC-ICPMS analysis; no correlation with %Sr/%Sr
ratio could be detected.

Uncalibrated laser data were divided by the corresponding microdrill/ TIMS data to
obtain a calibration factor for each point. Uncalibrated laser data correlate strongly with the
obtained calibration factors (Fig. 3.3, R?> 0.95) and allows a linear regression equation to
be devised. The calibration factors for the remaining analyses without directly comparable
microdrill/TIMS data were then calculated from this regression equation (y =4 *x + B),
with x being the uncalibrated *”Sr/*Sr ratio, obtained from LA-MC-ICPMS analysis.

This meant an overall "levelling" of ratios from this calibration. The initial range of
externally calibrated LA-MC-ICPMS ratios was 0.702089 to 0.703398, while after the
calibration this range was reduced to 0.7031 to 0.7033 for the bulk of the analyses (235

out of 242). Seven analyses yielded ratios of up to 0.7034 (Fig. 3.6). The calibrated ratios
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are slightly higher than previously reported wholerock *”Sr/*¢Sr data from Tenerife (e.g.
Simonsen et al., 2000; Gurenko et al., 2006) but are in agreement with Sr ratios from
previous *’Sr/*Sr data on Tenerife feldspars (Palazc & Wolft, 1989; Chertkoft et al.,
2005a, b).

2.3. Modelling of melt composition and crystallisation temperature

Several studies have defined a set of equations on plagioclase-melt trace element
partitioning based on synthetic and natural examples (e.g. Blundy & Wood, 1991;
Bindeman et al., 1998). These empirical relationships allow calculation of the distribution
coefhicients (D) for various elements, and yield, for example, the compositional dependence
of D on anorthite content in plagioclase. Bédard (2006) added several empirical equations
that relate the anorthite composition of plagioclase to various chemical and physical
parameters of the melt that the plagioclase crystallised from, again based on pre-existing
natural and experimental data.

We used the data from this study to model the MgO, Sr and Ba concentrations in the
melt from which a given plagioclase composition crystallised from. Furthermore, the
temperature at which a given zone of feldspar crystallised from the melt was calculated.

'The following equations describe the modelling approach. The parameters and sources

used for each step are given in Table 3.4.

*  Eq. 3.1: Melt MgO concentration

X — (b £ AD)

InMgO =
g a+ Aa

« Eq. 3.2: Crystallisation temperature of plagioclase

10000
T

=ax*InMg0O +b
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axXq, +b
Rx*T

lnDl‘ =

* Eq. 3.4: Melt Sr and Ba concentrations

Cplag (l)
D;

Cmelt (l) ==

Table 3.4: Parameters for melt modelling equations

Eq. 3.3: Plagioclase-melt distribution coefficient for Sr and Ba

Their
¥ X a +a b +b Comment Reference A
equation
Melt MgO [wt.%]
InMgO Xun 0.04448 +0.00158 0.42132 +0.07065 for dry melts, Bédard, 2006 3a
MgO >1wt.%
InMgO X 0.50206 +0.09061 0.10090 +0.10362 for dry melts, Bédard, 2006 3b
MgO >1wt.%
InMgO Xan 0.10639 +0.00444 0.57229 +0.13285 wet melts Bédard, 2006 3c
Crystallisation temperature [°C]
10000/T InMgO -0.95668 +0.01728 10.3758 $0.0232 Bédard, 2006 5a
ur InMgO  -2.04x10* 7.92x10* Bindeman et 3
al., 1998
Distribution coefficients plagioclase-melt
RNnDs, Xun -26700 +1900 26800 +1200 Blundy &
Wood, 1991
RMnDyg, Xin -38200 +3200 10200 +1800 Blundy &
Wood, 1991
RTNnDs, Xun -30400 +1100 28500 +700 Bindeman et 2
al.,, 1998
RNnDg, Xin -55000 +2400 19100 +1300 Bindeman et 2
al.,, 1998
RMnDg, Xan -20710 +1772.3 23856 +3581.5 Bédard, 2006 19a
RTNnDg, Xin -35204 +2797.5 10146 $5590.4 Bédard, 2006 18a

Table 3.4.: All calculations follow the equation Y =4 * X + 4.
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Table 3.5: Representative feldspar analyses for Teide-Pico Viejo complex and rift zone eruptions

Sample ClO-77-1-01-r ClO-77-1-16 CIO-83-1-01-r ClO-83-1-14 CUE-14-2-01-r CUE-14-2-10-c MAJ-16-1-08-c
Distance from core [pm] 2120 197 1624 168 562 0 0
EMP [wt.%]

Sio, 60.75 55.34 58.41 58.18 59.22 57.95 56.77
Al,O4 23.41 26.58 26.20 26.38 25.32 25.74 26.29
Fe,03 0.57 0.46 0.34 0.46 0.46 0.51 0.52
K0 1.04 0.53 0.94 0.84 0.73 0.67 0.54
Na,O 7.76 5.97 6.68 6.58 7.35 6.63 6.27
Ca0 5.06 8.71 7.52 7.72 6.76 7.45 8.41
BaO 0.37 0.02 0.26 0.19 0.24 0.16 0.17
Total 98.96 97.62 100.35 100.34 100.07 99.11 98.96
An [mol%] 24.88 43.23 36.28 37.40 32.29 36.79 41.20
Ab 69.03 53.63 58.34 57.73 63.54 59.25 55.64
Or 6.10 3.14 5.38 4.87 417 3.95 3.16
LA-MC-ICPMS

¥sr/*8sr 0.703220(78) 0.703231(78) 0.703225(78) 0.703218(78) 0.703234(84) 0.703247(84) 0.703195(40)
LA-ICPMS [ppm]

Rb 13 1.8 817 1.8 16 14
Ba 850.5 1019.3 1226.5 1165.6 850.8 634.2
La 13.0 10.0 18.4 14.3 12.4 11.9
Ce 18.3 13.4 233 17.4 177 18.4
Pr 1.1 0.8 14 1.1 1.0 1.2
Nd 2.8 2.0 317 28 2.3 37
Eu 13 1.2 17 1.7 13 1.1
Y 0.3 0.4 0.5 0.4 0.3 0.6
Pb o7 2.7 34 32 3.0 22
Sr 3348.9 3050.7 2212.3 3341.4 2840.3 2135.0
Ti 679.9 500.2 967.8 641.7 564.7 602.6
Mg 241.6 246.6 2235 192.6 193.6 298.9
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Table 3.5 continued: Representative feldspar analyses for Teide-Pico Viejo complex and rift zone eruptions

Sample MAR-37-1-02 MAR-37-1-07-C PT-INE-17-1-01-r PT-INE-17-1-10 PV-EAR-16-1-02 PV-EAR-16-1-13 VON-12-1-01-c
Distance from core [um] 1216 0 371 140 1814 336 0

EMP [wt.%]

SiO, 56.64 56.90 60.29 60.10 55.27 53.55 51.32
Al,03 26.67 26.49 24.63 24.24 28.29 28.46 29.69
Fe,0; 0.33 0.38 0.38 0.40 0.50 0.48 0.51

K,0 0.86 0.84 1.19 1.34 0.72 0.83 0.29
Na,O 6.15 6.24 7.80 7.81 5.30 4.59 4.55

ca0 8.39 8.05 5.44 4.94 10.39 11.33 11.76
BaO 0.13 0.10 0.26 0.26 0.10 0.06 0.00
Total 99.16 99.01 99.99 99.09 100.56 99.32 98.12

An [mol%] 40.83 39.58 25.96 23.91 49.88 54.92 57.85

Ab 54.18 55.49 67.26 68.39 45.99 40.26 40.47

or 4.99 4.93 6.78 7.70 4.14 4.82 1.68
LA-MC-ICPMS

87sr/fsr 0.703214(40) 0.703202(40) 0.703192(104) 0.703176(104) 0.703131(101) 0.703150(101) 0.703223(151)

LA-ICPMS [ppm]

Rb 3.3 27 5.1 4.5 1.8 1.7 0.6
Ba 944.3 787.9 1950.7 1879.2 4257 395.5 282.3
La 18.1 14.8 16.9 16.3 5.2 54 5.1
Ce 234 19.6 18.6 17.9 9.1 9.4 9.0
Pr 1.5 12 1.0 0.9 0.7 0.7 0.6
Nd 43 3.0 22 1.9 20 211 1.9
Eu 14 1.2 1.2 13 0.9 1.0 0.6
Y 0.6 0.4 0.7 0.6 0.2 0.2 0.2
Pb 3.1 28 38 3.7 1.0 0.9 0.8
Sr 2362.8 2259.9 1890.2 1994.8 1546.1 1586.6 1949.6
Ti 838.4 7671 701.9 613.8 998.5 7414 690.9
Mg 217.0 - 111.6 109.2 510.5 508.0 537.9

Table 3.5.: Representative feldspar analyses from the Tenerife post-collapse succession. In sample names, "-c" stands for core and "-r" for rim. The distance from the crystal core region was
calculated from x- and y-stage coordinates that were obtained during EMP analysis.
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3. RESULTS

3.1. Feldspar major elements

Feldspar compositions range from bytownite to sanidine. Primitive lavas mainly contain
plagioclase with some anorthoclase, transitional lavas are restricted to andesine, oligoclase
and anorthoclase, and evolved lavas contain mainly anorthoclase and sanidine with
some plagioclase crystals present (oligoclase, andesine and labradorite). Compositions
are distributed bimodally with peaks at An, and An (Fig. 3.9), where the peak at An
represents the alkali feldspar group, comprising anorthoclase and sanidine. Representative
results of feldspar analyses can be found in Table 3.5. The range of major element
compositions of feldspar is consistent with the data from Bryan et al. (2002). For the

complete EMP dataset, please consult the electronic appendix.

3.2. Trace element analysis of feldspar
Trace elements in feldspar zones show the following ranges