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Muocene Ignimbrite ‘A’ on Gran Canaria contains three com-
positional endmember fiamme types (two rhyolites and one trachyte)
each of which crystallized distinet _feldspar. Varwous lextural and
compositional criteria are interpreted as reflecting a complex scenario
within the magma chamber in which the crystals formed. About
25-30% of the feldspar phenocrysts contain evidence for magma
mixing wn the form of (1) partial to severe dissolution—resorption
nims, (2) distinct zones of drastically different compositions and
(3) overgrowth textures on formerly resorbed crystals. Four major
types of zoming in the oligoclase to anorthoclase feldspars of ignimbrite
A’ include a normal and a reversely zoned type and two complexly
zoned types. The feldspars with normal and reverse zonation show
only minor compositional amplitudes between individual zones
(AA4b, Or ~4%), whereas the complexly zoned types show
compositional differences between zones of up to 18 mol %o Ab and
20mol % Or and are commonly associated with an internal
dissolution surface. Complex zoning with large compositional amp-
litudes and  dissolution textures 1is taken as evidence of crystal
movements within the magma and across compositional boundaries
between magma batches. A multiple ‘step-cycle’ model, involving
growth and transport of a crystal into another magma batch and
uts return to the orginal host magma, 1s suggested by the data.
Moreover; feldspars_from one rhyolite compositional group are_found
to be substantially elevated in 6'°0, suggesting an input of a high
0’0 component to this rhyolite. The other endmember rhyolite
appears to be related to the endmember trachyte by mainly crystal
ractionation of anorthoclase feldspar. This observation s consistent
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with trace element and rare earth element concentrations for the
magma endmembers and their feldspars, where contamination led
lo a depletion in incompatible trace elements and light rare earth
elements in the contaminated rhyolite and its feldspar phenocrysts.
We suggest that the combination of textural and compositional
variation in ternary feldspar of peralkaline rhyolitic systems is well
suiled lo reconstruct dynamic processes such as magma mixing and
contamination in evolving rhyolitic magma chambers.
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INTRODUCTION

Feldspar crystals in volcanic rocks record crystallization,
magma mixing and contamination of their host magmas,
partly because of slow diffusion of alkali elements in
feldspar compared with the time scales of magmatic
events. In basalts and calc-alkaline systems, compositional
variations in feldspar have been used to interpret vari-
ations in the physical and chemical conditions brought
about by processes such as magma mixing, pressure
changes and convection during crystallization (e.g. Pearce
& Kolisnik, 1990; Stamatelopoulou-Seymore ¢t al., 1990;

© Oxford University Press 2002



JOURNAL OF PETROLOGY

Blundy & Shimizu, 1991; Singer et al., 1995; van Wagoner
et al., 1995; Brophy et al., 1996; Davidson & Tepley,
1997; Knesel et al., 1999; Tepley et al., 1999; Davidson
et al., 2001; Stewart & Fowler, 2001). Similar studies of
anorthoclase, the most common phenocryst in peralkaline
trachytes and rhyolites (i.e. comendites and pantellerites),
are uncommon, one reason being that compositional
zoning is petrographically less pronounced.

On Gran Canaria, some 20 Miocene, dominantly per-
alkaline rhyolitic to trachytic ignimbritic cooling units
(Mogan Group) contain the entire compositional range
of anorthoclase compositions, with nearly albitic com-
positions at the base and almost sanidine compositions
near the top of the stratigraphic succession (Schmincke,
1969, 1976; Sumita & Schmincke, 1998). All ignimbrites
contain two or more magmatic endmembers as well as
several feldspar compositional groups. The exact com-
positions of the magmatic endmembers are not easy
to define because of common magma mixing, high-
temperature devitrification and the problem of in-
terpreting ignimbrite whole-rock compositions, glass in-
clusions and the very rare entirely fresh and undevitrified
glass from basal vitrophyres. Feldspar phenocrysts that
are basically unaffected by post-emplacement processes
provide one expression of the complex petrogenetic pro-
cesses the endmember magmas underwent before erup-
tion.

We studied ternary feldspar phenocrysts from a per-
alkaline trachyte-rhyolite ignimbrite (ignimbrite ‘A’) of
the Upper Mogan Group, to unravel the crystallization,
mixing and contamination history of the unit, and to
decode the textural and compositional variation of its
crystal population. We show that three compositional
feldspar groups are present and that these correspond to
the three fiamme compositional groups of the ignimbrite,
an endmember trachyte and two rhyolites. Compositional
zoning in a sub-population of the feldspars in these
rocks suggests that crystals were transferred between the
compositionally distinct magma batches by a magma
mixing process. One rhyolite magma composition ap-
pears to be related to the trachyte magma by mainly
crystal fractionation, whereas the second rhyolite is be-
lieved to have been compositionally diluted as a result
of input of a high 8O component that was low in
incompatible trace and light rare earth elements (LREE).

METHODS

Approximately 120 samples were collected from several
outcrops distributed over the south and the west of Gran
Canaria (Fig. 1). Samples were prepared as powder for
X-ray fluorescence (XRF) and as polished thin and
doubly polished thick sections for optical microscopy,
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electron microprobe (EMP) and sychrotron-XRF micro-
probe (SYXRF') analysis. Mineral separates were hand-
picked from crushed rock. The different types of analysis
were performed on single samples by subdividision of
the original sample into several batches, where one batch
was powdered, another batch was prepared for thin and
thick sections and yet another batch was crushed and
picked for mineral separates.

Electron microprobe

Mineral analyses were performed on a Cameca SX-50
electron microprobe at GEOMAR applying the built-in
PAP correction procedure (Pouchou & Pichoir, 1984).
Analytical conditions included an acceleration voltage of
15kV, a beam current of 8-20 nA, and counting times
of between 20 and 60 s on peaks. A rastered beam of
3um X 4pm (12 pm?) was used for feldspar, and of
~40 pm” for glass to minimize Na loss. Na counts were
continuously monitored during analysis and generally
remained stable over at least twice the measurement
time. Glass analyses were corrected for Na migration
(Nielsen & Sigurdsson 1981; Devine et al., 1995). Relative
analytical precision [(standard deviation/mean) x 100]
was <2% for Si, Al and Ca, <3% for Na and K, <4%
for T1, <5% for Fe, and <10% for Mg, based on repeated
analysis of natural and synthetic mineral and glass
standards.

X-ray fluorescence

Unweathered central pieces of the samples were cut and
selected for whole-rock analysis, avoiding cracks and rims
affected by alteration. Samples for whole-rock analyses
were crushed and powdered in agate ball-mills. Samples
were dried at 110°C before analysis. Major and trace
elements were determined by XRF on fused beads using
an automated Philips PW1480 spectrometer at GEO-
MAR. All analyses were performed with a Rh tube;
calibration was performed using international geological
reference samples.

Inductively coupled plasma-mass
spectrometry

Trace elements and REE were analysed by inductively
coupled plasma-mass spectrometry (ICPMS) on a Perkin
Elmer Sciex ELAN 5000 at Actlabs, Ancaster, Canada,
for whole rocks and on a VG Plasmaquad PQl at
the Department of Geology of the Christian-Albrechts-
Universitit, Kiel, for feldspar separates. Analytical pro-
cedure and uncertanties have been given by Garbe-
Schonberg (1993) and are available at http://www.
actlabs.com.
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MAGMA MIXING AND CRUSTAL RECYCLING
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Fig. 1. Outcrop distribution and stratigraphic log section of ignimbrite ‘A’.

Synchrotron-XRF

Trace element compositions in feldspar were measured
with synchrotron-XRF microprobe (SYXRF) at the
DORIS positron storage facility at HASYLAB/DESY-
Hamburg (Troll et al., 1999). Experimental setup and
quantification of the spectra have been described by
Lechtenberg et al. (1996). The primary synchrotron
beam was collimated to either 50 um X 50 um or
30 um X 30 pm and passed through a 100 pm thick,
ultrapure Cu foil. All measurements were performed
under air, and spectra were recorded with an HP Ge
detector. Counting times were 1000-3600 s. Data
reduction was performed using the fundamental para-
meter method (Janssens et al, 1993; Vincze et al.,
1993). Detection limits are: for atomic numbers 21(Sc)
to 26 (Co), 0-1-3 pg/g; for 28 (Ni) to 60 (Nd), 0-1-1 pg;
for >60 (Nd), ~5pg/g. Analytical accuracy was
checked by analysis of international standards [analytical
signal Ko, except Th and Pb: Lo; Hansteen et al
(2000), Sachs & Hansteen (2000), and are better than
5% at concentrations <100 pg/g, and better than 15%
at <10 pg/g].

Oxygen isotopes

Oxygen isotopes of feldspar and whole-rock samples were
analysed at the University of Cape Town by C. Harris
and the University of Gottingen by J. Hoefs using a
conventional vacuum extraction line employing CIF; (see
Borthwick & Harmon, 1982; Harris et al, 2000). The
analytical error is estimated to be < +0-15%o. All values
are given relative to standard mean ocean water
(VSMOW). Feldspar separates were hand-picked under
a high-magnification stereomicroscope and subsequently
cleaned in a diluted HF bath for 5-10 min to remove
glass and matrix from their surfaces, including removal
of some material from the outer zones of the crystals as
well. Whole-rock samples were also hand-picked and
only carefully selected grains were used for analysis. The
selected grains and crystals were free of alteration and
secondary mineralization.

GEOLOGICAL SETTING

Gran Canaria, one of the central islands of the Canary
archipelago, ~200km off the NW African coast, is
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underlain by Jurassic oceanic crust and pre-volcanic
sediments (e.g. Rona e al, 1970; Schmincke, 1976;
Hoernle, 1998; Schmincke e al., 1998). Gran Canaria,
like the rest of the Canary Islands, belongs to an ocean
island chain, thought to originate from a hotspot un-
derneath the passive margin of the African continent
(e.g. Hoernle & Schmincke, 1993).

The Miocene basaltic shield (~14—15 Ma) is overlain
by ~20 peralkaline trachytic to rhyolitic (comenditic
to pantelleritic) ignimbrites (Mogan Group, 13-95—
13-35Ma; Schmincke 1969, 1976; Bogaard &
Schmincke, 1998), which erupted from the large (~ 20 km
across), multiply reactivated, Tejeda caldera in the central
region of the island (Schmincke, 1994; Schirnick et al.,
1999). The Mogan Group is overlain by a succession of
some 20 phonolitic ignimbrites and lava flows (Fataga
Group 132 to ~8Ma) intercalated with minor basalt
flows and volcaniclastic sediments. The interior of the
island 1s thought to consist of a mafic-to-intermediate
plutonic core, representing solidified parts of the Miocene
shield basalts and the felsic ignimbrite succession
(Freundt-Malecha, 1997; Freundt-Malecha et al., 2001;
Krastel & Schmincke, 2002).

The Mogan Group is subdivided into the Lower, the
Mid- and the Upper Mogan Group, with subalkalic to
alkalic trachyte—rhyolite ignimbrites in the Lower Mogan
Group, followed by increasingly peralkaline trachyte—
rhyolite ignimbrites in the Mid- to Upper Mogan Group,
grading into the overlying phonolitic Fataga Group. The
Mogan Group begins with the strongly zoned
rhyolite-trachyte—basalt ignimbrite ‘P1’ interpreted to
have experienced fractional crystallization and magma
mixing as well as wall-rock assimilation of intermediate
to felsic plutonic rocks (Freundt & Schmincke, 1995).
Details on the stratigraphy, gross mineralogy and overall
geochemistry of the rest of the Miocene ignimbrite suc-
cession have been given by, for example, Schmincke
(1969, 1976, 1994), Crisp & Spera (1987), Cousens ¢t al.
(1990), Sumita & Schmincke (1998) and Freundt-Malecha
et al. (2001).

Ignimbrite ‘A’ marks the onset of the transition from
the Mogan to the Fataga Group (Upper Mogan Group
to Lower Fataga Group), thought to be caused by the
progressive input of a distinct mantle component (Co-
usens ¢t al., 1990). This component is best reflected in
the widespread alkali-basalt flow T4 that commonly
underlies ignimbrite ‘A’ and differs from the shield basalts’
composition in being distinctly more alkaline and hence
a possible candidate for the parent magma composition
of the Upper Mogan and lower Fataga Groups.
Ignimbrite ‘A’ is therefore not only an ideal candidate
to study changing magmatic conditions and processes, it
may also be that ‘A’ displays petrological and chemical
features lacking in the ‘pure’ endmembers of the Mogan
and the Fataga Group ignimbrites (compare Cousens et
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al., 1990). So far, detailed petrogenetic studies of in-
dividual ignimbrites of the Mogan Group have been
carried out only for ignimbrite ‘P1’ at the base of the
Mogan Group (Freundt & Schmincke, 1995).

IGNIMBRITE ‘A’

Stratigraphy

Ignimbrite ‘A’ (13-:63 + 0-3 Ma, Bogaard & Schmincke,
1998), the first unit of the Upper Mogan Group (Fig.
1), is a small-volume ignimbrite [~30km® dense rock
equivalent (DRE)], with a thickness of the order of
10-12 m. Ignimbrite ‘A’ is vertically zoned from a rhyo-
litic base (including proximal fallout tuffs) to a trachytic
top, displaying up to seven well-defined flow units that
make up the cooling unit, summarized as ignimbrite ‘A’
(Fig. 1). The seven flow units are thought to represent
successive depositional pulses from the same magma
reservolr, progressively tapping deeper levels of a com-
positionally layered magma chamber as envisaged by,
for example, Blake (1981). Phenocryst contents generally
increase upwards within ‘A’ as in all other ignimbrites
of the Mogan and Fataga Groups. Three types of fiamme
(collapsed pumice) are distinguished in outcrop: a dark
grey to black trachyte, a white rhyolite and an evolved
cream-coloured rhyolite.

The mineral assemblage of ignimbrite ‘A’

Phenocrysts in ignimbrite ‘A’ rhyolites comprise anor-
thoclase feldspar, amphibole, Fe-Ti oxide, minor pyr-
oxene (aegirine—augite in highly evolved pumice) and
accessory phlogopite. Oligoclase to anorthoclase feldspar
plus subordinate amphibole and phlogopite occur in the
trachyte. The REE phase chevkinite forms rare inclusions
in amphibole and/or occurs associated with oxide clusters
in evolved rhyolite pumice.

Rare plastically deformed basalt schlieren occur in the
trachyte-dominated flow units, showing chilled margins
to the host ignimbrite and containing olivine, pyroxene
and plagioclase phenocrysts. Plagioclase in the basalt
occurs characteristically as skeletal groundmass crystals.
The morphology of the quench crystals is typically lath-
shaped with poorly defined crystal faces perpendicular
to the ¢-axis, indicating undercooling of the order of
240°C or more at the interfaces of the basalt schlieren
to the ignimbrite host magma (see Lofgren, 1980).

Chemical composition of ignimbrite ‘A’

Ignimbrite ‘A’ contains three types of fiamme in a fine-
grained ash matrix that is made up of shards. Angular
to sub-angular lithic clasts of basalt, syenite and ignimbrite
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are abundant in the ash-matrix of the lower and one of
the upper flow units of the ignimbrite (locally up to 10
vol. %), comprising accidental pick-up clasts (basalt and
older ignimbrite fragments) and plutonic xenoliths
(mainly syenite fragments). Major element compositional
trends and phase relations for the fiamme types and the
whole rocks display a fairly continuous trend (Fig. 2),
suggesting a differentiation sequence between two end-
member compositions. The trace element spectrum of
fiamme compositions, however, indicates three com-
positional groups or endmembers (Table 1, Fig. 3): (1)
least evolved comenditic trachyte C'T (S10, 6567 wt %;
Zr 562-615 ppm; Nb 97-112 ppm; Zr/Nb 5-79; Rb
55-68 ppm); (2) comenditic rhyolite CR (510, 68—
70 wt %; Zr 1127-1229 ppm; Nb 163-190 ppm; Zr/
Nb 6-83; Rb 96-103 ppm); (3) evolved rhyolite RF2
(S10, 6971 wt %; Zr 993-1012 ppm; Nb 99-105 ppmy;
Zr/Nb 10-22; Rb >113 ppm). Rhyolite RF2 differs from
rhyolite CR by distinctive incompatible trace element
concentrations, showing slightly higher Rb and lower 1,
Zr, Sr and Nb concentrations. Several fiamme samples
appear to plot on chemical mixing lines between com-
positional groups, particularly between trachyte C'T and
rhyolite CR as well as between rhyolites CR and RI?2
but not between trachyte C'T and most evolved rhyolite
RF?2. In contrast, whole-rock data reflect physical mixing
during eruption within the conduit and comprise various
mixtures between the three endmember fiamme com-
positions. These mixing relations and the systematic
vertical zonation of the ignimbrite (chiefly from early
rhyolite to late trachyte) suggest a vertically zoned magma
reservoir with trachyte CT at the base, progressively
overlain by rhyolites CR and RF?2, respectively.

FELDSPAR IN IGNIMBRITE ‘A’

Abundance and petrography of feldspar
phenocrysts

The major fractionating phase in all three endmembers
is oligoclase to anorthoclase feldspar. Feldspar in ig-
nimbrite ‘A’ is platy with abundant Karlsbad twins and
with commonly broken crystals in the ash-matrix (Iig.
4a). About 70% of the feldspar phenocrysts are euhedral,
the rest is made up of resorbed crystals and rare but
distinct xenocrysts. The feldspar of RF2 rhyolite (~20
vol. %) are generally small (0-5-2mm) and entirely
euhedral (Fig. 4b). Rhyolite CR includes ~ 16 vol. %
crystals up to 3mm in size with a small population of
resorbed minerals (Fig. 4c). Trachyte CT contains the
largest feldspar crystals (up to 4 mm) and the highest
volume of feldspar (20-30 vol. %) of which up to 45%
are strongly resorbed (Table 2a; Fig. 4d). A significant
percentage of the crystals in C'T' and, to a lesser degree,
in CR and RF2 show complex internal zoning with
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irregular zone boundaries characterized by rounded cor-
ners and lobate embayments, and are overgrown by
euhedral outer crystal zones (Fig. 4e). These textures
represent overgrowth on formerly resorbed and embayed
crystal faces and are classic ‘partial-dissolution surfaces’
in the sense of Tsuchiyama (1985).

Range of feldspar compositions

Feldspars crystallizing from each of the three endmember
compositions were determined by chemical analysis of
euhedral feldspar and microlite compositions in fiamme
and can be distinguished from each other by their major
element concentrations, in particular their Ab, Or and
FeO, concentrations (Table 2b). Trachyte CT contains
feldspar with Abgs ;5 Any 9 Orj3 3 and FeO, ~0-4—
1-3 wt %. Rhyolite CR contains feldspar with Ab;; g
An; , Ory 34 and FeO, ~0-6-3-0 wt %, whereas RF2
contains feldspar with Ab;; g5 Ans o Ory 33 and generally
low FeO, of 0-4-0-8 wt %. Each compositional group
contains only a single feldspar compositional trend with
a general tendency of more evolved composition for
microlites than for euhedral phenocrysts, consistent with
the phase relation for single solid solutions in the system
albite—orthoclase and with the ternary feldspar phase
relations in the system albite—anorthoclase—orthoclase at
magmatic temperatures (Nekvasil, 1994; Nekvasil e al.,
2000). The range in FeO, in CR rhyolite most probably
reflects the increasing degree of oxidation at lower tem-
peratures and consequent availability of Fe,O; to the
crystallizing feldspars (Fe’* is more compatible in alkali
feldspar than Fe?*), consequently raising their FeO, con-
tent. The feldspar from endmember rhyolite RF2 shows
higher anorthite but lower FeO, contents (Figs 5 and 6),
probably reflecting the onset of aegirine crystallization
in RF2 type rhyolites.

A small group of mixed feldspar compositions is present
(Fig. 7) suggesting the existence of transitional and/or
mixed melt batches between the trachyte and rhyolite
compositional groups. Ignimbrite ‘A’ also contains syenite
nodules with feldspar compositionally and texturally sim-
ilar to the phenocrystic feldspars of the rhyolite end-
members (Table 2b). Rare possible xenocrysts show
compositions up to Anj, with melt inclusions of 55—
57 wt % Si0,, suggesting them to be derived from an
intermediate protolith.

Compositional zoning in feldspar

As outlined above, many feldspar crystals are com-
positionally zoned. Four types of zonation were dis-
tinguished from each other, including (1) normal and
reverse zoning (AAb and AOr = 4 mol %), and (b) two
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Fig. 2. (a) Classification of evolved peralkaline rocks after Macdonald (1974). The endmembers of ignimbrite ‘A’ can be classified as comenditic
trachyte to comenditic rhyolite with variably mixed whole-rock compositions plotting between the two identifiable endmember compositions. (b)
TiO, vs SiO, showing a straight TiO, decrease with increasing SiO,, suggestive of a fractional crystallization sequence. (c) Qtz-Ab-Or-H,O
phase relations. Dashed line (X) represents qtz—fsp cotectic of the system NaAlSi;O3—KAISi;O3—Si0,-H,O (Tuttle & Bowen, 1958). Continuous
line (Y) is the qtzfsp cotectic of the 8:3% acmite + 8:3% sodium metasilicate plane in the system NaAlSi;Oy-KAISi;O4
510,-H,0-Na,SiO;-NaFeSi, Oy after Carmichael & MacKenzie (1963). All samples of ignimbrite ‘A’ fall within the thermal valley of Carmichael
& MacKenzie (1963) and evolve towards the qtz—fsp cotectic. The data follow a trend expected for fractional crystallization.

types with complex zoning (AAb = 14-18 mol %, AOr =  decrease in Ab and increase in Or from the cores to the

15-20 mol %).

Normal zoning

crystal rims in anorthoclase, and by a increase in Ab and
a decrease in An in oligoclase (Figs 8a and b and 9a).
Normal zoning is seen in the dominant portion of the

Normal zoning occurs throughout the compositional feldspars (~45-50%) and is not associated with any
spectrum of the feldspars and is marked by a general internal dissolution surface; it is thus thought to reflect
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Fig. 3. Rb and Zr vs Nb (ppm) of ignimbrite ‘A’ fiamme and whole-
rock samples. Three fiamme compositional endmembers are defined
by trace element abundances, namely, trachyte CT, rhyolite CR and
a second rhyolite RF2. Whole-rock samples represent variably mixed
compositions between the three compositional groups.

near-equilibrium growth from a melt progressively de-
pleted in the components crystallizing. The additional
fluctuations measured are of the order of AAb =
3—4 mol % and are, by analogy to plagioclase, considered
to lie within the compositional range of local dis-
equilibrium and/or small pressure and temperature
changes during crystal growth (Loomis, 1982; Pearce &
Kolisnik, 1990). Normal zoning in ignimbrite ‘A’ feldspar
compares with type I zoning of Pearce & Kolisnik (1990),
characterized by small chemical fluctuations and not
associated with a dissolution event.

Reverse zoning

Reversely zoned crystals, although less common than the
normal zonation type, make up a significant percentage
(25-30%) of the feldspar population. The general trend
of increasing Ab towards the crystal rims in anorthoclase
and the reverse in oligoclase is marked by fluctuations
of the order of AAb = 4 mol % (Fig. 9a). This type also
lacks internal dissolution surfaces and is thus considered
to also fall within type I zoning of Pearce & Kolisnik
(1990). However, reverse zoning requires an explanation
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distinct from plain fractional crystallization, as crys-
tallization conditions in a progressively evolving chemical
environment cannot satisfactorily explain a reverse zon-
ation pattern.

Complex zoning

The two complexly zoned types comprise anorthoclase
feldspar with individual zones of oligoclase composition
(15-20% of feldspar population) and oligoclase with
individual zones of anorthoclase composition (5-10% of
feldspar population) (Fig. 9b). The observed maximum
AAb variation ranges between 14 and 18 mol % of Ab
coupled with changes of 15-20mol % Or. Zones of
different composition are generally associated with one
or more major internal dissolution surfaces (Iigs 4e, 8c
and 9b). The zones range in width from a few microns
to several hundred microns and fall clearly within the
oligoclase field in the case of an anorthoclase core and
rim, and in the anorthoclase field in the case of an
oligoclase core and rim (Fig. 8c). The latter type is less
common and often shows dissolution surfaces that are
less pronounced. A significant percentage of crystals is
characterized by a core of either oligoclase or anor-
thoclase that is mantled by anorthoclase or oligoclase,
respectively, without, however, a shift back to their core
composition in the outer zones of the crystals.

The drastic changes among zones of the two complexly
zoned types are not restricted to Ab, An and Or content
but are also reflected in the FeO,. A representative rim-
to-rim profile (Fig. 10) shows two extreme anorthite
minima extending downwards from a plateau of uniform
oligoclase feldspar to anorthoclase feldspar compositions.
Subsequent zones from the core outwards show again a
fairly homogeneous oligoclase composition. This trend is
reversed for the FeO, content of the feldspar zones.

Neither convection within a single fluid or melt body
nor gentle pressure and temperature changes appear able
to produce such drastic compositional changes of up to
18 mol % Ab and 2:5 wt % FeO,, and a more elaborate
model is required to explain this type of zonation. Taking
Ab and Or instead of An as the sensitive parameters
(because of the low An content), these types compare
well with the type II zoning pattern of Pearce & Kolisnik
(1990) and Pearce (1994), which is marked by zones of
drastically different compositions, commonly associated
with one or more major dissolution surfaces. This type
of zoning is thought to clearly indicate the changing
chemical environments a crystal was subjected to.

A subtype of complex zonation occurs exclusively in
rhyolite feldspar. This type is marked by zones char-
acteristic of one of the endmember rhyolites with zones
of another rhyolite feldspar characteristic of the other
endmember rhyolite. Figure 11 shows a zoning pattern
for a rhyolitic feldspar with two minima also of rhyolite
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1

115um

0.1mm

Fig. 4. Photomicrograph of feldspar textures (all under cross-polarized light). (a) Tuff matrix of mixed unit IV, showing broken but euhedral
crystals together with variably resorbed crystals and lithic fragments. (b) Euhedral anorthoclase crystal in rhyolite fiamme. (c) Partially resorbed
oligoclase crystsl in rhyolite fiamme. (d) Strongly resorbed anorthoclase crystals in trachyte fiamme. (Note euhedral amphibole top centre.) (e)
Crystal fragment in tuff matrix of flow unit V with complex internal zoning. An anhedral anorthoclase core is mantled by two major euhedral

anorthoclase growth zones.

feldspar composition (AAb 6%). The two minima, how-
ever, show an FeO, content of >2-5 wt % characteristic
for the Fe’"-rich CR type feldspar. The feldspar com-
position of the other zones is fairly homogeneous but
with an FeO, content of 0:5-0-8 wt % and therefore
representative of the less oxidized CR feldspar and/or
the RF2 endmember feldspar.

Trace and rare earth elements

Trace elements

A small (<1 mm) euhedral and normally zoned feldspar
crystal was selected from CR and RF2 rhyolites to
evaluate the trace element composition of the feldspars
that formed late in the two rhyolites. A euhedral normally
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Table 2a: Feldspar abundance and proportions

Sample no. Compositional fsp Max. size Euhedral Resorbed
group modal % (mm) fsp (%) fsp (%)

A-llI-F37-BTo CT trachyte 26 4 60 40
A-l1I-F8-BTo CT trachyte 20 3 55 45
A-IV-F6-Bto CT trachyte 22 35 60 40
A-lll-F34-BTo CR rhyolite 14 2 80 20
A-ll-F27-MBTo CR rhyolite 12 15 85 15
A-ll-F21-MCa CR rhyolite 12 15 90 10
A-F2-BTTo RF2 rhyolite 18 0-5 100

A-1I-F31-BTo RF2 rhyolite 15 15 100

A-F11-BTo RF2 rhyolite 16 1 100

zoned crystal of ~2 mm size was also selected from CR
rhyolite, thought to represent a feldspar that grew ‘early’
in CR. The two small crystals are both Or-rich anor-
thoclase, whereas the larger crystal from CR rhyolite
is an Or-poor anorthoclase. Major and trace element
concentrations were determined by EMP and SYXRF
analysis (Table 3, Fig. 12). Analyses were performed
within the same zone of each crystal to guarantee the
feldspar type and the accuracy of the SYXRF analyses.

A slight enrichment in Nb, Sr, Zr and Rb coupled
with a slight depletion in Ba appears to be characteristic
for the Or-rich CR feldspar relative to the Or-poor CR
feldspar. In contrast, the feldspar from rhyolite RF?2
shows a drastic depletion in Sr, Nb and Zr relative to
both CR feldspars. Elements such as Ti and Y are, in
turn, slightly enriched in RF2 feldspar relative to CR
feldspars. Pb and K are virtually identical for all three
feldspars.

Rare earth elements

Rare carth elements were determined by ICP-MS for
several whole-rock fiamme compositions and feldspar
separates from the three compositional fiamme groups,
the latter including the lowermost ignimbrite ‘A’ fallout
tuff (PAT samples).

The fiamme data show the endmember compositions
of rhyolite CR and trachyte CT to run approximately
parallel (Table 4; Fig. 13a and b). The trachytes are
generally less enriched in REE than CR rhyolites, except
for Eu, for which the trachytes display a positive anomaly.
The CR and RF2 rhyolites show only a minor to absent
Eu trough. RF2 fiamme do, however, not run parallel
to the CT and CR patterns and are depleted in LREE
and middle REE (MREE), but crosscut the trachyte
pattern at Tb and Gd, followed by an enrichment of
heavy REE (HREE) relative to CT. The RF2 rhyolites

also lack the significant Eu trough expected for substantial
feldspar removal. We also show a reference pattern taken
from Freundt & Schmincke (1995) for an uncontaminated
‘P1” rhyolite whole rock, showing a well-defined negative
Eu anomaly as expected for rhyolites that precipitated
large quantities of feldspar subsequently removed by
crystal fractionation (Fig. 13).

Feldspar separates of all three compositional groups
show a distinct positive Eu anomaly with similar Eu
concentrations in all three groups. LREE concentrations,
on the other hand, are lowest in trachyte-derived feldspar
separates and show significantly higher abundances in
rhyolite-derived feldspar separates, with little difference
between CR and RF2 feldspars. For HREE, trachyte
feldspar separates again contain the lowest con-
centrations, whereas CR and RF2 feldspars are enriched
in HREE, with RF2 feldspar showing the highest con-
centration of HREE.

RF2 fiamme are thus marked by a depletion in in-
compatible trace elements and LREE relative to CR,
although showing a slight enrichment in compatible
elements and HREE relative to CT. Depletion of in-
compatible elements in RF2 fiamme is consistent with
the w situ feldspar data, where RF2 feldspar is char-
acterized by lower concentration of incompatible ele-
ments relative to CR feldspars, but contains higher
concentrations of Ti and Y. Feldspar separates that
represent a spectrum of ‘early to late’ crystals reflect this
LREE depletion less clearly but show significantly higher
concentrations of HREE in RF2 feldspar, consistent with
higher Ti and Y in @ situ feldspar data.

OXYGEN ISOTOPES

Oxygen isotopes of feldspar separates vary among the
endmember types, displaying an overall range of 8'°0 =
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Fig. 5. (a) Lower left corner of Or-Ab-An triangle showing the
compositional fields of feldspar in ignimbrite ‘A’. Squares represent the
normative feldspar of the corresponding endmember magma types. (b)
Ab mol % vs Or mol % of ignimbrite ‘A’ feldspar defines three
groups with distinct compositions corresponding to the three magmatic
endmembers. The mixed feldspar compositions between the CR and
CT groups (M-R-T) should be noted.

6-4-7-32%0 (3 0-15%o), characteristic values for a highly
evolved, silica-saturated rock suite (Table 5, Fig. 14).
The CR rhyolite feldspar samples lie generally between
64 and 6-8%o, whereas RF2 samples show a narrow
range of 7-1-7-32%o. One feldspar sample of the CR
type also shows an elevated value of 7:20%o. Trachyte
feldspar separates lie between 6:68 and 7-23%o, reflecting
many feldspar crystals in the trachyte to be actually
rhyolite-derived anorthoclase (consistent with the strongly
resorbed anorthoclase feldspar crystals in thin section of
trachyte). For one CR type rhyolite feldspar separate,
sample A-F32-Bto (8'°Oy, of 6:68%o), a corresponding

MAGMA MIXING AND CRUSTAL RECYCLING

4 T T T T T T
High FeOt- o
- CR feld: o ]
as CR= Comenditic rhyolite b SPZ‘:DUE] ]
3 CT= Comenditic trachyte o BPARD
RF2= Evolved rhyolite v o
= 25
2
=2k
|8

-
o

--

0.5
RF2-feldspar

o ] L L Il ] L
0 5 10 15 20 25 30 35

Or mol%

Fig. 6. FeO, (fsp) vs Or mol % of ignimbrite ‘A’ feldspar illustrates
the low FeO, content of CT and the increasing FeO, content of CR
feldspar towards higher Or content. RI2 feldspar plots in a narrow
field at low FeO, and high Or mol %.

200 T ‘ T T
Oligoclase
O Mixed compositions

150 Anorthoclase

Frequency
Y
[=]
o

50

0 5 10 15 20 25 30 35
Or mol%

Fig. 7. Feldspar compositions (Or mol %) representing ~ 1000 EMP
spot analyses. The frequency plot suggests a higher abundance of
rhyolite feldspar within ignimbrite ‘A’ relative to trachyte feldspar with
a small intermediate group of mixed feldspar compositions.

whole-rock analysis yielded 8O, soec Of 7-83%o0. This
strongly suggests an oxygen isotope disequilibrium be-
tween the feldspars and their melt (‘melt only’ calculates
to a value of ~8:1%o). This result is broadly consistent
with analysis of two rhyolite glass shards with secondary
lonization mass spectrometry (SIMS), analysed by A.
Gurenko in Nancy [see Gurenko ¢t al. (2002) for analytical
details and setup], yielding 7-8 and 8:6 (4 0-5%o).
Major post-depositional alteration as a process mod-
ifying the 8""O of the feldspar crystals is ruled out. If
such modifications had been the cause for the 3'°O
variations, a more random set of values would be ex-
pected, especially as all samples are from different loc-
alities. The whole-rock and glass values, on the other
hand, may be more suspect, as the ignimbrite matrix
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Euhedral Or-rich anorthoclase in rhyolite

80 T T T T T T T T T T T T . T
Fsp 82
78} .
-]
% 76 - -
E CORE RIM
O 74 _
<
72l Gor262 Or25.8 or257 -
J0 1 1 1 1 1 1 1 1 1
0.0 160 320 480 640
Distance inum
Resorbed Or-rich anorthoclase in trachyte
su T T 1 T T 1 T
Fsp 96
781 §
% 761 §
£ CORE RIM
L 741 -
S B ey
Or25.4
7
21 orz6a Oras 1
br (1 )| PR BRI EEEPEN AP SN SR B | "
0.0 140 280 420 560 700 B840
Distance in um
Overgrown Or-rich anorthoclase
T T T T T T T T T T [ L § T T T T T
Fsp 90
85| Ftes?frption
surface Ori12.8
2 e
© 8of o 1
£
3 g‘s RIM
75f -
2
5
o Or 26.1 Or256 |8 0r26.2

1 1 1 1 1 1 Lot a4 a1 o SESEY | T . - |_|:
0.0 220 480 700 940 1160 1380 1600 1820
Distance in um

Fig. 8. Photomicrographs of feldspar (all cross-polarized light) and compositional traverses. (a) Euhedral Or-rich anorthoclase in rhyolite
with homogeneous chemical composition. (b) Resorbed Or-rich anorthoclase in trachyte and (c) complexly zoned feldspar crystal with
Or-rich core marked by a dissolution surface and mantled by a rind of oligoclase, which, in turn, is overgrown by a euhedral zone of

Or-rich feldspar.

may have exchanged oxygen with percolating surface
and/or ground water. However, no evidence for post-
depositional fluid-rock interaction was found in thin
section of these samples, nor did the whole-rock sample
yield any anomalous H,O and LOI values in bulk analysis.
We infer the 7:83%o0 whole-rock value, and in com-
bination with the SIMS data on the glass shards an
average of ~8:1%o for the rhyolite glass, to represent
real magmatic values. The resulting A]SOmeh_(Sp 1s thus of
the order of 1-4, well beyond the rate of AmOmeh_fSP of
0-1-0-5%0 predicted for closed-system fractionation in
rhyolites (Taylor & Sheppard, 1986).

PHYSICAL CONDITIONS
Temperature (T)

Crystallization temperatures were estimated using several
independent mineral thermometers. The crystallization
temperature of a silicate melt can be estimated using the
partition coefficient between K/Na in amphibole (A-site)
and the K/Na of the melt, represented by fresh glass
measured with EMP (electron microprobe) (Helz, 1979).
The crystals selected were all included in fiamme and
cuhedral, and we infer them to have been in textural
equilibrium with the host magma (see Appendix for
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Fig. 9a.

representative analysis of amphiboles, matrix glass and
melt inclusions). The temperatures calculated for ig-
nimbrite ‘A’ range from 760 to 830°C + 30°C for
rhyolitic to trachytic compositions, respectively, with a
gradual overlap of temperatures for the two compositions.
Minimum homogenization temperatures were calculated
from major element compositions of primary melt in-
clusion and are of the order of 755 + 40°C for the
rhyolite inclusions and 795 + 40°C for the trachyte
inclusions, using the empirical equation of Thomas
(1990). The results compare well with the phase relations
for the system Qtz—Ab—Or, where the trachytes plot
above the 820°C isotherm and the rhyolite samples
crosscut the 800°C isotherm, almost reaching the 780°C
isotherm for the most evolved samples. Rhyolite glass,
in turn, plots between the 760°C and the 780°C isotherms
(Fig. 4c). The results are consistent with the temperature
estimate of 838°C by Crisp & Spera (1987).

Pressure (P)

Pressure estimates based on Al-in-amphibole (see Johnson
& Rutherford, 1989; Anderson & Smith, 1995) cluster
around an amphibole crystallization pressure of 1:3-1-6
=+ 0-5 kbar for euhedral rhyolite-derived amphiboles and
between 1-9 and 2:2 + 0-5kbar for trachyte-derived
amphiboles, although with a broad overlap within the
error limit of the method. This translates to a depth of
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5-7km beneath the Miocene land surface. The shallow
nature of the magma chamber is also indicated by low
Al-pyroxene in the rhyolite, which contains virtually no
AIY at a total Al content of the order of 0-3 wt %,
consistent with Al not being accommodated in pyroxene
at low pressures (Grove ¢t al., 1989). Crisp & Spera (1987)
also suggested a shallow-level magma chamber with a
total pressure of 2:7 + 3 kbar for ignimbrite ‘A’ (based
on Fe-Ti-oxide-silica equilibrium reactions) but noted
that their estimate is not well constrained.

H,0O content

The H,O contents of the magma compositional groups
were estimated by analysis of primary melt inclusions (i.e.
trapped during progressive crystal growth) in euhedral
anorthoclase feldspar enclosed in rhyolite fiamme and in
euhedral oligoclase feldspar enclosed in trachyte fiamme.
The rhyolite inclusions contain 3:0-4-0 wt % H,O,
whereas the trachyte inclusions have lower H,O contents
between 15 and 3-0 wt %), determined by the difference
method, which is associated with an error of ap-
proximately +0-5 wt % (Devine et al., 1995) (see Ap-
pendix for representative analyses). Considering that melt
inclusions preserve a former stage of the magmatic evolu-
tion, syn-eruptive H,O contents may have been slightly
higher than recorded in the melt inclusion data. By
analogy, in calc-alkaline suites the crystallization overlap
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Fig. 9. (a) Compositional zonation profiles (core-rim) for several representative normal (type I) and reversely (type II) zoned feldspar crystals.
The Ab mol % contents show only minor fluctuations between measurement points and overall changes of at most 4-5mol % Ab. (b)
Compositional zonation profiles for several representative complexly zoned feldspar crystals. The difference in Ab scale relative to that in (a)
should be noted. Shaded vertical bars represent zones associated with a petrographically distinct dissolution surface. Type III zonation is
characterized by fairly homogeneous core compositions followed by sharp drops in Ab content, which, in turn, are followed by zones similar to
the core composition. Such sharp drops may occur repeatedly within the same crystal. Type IV zonation contrasts with type III zonation by
sharp increases in Ab mol % often followed by markedly different compositional zones not necessarily equivalent to the core compositions (i.e.
intermediate compositions).
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Fig. 10. Representative profile (rim to rim) of type III feldspar showing two symmetric Ab-depleted zones on either side of the crystal core
followed by zones with a composition similar to the core. Small numbers represent the FeO, (wt %) composition of individual measurement
points. The high FeO, content of the low Ab zones compared with the FeO, content of the Ab 80-85 mol % zones should be noted.
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Table 3: Combined EMP and SYXRF
analyses of feldspar
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Fig. 11. Core-rim profile through a rhyolite feldspar showing two Ab-
depleted but FeO,-enriched zones, each succeeded by zones of low
FeO, and higher Ab.

of anorthoclase and amphibole (as seen in rhyolite of
ignimbrite ‘A’) is thought to occur under low pressures
and H,O contents >4 wt % (Naney, 1983), consistent
with the phase assemblage in ignimbrite ‘A’ rhyolites.
The H,O contents determined suggest that ignimbrite
‘A’ magmas were HyO undersaturated at the given
pressure and would have reached H,O saturation at a
total pressure of 1kbar for the rhyolite and 500-1000
bar for the trachyte, relative to the experimental H,O
rhyolite solubility curve of Silver et al. (1990).

Crisp & Spera (1987) calculated the H,O content for
various Mogan ignimbrites and suggested a range of
0-9-2:5 wt % H,O for most ignimbrites including ig-
nimbrite ‘A’. Their H,O content overlaps with that found
in the trachyte melt inclusions of this study. Water
contents of >4 wt % were demonstrated for some rhyolite
compositions of ignimbrite ‘P1’, the lowest ignimbrite of
the Mogan Group (Freundt & Schmincke, 1995).

Oxygen fugacity (fO,)

Ignimbrite ‘A’ contains only a single oxide in the rhyolite
endmembers—a common feature of peralkaline rhyolites
(see Scaillet & Macdonald, 2001)—preventing the ap-
plication of ‘ilmenite-magnetite’ reactions to determine
oxygen fugacities (log fO,) for the rhyolites. Oxygen
fugacities were estimated following the formulation of
Wones (1981, 1989), based on thermodynamic data for
the system titanite-magnetite—quartz. Results range from
—12-5 at 830°C to ~ —14+6 at 750°C for trachyte and
rhyolites, respectively. The trend of oxygen fugacities

Or-poor Or-rich Or-rich

CR feldspar CR feldspar RF2 feldspar
EMP (wt %)
Sio, 67-51 68-48 68-47
TiO, 0-032 0-02 0-04
ALO, 19-12 18-11 19:3
MgO 0-01 0-03 0-01
CaO 0-1 0-001 0-13
FeO, 0-9 2.01 0-76
Na,O 8:05 7-48 7-46
K,O 3:21 4.36 4.19
Total 98.932 100-491 100-36
Ab 788 722 723
An 0-5 0 0-8
Or 20-7 27-8 269
SYXRF (ppm)
Rb 127 167 31
Ba 3047 2130 583
Nb 2 65 0-6
K* 26360 36240 34790
Pb 1.5 2.08 2.02
Sr 18 29 39
Zr 27 32 12
Ti 186 155 280
Y n.d. n.d. 0-21

*Calculated from EMP analyses.

runs parallel to and above the nickel-nickel oxide (NNO)
buffer along a curve roughly defined by FMQ + 1
(where FMQ) is the fayalite-magnetite—quartz buffer) with
an increase in oxidation towards lower temperatures
and more evolved composition (FMQ_ + 1-2). This is
consistent with the single log O, value of —12 at 838°C
presented by Crisp & Spera (1987) for ignimbrite ‘A’,
which we infer to be characteristic of the trachyte com-
position.

DISCUSSION

Characteristics and origin of the three
endmember magmas

Rhyolite CR appears to have been derived from com-
enditic trachyte CT by mainly crystal fractionation of
oligoclase to anorthoclase feldspar as indicated by major
and trace element compositional trends, but neither
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Fig. 12. Multi-element variation plot of trace element spot analyses in feldspars from the two different rhyolitic endmembers analysed by
SYXRF. RF2 feldspar is characterized by a depletion in Rb, Ba, Nb, Sr and Zr, and an enrichment in Ti and Y relative to CR feldspars.

appears to be directly linked to rhyolite RF2 by closed-
system differentiation. RF2 rhyolite is depleted in in-
compatible elements relative to rhyolite CR and we
interpret rhyolite RF2 as having been selectively con-
taminated by an evolved Zr- and Nb-poor component
during fractionation from a CR rhyolite parent. This
contamination is more clearly reflected in incompatible
trace elements and REE than in major element con-
centrations. The interpretation is consistent with the
situ feldspar analysis, with RF2 feldspar being char-
acterized by lower concentrations of incompatible ele-
ments (Zr, Nb) but higher concentrations of heavy and
compatible elements (Ti, Y) relative to CR feldspar
crystals. This further supports our interpretation of an
mput of a distinct component into the RF2 magma,
possibly containing some apatite to explain the en-
richment in Y.

REE concentrations of feldspar separates show the
rhyolite-derived feldspar separates to be generally en-
riched in REE relative to the trachyte-derived feldspar
separates. RI2 feldspar, however, contrasts with CR-
derived feldspar in containing distinctly higher HREE,
although LREE concentrations are nearly similar. Con-
tamination (i.e. compositional dilution) is therefore most
clearly reflected in the i situ feldspar and in whole-rock
fiamme data. Feldspar separates, on the other hand,
resemble a range of crystals from ‘early’ to ‘late’ pre-
cipitates and thus a mixture of early ‘uncontaminated’
and late ‘contaminated’ crystals.

Eu partitioning into feldspar decreases towards more
oxidizing conditions (e.g. Wilke & Behrens, 1999) and

with decreasing Ca content of the feldspar (e.g. Stix
& Gorton 1990). Increasing oxidation and progressive
fractionation of the rhyolite magmas would thus have
resulted in decreasing concentrations of Eu in the feld-
spars. Eu concentrations in RF?2 feldspar, however, do
not substantially differ from Eu concentrations in CT-
and CR-derived feldspar. In fact, the feldspar separate
from the early fallout tuff (RF2-type feldspar) shows
the highest Eu concentrations and CR rhyolite-derived
feldspar separates show the lowest Eu concentrations,
although conditions were most oxidizing for the RF2
rhyolite (log fO, = —14:6 at750°C). Because RF?2
feldspars contain slightly higher Ca contents than CR
feldspars (Fig. 5a), we consider the higher Eu con-
centration in RF2 feldspar to be a function of its Ca
content (see Stix & Gorton, 1990). Coupled Eu and Ca
partitioning into feldspar may thus have compensated
for the increase in oxidation that reduces Eu partitioning
by oxidizing Eu’* to Eu®*.

As a consequence of the similarly high Eu con-
centrations in all feldspar separates, rhyolite magmas of
ignimbrite ‘A’ should have been progressively depleted
in Eu by feldspar fractionation. No major negative Eu
anomaly was, however, observed in CR and RF2 fiamme,
contrasting with the pattern of rhyolites interpreted to
have formed by prolonged feldspar removal (compare
Freundt & Schmincke, 1995; Civetta et al., 1998). An input
of a Eu-bearing component into the rhyolite endmember
magmas 1s thus supported by the near-absence of a
negative Eu anomaly in the rhyolites and by the very
similar Eu concentrations in feldspar separates of all three
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Fig. 13. Chondrite-normalized REE pattern of ignimbrite ‘A’. (a)
Representative REE pattern of ignimbrite ‘A’ rhyolites and trachyte.
Rhyolite RF2 is strongly depleted in all REE relative to CR rhyolite.
The trachyte pattern shows a positive Eu anomaly, reflecting the large
abundance of resorbed anorthoclase feldspar in the trachyte samples.
(b) REE pattern of two representative CR and two RF2 rhyolite samples
plus a reference pattern for a ‘P1’ rhyolite taken from Freundt &
Schmincke (1995). The near-absence of a negative Eu anomaly in CR
and RF2 rhyolites compared with the ‘P1’ rhyolite should be noted.
() REE pattern of feldspar separates from the three compositional
groups including an ignimbrite ‘A’ fallout sample (PAT). All samples
show a strong positive Eu anomaly.
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compositional groups, suggesting a feldspar component to
the contaminant.

The contrast in FeO, content between high-iron CR
feldspar and RF2 feldspar is probably linked to the
occurrence of aegirine—augite in the most evolved RF2
pumices, which is likely to be another consequence of
increasing oxidation (compare Bailey, 1969). Aegirine—
augite takes up Fe as Fe’*, leaving little Fe®* for the
anorthoclase feldspars crystallizing in RF2 (Fe’* is more
compatible in anorthoclase than Fe’"). Aegirine-augite
is largely lacking in CR type rhyolite, thus permitting
high FeO, contents in some CR feldspars.

Oxygen isotope data for the three feldspar com-
positional groups contrast with those of previous studies
on feldspars from various Mogan units (Crisp & Spera,
1987; Cousens et al., 1993). 8O values for ignimbrite
‘A’ are ~0-4-1-4%o higher than Crisp & Spera’s average
of ~6%o for Mogan feldspars, but only ~0:5%o higher
than the maximum value for ‘P1’ samples presented by
Freundt & Schmincke (1995). Basalt T4 that underlies
and pre-dates ignimbrite ‘A’ shows a 8O of 6-1-6-8%o,
slightly elevated for a mantle-derived melt expected to
display an average value of 8O ~5-5-6-0%o (Garcia et
al., 1998). We suspect T4 basalt to have experienced
minor contamination in a deep crustal reservoir probably
at Moho level, thus raising the 8""O values by ~0-1—
0-8%o. Such contamination by, for example, upper
oceanic crust is consistent with the data of Thirlwall e/
al. (1997), Hoernle (1998) and Gurenko et al. (2002), who
suggested that the shield basalts of Gran Canaria have
experienced contamination by interaction with Jurassic
ocean crust.

The maximum A" Oggopy s Yields AO of 1-19%o,
and the maximum A"O¢ggraaa yields AO of 2%o.
Both values exceed the range of AISORI,Y()Hw_Bmh expected
for a differentiation series over 20-25 wt % Si10, (0-8—
1:0%o0; Taylor & Sheppard, 1986; Hoefs 1996). The
difference between the two rhyolitic feldspar groups is of
the order of 0:9%o, for the maximum A"Ogpy crigps
although the difference in SiO, of the corresponding
whole-rock compositions is <5 wt %. Hoefs (1996) sug-
gested a change of ~0-2%o in 8"°O over 5 wt % SiO,
during closed-system fractionation, a range clearly ex-
ceeded by the AmORF‘ZFsp-CRFsp~ An estimate of the dis-
equilibrium between feldspar and rhyolite melt can be
gained by calculation of AmOCRg,aSS_CRrSP, which is found
to be of the order of 1-4%o. Crystal melt equilibria are well
documented for basalt through rhyolite crystallization
sequences by, for example, Taylor & Sheppard (1996),
who reported a AISOmeh_fsp of 0-1-0:5%0 to be char-
acteristic for closed-system fractionation in rhyolites. The
elevated AmOCRglaSS_CR&P for our samples clearly supports
a major crystal-melt disequilibrium between feldspar and
melt in the rhyolite magmas of the ignimbrite.
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Table 5: 6"°0 of feldspar and whole rocks

Sample no. Rock type/description Si0, (wr) 30
PAT-MCa CR-type fallout tuff 66-96 6-39 (fsp)
PAT-Agu CR-type fallout tuff 67-95 6-47 (fsp)
A-ll-MCa CR-type flow unit 67-5 6-59 (fsp)
A-F-28 CR-type fiamme 69-44 6-57 (fsp)
A-F-32 CR-type fiamme 68:65 6-68 (fsp)
A-O-MCa CR-type flow unit 69-22 6-81 (fsp)
A-F-36 CR-type fiamme 69-68 6-96 (fsp)
A-F-27 CR-type fiamme 69-71 7-20 (fsp)
A-F1-BTTS RF2-type fiamme 70-13 7-11 (fsp)
A-F2-Bto RF2-type fiamme 70-51 7-25 (fsp)
A-F11-Bto RF2-type fiamme 70-63 7-32 (fsp)
A-F8 CT-type fiamme 67-59 7-23 (fsp)
A-F3 CT-type fiamme 66-1 7-1 (fsp)
A-F6 CT-type fiamme 66-9 6-83 (fsp)
A-F38 CT-type fiamme 65-89 6-68 (fsp)
A-PI-1-PR Syenite fragment in ‘A’ 59.59 7-11 (wr)
A-PI-12-PR Syenite fragment in ‘A’ 66-92 7-14 (wr)
A-PI-11-SP Syenite fragment in ‘A’ 58.28 7-58 (wr)
T4-MC-1 Alkali-basalt 43-69 6-13 (wr)
T4-MC-2 Alkali-basalt 44.19 6-77 (wr)
T4-PR Alkali-basalt 43.61 6-79 (wr)
HAFT-3 Hydrothermally altered tuff

from caldera margin 65-82 16-23 (wr)
B 913 Jurassic ocean crust*

(tholeiitic gabbro, layer 3) 47.55 7-68 (wr)
B 9110 Jurassic ocean crust*

(tholeiitic basalt, layer 2) 49.81 8.62 (wr)
HAT 91249 Sedimentary xenolith*t

(ocean crust layer 1) 85.57 14-51(wr)
HAT 917 B Sedimentary xenolith*t

(ocean crust layer 1) 87.24 15-48 (wr)

fsp, feldspar; wr, whole rock.
*T. H. Hansteen (unpublished data, 2000).
tSample of Hoernle (1998).

The evolution from trachyte C'T through rhyolite CR
to rhyolite RF2 thus appears to be influenced by input
of a high 8"O component at a late stage (Table 5). This
happened during crystallization of the feldspar pheno-
crysts of the RF2 endmember rhyolite and post-dates the
major crystallization of feldspar phenocrysts in rhyolite
CR. The elevated 3O values of the trachyte feldspar
separates are best explained by a high percentage of
rhyolite-derived feldspar in the trachyte, carrying the
high 8""O signature of their rhyolite parent magma(s).
Alternatively, trachyte C'T may also have experienced
contamination by a distinct component and not only by
input of comagmatic feldspar crystals.
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Fig. 14. Whole-rock SiO, vs 8'*O%o (feldspar) of ignimbrite ‘A’ samples.
Rhyolite CR shows a strong positive correlation of §'*O%o with in-
creasing SiO, over a narrow range of 4 wt % SiO,. Rhyolite RF2
shows the highest 8'°O%o values for the given SiO, content. Trachyte
CT also comprises relatively high 8'*O%o paired with the lowest SiO,
content. The increase in §'*O%o for the rhyolite samples with increasing
degree of differentiation indicates an input of a heavy oxygen component
during differentiation of the CR to the RF2 rhyolite magma. The high
oxygen values of the trachyte feldspar separates are consistent with the
high concentration of disequilibrium feldspar in CT trachyte samples,
supporting crystal exchange between the rhyolite and trachyte magmas.

Combining major elements, trace elements, REE and
oxygen isotopes, all three endmember compositions of
ignimbrite ‘A’ appear to have been variably affected by
this assimilation depending on their relative position
within the magma reservoir. Evidence in trachyte CT
comprises resorbed anorthoclase feldspar, elevated feld-
spar oxygen values as well as a positive Eu anomaly. In
CR rhyolite, contamination is manifested in the oc-
currence of resorbed oligoclase, strongly increasing 8'°Oy,,
over a limited SiO, range as well as the near-absence of
a negative Eu anomaly. RF2 rhyolite shows the strongest
evidence for contamination including depleted in-
compatible trace element concentrations, but elevated
An, Eu, HREE and 8'°O in feldspar, and the absence
of a major negative Eu anomaly in whole rocks.

Possible candidates for a high 8'*O contaminant are:
(1) thermally overprinted syenites from the intrusive
complex (3"°O up to 7:6%o); (2) Jurassic igneous ocean
crust ("0 up to 8:6%o); (3) hydrothermally altered
eruptive products of the volcanic pile (3O >15%o);
(4) occanic sediments (3O >14%o). Syenites from the
plutonic complex of the island and igneous ocean crust
material both have maximum 38"O values between 7
and 8:6, insufficient for significantly raising the 3'°O
values of the contaminated magma, unless assimilation
of 50% or more is invoked. Hydrothermally altered tuffs,
in turn, have sufficiently high 8'%O values to substantially
raise the oxygen value of the contaminated magma by
several permil with only a few percent of assimilation,
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but they have high Zr, Nb and LREE concentrations,
unfavourable for a compositional dilution as observed
in rhyolite RF2. Oceanic sediments are very low in
incompatible trace element and LREE concentrations,
particularly in Nb (6:5 ppm) and Zr (20 ppm) (Hoernle,
1998), and have high 8O values (Table 5). Although
rigorous trace element modelling 1s currently impossible,
as the effects of, for example, chevkinite crystallization
are poorly constrained, the component that qualitatively
satisfies high 8O and low incompatible trace element
and LREE concentrations is oceanic sediment. A further
argument in favour of oceanic sediments is their high
water content and their siliciclastic nature, implying that
a rhyolite magma with a temperature of 750-770°C is
sufficiently hot to melt such a rock. A first estimate on
the basis of oxygen isotopes yields ~8-10% sediment-
derived oxygen in RF2 feldspar and ~20% of sediment-
derived oxygen in the rhyolite glass. A more detailed
quantification of the assimilation rate including radio-
genic isotopes is in progress and will be presented
elsewhere.

Feldspar petrography and compositional
zoning

We showed that the three compositional groups of ig-
nimbrite ‘A’ also crystallized three distinct feldspar com-
positions, which allow us to trace an individual
composition back to the magma from which it crys-
tallized. The relative abundance of anorthoclase (rhyolite)
to oligoclase (trachyte) feldspar, based on ~ 1000 EMP
spot-analyses, displays a dominance of anorthoclase in
the ignimbrite, although, as mentioned above, crystal
content in the trachyte is highest (Fig. 7). Up to 45% of
the feldspar population in the trachyte is strongly resorbed
anorthoclase that originally crystallized in the rhyolite(s).
RF?2 rhyolite lacks resorbed crystals and contains only
small euhedral anorthoclase. CR rhyolite contains a
small proportion of resorbed crystals of mainly oligoclase
composition. The high proportion of feldspar in CT
trachyte relative to the rhyolites, combined with the
high percentage of resorbed anorthoclase crystals in CT,
suggests that crystal settling was an important process
in the redistribution of phenocrysts within the magma
chamber (compare Table 2a). On the other hand, par-
tially resorbed oligoclase crystals in CR rhyolite em-
phasize that exchange of crystals was also accomplished
the other way round, that is, by uprise from trachyte
mto rhyolite. This was, however, less effective than the
general tendency for crystals to move to lower strati-
graphic levels in the magma chamber. Physical mingling
of the different magmas as well as small-scale uprise of
vesiculated batches across transitional interfaces appears
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plausible, especially when taking vesiculation, crystal ac-
cumulation from above, volatile accumulation from un-
derneath as well as pressure shadows and shear forces
into account. Such processes are likely to cause local
density inversions, leading to intimate mixing of the
magmas (e.g. Eichelberger, 1980; Turner et al., 1982).

Several distinct zoning types can be expected in crystals
that grew in such a magma system, depending on their
particular place of formation and travel path throughout
the magma chamber. Crystals with normal zoning are
thought to have formed by diffusion-controlled growth,
crystallizing in one of the endmember magmas exclusively
throughout their entire magmatic lifespan. Some feldspar
crystals may well have formed in a mushy crystallization
zone at the margins of the chamber where cooling is
most effective and crystals tend to be locked in advancing
solidification fronts but are still in continuous contact
with the percolating melt (see Marsh, 1996). Reverse
zoning requires changes towards either higher pressure
or temperature, or a more mafic melt composition.
As the latter would produce far stronger compositional
differences (i.e. >10mol % Ab and Or) and less gradual
zoning pattern, we infer that the reversely zoned feldspars
are the result of small pressure and temperature changes.
This may be accomplished by either crystal settling,
where crystals settle into deeper regions of the same
liquid body to experience minor increase in pressure and
temperature, or convection within an individual liquid
body. The latter process is physically likely, considering
that peralkaline felsic melts are generally less viscous than
evolved calc-alkaline magmas (Hess et al., 1993). Both
normal and reverse zoned crystals are clearly oscillatory
in their small-amplitude variation probably as a result of
minor local disequilibrium or small-scale pressure and
temperature changes (Loomis, 1982; Pearce & Kolisnik,
1990; Pearce, 1994). They nevertheless represent growth
in a fairly homogeneous chemical and physical en-
vironment relative to the complexly zoned crystal types.
A far more complex scenario, including magma mixing,
appears to be required to account for those crystals with
type III and IV zoning pattern. A plausible model needs
to incorporate at least two magmas (c.g. trachyte and
rhyolite), which mutually exchanged magma batches and
the crystals contained within them. This has to include
crystals grown in either endmember liquid subsequently
released into the other endmember and transferred back
to their parent liquid by various fluid dynamic processes.
A possible sequence of events is illustrated in Fig. 15.
The individual steps are summarized as follows:

(1) feldspar crystal growth in endmember magma (i.e.
rhyolite);

(2) viscous entrainment of a rhyolite batch along, for
example, rhyolite—trachyte interface;

(3) mixing of rhyolite into trachyte places the rhyolitic
feldspar in the trachyte melt;
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Fig. 15. Step-cycle model for type III and type IV feldspar zonations.

(4) resorption of rhyolitic feldspar followed by over-
growth with a trachyte feldspar composition;

(5) viscous entrainment of melt batches along
rhyolite—trachyte interface allows trachyte batch to isol-
ate;

(6) trachyte batch segregates and rises into the rhyolite
melt body by either volatile exsolution (see Eichelberger,
1980) or convection within the rhyolite forced upon the
trachyte batch;

(7) disaggregation of the trachyte batch (on shearing
or vesiculation) releases feldspar crystals back into the
rhyolite melt, where they are overgrown by a rhyolitic
feldspar composition.

This ‘step-cycle model’ elaborates on the ideas of
Tepley et al. (1999), where crystals are transferred between

TYPE Il

Oligoclase Oligociase

Ab mol%
Anorthoclase

CORE RIM

1. Feldspar crystal grows in trachyte magma

2. Viscous entrainment along rhyolite-trachyte
interface

3. Separation of trachyte batches into rhyolite

4. Disaggregation of trachyte batch on shearing
or vesiculation

5. Release of crystal into rhyolite magma

6. Viscous entrainment of rhyolite batch into
transitional zone

7. Mixing of batches releases crystal back into
trachyte

TYPE IV

Ab mol%

Oligoclase

Anorthoclase

Anorthoclase

CORE RIM

1. Feldspar crystal grows in rhyolite magma

2. Viscous entrainment of rhyolite batch along
rhyolite-trachyte interface

3. Mixing of rhyolite into trachyte places the
crystal in the trachyte melt

4. Viscous entrainment of melts allows trachyte
batch to isolate

5. Separation of trachyte batches into rhyolite

6. Disaggregation of trachyte batch (on shearing
or vesiculation)

7. Release of feldspar crystal back into rhyolite

distinct magma batches. Our model differs, however, in
that magma mixing was not by mafic recharge of the
felsic chamber of ignimbrite ‘A’ but by small-scale mixing
of several genetically linked magmas of different com-
position. The crystal exchange model is consistent with
single crystals showing one or more complete cycles and
other crystals that show incomplete cycles, owing to the
interruption of the travel path by eruption or the trapping
of crystals in one of the endmember magmas (compare
Fig. 9b). This mode of crystal exchange provides strong
support for contemporaneous residence of several
magmas 1n a single reservoir, sufficiently long to allow
for crystal transfer, resorption and overgrowth to take
place, contrasting with the view of Eichelberger et al.
(2000), who suggested that distinct magma compositions
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Fig. 16. Model of chemical and physical gradients in the ignimbrite ‘A’

magma chamber. The zonation of the chamber comprises basalt in

the lowermost parts of the chamber, progressively overlain by trachyte and the two rhyolite magmas. A compositional gap between basalt and
trachyte is shown in the sketch but is not thought to imply the entire absence of intermediate compositions. Contamination was strongest in the
upper parts of the system, where cooling was most effective. The trachyte magma and the two rhyolite magmas are shown to have mixed by
small convective plumes to achieve mutual crystal exchange. Internal magma layer convection is indicated in the drawing, and is thought to

reflect the conditions that produced normal and reversely zoned feldspar.

of zoned ignimbrites may have ‘first met’ just before
eruption. A summary scenario of the magma chamber
on the basis of the geochemical and P, T data is shown
in Fig. 16.

The model also implies that ternary feldspar is able to
record magma chamber processes in peralkaline systems,
conceptually similar to plagioclase in calc-alkaline sys-
tems, although using albite (Ab) and orthoclase (Or)
as the sensitive parameters. Pearce & Kolisnik (1990)
distinguished two types of compositional zoning in plagio-
clase: (1) type I, showing zones with small compositional
amplitudes lacking internal dissolution surfaces, char-
acteristic for diffusion-controlled ‘near-equilibrium’
growth; (2) type II, characterized by large compositional
amplitudes and usually associated with one or more
dissolution event(s). The second type is thought to be
controlled by melt composition and indicates severe
chemical changes in the crystallization environment (i.e.
magma mixing). Analogous to the two zonation types of
Pearce & Kolisnik (1990), normal and reverse zoning of
this study is represented by Pearce & Kolisnik’s type I
zoning, whereas complex zoning in ignimbrite ‘A’ feldspar
follows their type II zoning pattern.

CONCLUSION

Ternary feldspar in ignimbrite ‘A’ reveals the complex
record of crystallization conditions and processes that
the host magmas were subjected to. Besides fractional
crystallization, feldspar crystals also record evidence for
convective magma movements, magma mixing and
crustal assimilation in a shallow-level magma reservoir.
We suggest that crystal settling and small-scale convection
were important processes in the ignimbrite ‘A’ magma
chamber, allowing for mutual crystal exchange between
the various compositional groups. Crystal transfer fol-
lowed a step cycle, with each step being reflected in the
zoning pattern of complexly zoned crystals. Ternary
feldspars thus record magmatic processes just as well as
plagioclase and sanidine involving albite and orthoclase
as the sensitive parameters. This is especially relevant to
evolved peralkaline rocks where ternary feldspar is the
dominant phenocryst phase and plagioclase is scarce or
absent.

Fractional crystallization from a trachyte parent ap-
pears to be an important process in generating rhyolitic
magmas on Gran Canaria, but crustal recycling com-
monly modifies evolved magmas on differentiation.
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Crustal contamination, as recorded in the phenocrysts
of ignimbrite ‘A’, may be a more important process
in the generation of felsic ocean island magmas than
previously thought.
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