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Abstract Textural and compositional zoning in plagio-
clase phenocrysts in a sample from Parinacota volcano
(Chile) was investigated using backscattered electron
images and electron microprobe analysis of major and
trace elements. Large (2 mm) oscillatory zoned crystals
(type 1) with resorption surfaces of moderate An dis-
continuities (<10% An) and decreasing trace-element
contents (Sr, Mg, Ti) towards the rim reflect melt dif-
ferentiation and turbulent convection in the main mag-
ma body. Early recharge with a low-Sr mafic magma
is seen in the core. Small-scale Sr variations in the
core indicate limited diffusion and thus residence and
differentiation times of the magma shorter than a few
thousand years. Smaller crystals (type II) with low trace-
element/An ratio reflect the influence of an H,O-rich
melt probably from a differentiated boundary layer.
Closed-system in-situ crystallisation, mafic magma re-
charge and the role of a water-rich differentiated
boundary layer can be distinguished from the An—trace
element relationships. Crystals apparently move rela-
tively freely between different parts and regimes in the
magma chamber, evidence for “convective crystal dis-
persion”. High-Sr type II crystals indicate an earlier
input of Sr-rich mafic magma. Recharge of two distinct
mafic magma types is thus identified (high-Sr and low-
Sr), which must have been present — at increasing re-
charge rates with time — in the plumbing system
throughout the volcano’s history.
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Introduction

Magma chamber processes play an important role in the
formation of igneous rocks and include crystal growth,
bulk melt differentiation, convection, magma recharge
and other processes depending on dynamic and thermal
regimes. Experimental and numerical models of magma
chamber processes (see reviews and discussion in Marsh
1989a, 1989b, and Huppert and Turner 1991) allow to
constrain the role of physical parameters such as density
and viscosity as a function of melt composition, tem-
perature gradients, geometry of the magma chamber,
etc. However, such models are difficult to apply directly
to natural systems because many of these parameters are
not well constrained.

A complementary approach uses records of the
crystallisation history in volcanic products, such as
zoning in plagioclase. Due to sluggish diffusion of the
Si—Al pair in plagioclase (Grove et al. 1981), major-
element zoning reflecting the An—Ab binary system has
been widely used in studying igneous plagioclase as a
record of magma compositions and crystallisation con-
ditions. Petrographic observation and high-resolution
imaging methods (e.g. laser interference and Nomarsky
interference; Anderson 1983, 1984; Pearce et al. 1987,
Nixon and Pearce 1987) have also been applied. Ex-
perimental studies of crystallisation (Lofgren 1974) and
resorption (Tsuchiyama 1985; Johannes et al. 1994;
Nakamura and Shimakita 1998) or numerical modelling
(Allegre et al. 1981; Loomis 1982; Lasaga 1982;
L’Heureux and Fowler 1996) provided insights into the
kinetics of plagioclase growth and resorption.

Although these studies have brought a better under-
standing of the origin of zoning patterns, limitations
remain from insufficient spatial resolution of imaging
and chemical analysis, as well as from the fact that the
effects of several factors (P, T, melt composition, H,O
content) on the An—Ab system cannot be distinguished.

In order to address the latter problem, several recent
studies have combined textural imaging with minor- and



trace-element analyses by SIMS (Blundy and Shimizu
1991; Singer et al. 1995; Brophy et al. 1996) or isotopic
data (Davidson and Tepley 1997; Tepley et al. 2000).
This combination allowed to better identify the causes of
plagioclase zoning patterns, for example, recharge and
assimilation. However, because of the low spatial reso-
lution of SIMS and microdrilling (a few tens to hundreds
of microns) and the large efforts and costs involved, this
approach does not allow the study of zoning at small
scale for a large number of samples. Despite lower pre-
cision, electron microprobe analysis has the advantage
of a much better spatial resolution (a few um). Kuritani
(1998), for example, analysed several distinct zones in a
large number of plagioclase crystals for major and minor
(Fe, Mg) elements using the electron microprobe. He
reconstructed specific locations of plagioclase growth
within the magma chamber of the Rishiri volcano (Ja-
pan). He was able to distinguish plagioclase that origi-
nated from the chamber’s boundary layer at the wall
rock from those of the magma body.

In the present study we analysed plagioclase pheno-
crysts from a dacite from the Upper Pleistocene to Ho-
locene Parincota volcano of the Central Andean
Volcanic Zone (northern Chile). We used an electron
microprobe for minor and trace elements with a spatial
resolution of a few microns. The trace-element data are
combined with textural observations using BSE images
(Ginibre et al. 2002). We distinguish between the role of
the crystal-chemical influence on the partition coefficients
of minor and trace elements, diffusion in the crystal, bulk
melt composition (X, H,O content, fO,), kinetic effects
at the crystal-melt interface, and variation of intensive
parameters (T, P). This approach provides evidence for
several processes: compositional differentiation, magma
recharge of two distinct mafic magmas with and without
chemical mixing, as well as crystallisation in an H,O-
enriched magma chamber boundary layer.

Samples and methods
Samples

Parinacota is an Upper Pleistocene to Holocene volcanic
complex in the Central Volcanic Zone of the Andes.
Sample PAR-130 studied here is a dacite (66.83 wt% SiO»,
Table 1) belonging to the old stratocone stage (eruptive
stage Ila, 53,000—18,000 years; Worner et al. 1988, 2000).
This “Old Cone” stage is characterised by a large com-
positional range (mafic andesites to rather porphyric sil-
icic andesites, dacites and rhyolites). This period had an
extended differentiation history with low eruption rates
and mixing between mafic magmas and older dacitic to
rhyolitic magmas. In an Ni-Rb diagram (Worner et al.
1988), Parinacota Old Cone whole-rock concentrations
fall on mixing lines between mafic and differen-
tiated end members. A catastrophic collapse around
18,150+ 650 years (Worner et al. 2000) was followed by
the rapid eruption of mafic to intermediate andesites and
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Table 1. Composition of sample PAR-130. Major element con-
centrations are in wt %: trace element concentrations are in ppm

PAR-130

SiO, 66.83
TiO, 0.65
Al,O3 16.05
FeO* 3.6
MnO 0.06
MgO 1.26
CaO 3.33
Na,O 4.07
K,0 3.89
P,Os5 0.26
Total 100.00
A% 61

Cr 8
Co 30

Ni 16
Cu 27
Zn 83
Rb 152

Sr 664

Y 15
Zr 218
Nb 11
Ba 1,172

the rebuilding of the “New Cone” (<18,000 to about
2,000 years). This new “‘healing” stage represents a sud-
den change from low eruption rates and large composi-
tional variations to high eruption rates and lavas with a
more restricted compositional spectrum. Two distinct
mafic magmas, the one with low, the other with high Sr
(and Ba) concentrations were erupted in a final stage in
flanc eruptions (Ajata flows). The overall compositional
variation of Parinacota lavas suggests that these two types
of mafic magma may be involved in recharge events and
mixing (Worner et al. 1988; Davidson et al. 1990).

Sample PAR-130 was chosen for its relatively simple
petrography, which should allow us to better identify
individual processes. PAR-130 contains ca. 15% pla-
gioclase (Anss—Anzg), 5% euhedral phenocrysts of or-
tho- and clinopyroxene, below 1% euhedral hornblende
and rounded biotite, two iron-titanium oxides, and a
matrix composed of pyroxene, apatite, oxide, K-feldspar
microcrysts and glass. Most other Old Cone Parinacota
andesitic to dacitic samples contain rounded sanidine
and quartz xenocrysts as well as rhyolitic plagioclase
(Anyg to An,g) with fine and extensive sieve textures at
the rim, which is typical evidence for late magma mixing.
By contrast, plagioclase phenocrysts from PAR-130
show no resorption at the rim, and the rock contains
neither sanidine nor quartz xenocrysts. PAR-130 has
low Ni and high Rb values, similar to the rhyolites from
Parinacota eruptive stages Ia, i.e. it is close to the dif-
ferentiated end member.

Methods

After petrographical examination, selected crystals were
investigated with a JEOL 8900 RL electron microprobe.
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BSE imaging

Zoning patterns were documented by back-scattered
electron (BSE) images where BSE intensity in plagio-
clase corresponds to An content. BSE intensity profiles
were calibrated for An content using quantitative point
analyses following the approach described by Ginibre
et al. (2002).

Quantitative point analyses

Quantitative point analyses for Al, Si, Na, Ca, K, Ba, Sr,
Fe, Ti and Mg were performed at 20-kV acceleration
voltage and 40-nA beam current, with 2- or 5-um beam
size. Alkali elements were analysed first, and all major
elements were analysed during the first 90 s (16-s
counting time on peak). A study of Na loss shows that
alkalis were not significantly lost during this time period.
Minor (Ba, Sr and Fe) and trace elements (Ti, Mg) were
then analysed over 4-min counting time on the peak.
The influence of alkali loss on the minor and trace ele-
ments is small enough to be negligible because, for these
elements, the intensity/count ratio is constant and in-
dependent of minor variations in major-element com-
position. Table 2 lists the detection limits for Ba, Sr, Fe,
Mg, and Ti, as well as the ranges of concentrations and
statistical errors (+20) for the analyses at the concen-
trations measured.

The spatial resolution of wavelength-dispersive
(WDS) analysis is a few microns. In homogeneous
zones, no significant differences were found between
analyses with a 2- and a 5-um beam. Particular attention
was given to measuring clear, homogeneous zones.
Whenever the size of fine patchy or oscillatory zoning is
below the WDS spatial resolution, the reported analyses
represent an average over these heterogeneities. After
measurement, the points are viewed and precisely lo-
cated on BSE or secondary electron (SE) images, and
can thus be related to the type and width of the An
zoning. Measurement points were subsequently exam-
ined under the optical microscope in order to eliminate
data points too close to inclusions.

This has been done in particular because secondary
fluorescence of iron-rich phases located near the mea-
sured feldspars may influence measured Fe content in
plagioclase (Longhi et al. 1976). None of the measure-
ments presented here is closer than 50 um to iron-rich
phases (oxide, pyroxene, etc). The influence of the ma-
trix, which contains less than 1 wt% FeO, is below the

analytical uncertainty (70 ppm) and can be neglected.
Iron concentrations were therefore not corrected for
secondary fluorescence effects at the rims of the crystals.

Zoning patterns in PAR-130 plagioclase phenocrysts

The diversity of plagioclase zoning patterns in sample
PAR-130 is shown in Fig. 1. We distinguish two types of
plagioclase phenocrysts: type I crystals are 1-4 mm large
and oscillatory zoned with only weak resorptions as
described below. This type comprises a relatively small
proportion of crystals, which represent over half of the
plagioclase population in volume. Type II crystals are
smaller (500 um to 1.5 mm) and more extensively re-
sorbed. The outer 100 to 200 um of the larger crystals of
both types I and II show oscillatory zoning with
rounded edges, similar to numerous microphenocrysts.

Type I crystals

Three representative type I crystals (P1, P3 and P4) were
chosen for detailed investigation. They all have similar
overall zoning patterns in major and minor elements.
BSE An-calibrated and quantitative profiles were per-
formed in P1 and P4, and in more detail in P3. Patchy
growth zones with glass inclusions, which are related to,
and grew subsequently to, distinct resorption surfaces
are here referred to as resorption zones. These were
analysed in detail in P1 and P4.

An content

BSE images and An-calibrated profiles of the analysed
crystals are shown in Fig. 2. The three crystals exhibit an
overall normal zoning pattern (Ansg to Anszg_3s), with
oscillations superimposed on this trend. Details of the
oscillatory zoning in plagioclase P3 from sample PAR-
130 using high-resolution BSE images are described
elsewhere (Ginibre et al. 2002). The following types of
zoning are distinguished.

1. Saw-tooth patterns with resorption (STR) are 5 to
20 pm in wavelength, have 5-10 mol% An variations,
and are separated by wavy surfaces (“r”” in Fig. 3).
These patterns are interpreted to result from growth
interruption and minor resorption of the last grown
layer.

Table 2. Detection limits and

ranges of concentration for Mg, Mg Ti Fe St Ba
Ti, Fe, Sr and Ba in sample . .
N . Detection limit® 17 18 29 67 50
EIAR'HISO (all values are given 0 i ration range 100-250 100-400 1,000-4,000 1,000-3,000 500-2,000
pp Statistical error 19 28-31 60-70 110-120 70-75

#Calculated as 2x standard deviation of the intensity at background position (n=97, 95% confidence

level)

®Calculated from counting statistics for each analysis
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Fig. 1a-h. Crystal types of
plagioclase in PAR-130. a P3
is typical for type I (large
oscillatory zoned) crystals.
Type II crystals show more
resorption or more contrast
between core and rim. b—e
Images of type Ila crystals
P42, P25, P2, and P9. f-h
Images of type IIb crystals
P18, P28, and P32. The
latter are distinguished only
on the basis of their Sr
contents (see Fig. 6)

=y -8
Type [Ib_P18

W

-

100 pm Type llb P28 50 pm Typellb P32

2. Low-amplitude oscillations (LAO) at 1-um wave- 3. Major resorption surfaces (R) with discontinuities in

length and 1% An variation are superimposed on An content up to 10% An crosscut several growth
normal zoning of the STR zones and are most likely layers (STR and LAO). Some of these resorption
due to local kinetic control. These are not considered surfaces form bands containing glass inclusions and

further in the present study. patchy zoning, referred to as resorption zones (Fig. 3).
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Fig. 2a—f. BSE image of
type I plagioclase crystals
PAR-130-P3, P4, and PI.
Scale bar is 100 pm for all
crystals and profiles. An-
calibrated profiles through
BSE images are shown for
each crystal. For P3, the
profile from high-resolution
accumulated image (Ginibre
et al. 2002) is shown. For P1
and P4, profiles are taken
from the image along the
lines. R, is a prominent,
important resorption surface
late in the crystallisation
history. It can be correlated
between P4 and P1, and
probably corresponds to the
boundary between zones 7
and 8 in P3 (see Fig. 4). R, is
a resorption surface with an
An peak near the core, and
probably represents the
same event in the three
crystals (see discussion in
text)

4. High-frequency (3 um) An variations with high am-
plitudes (10 mol% An; HFA) at the rapidly grown,
outer crystal margin are interpreted as an extreme
form of STR due to increased dynamic movements of
crystals and melt during eruption.

Special cases are the complex, patchy resorption
zones representing three stages of plagioclase growth.
(1) The last zone grown before resorption (Pl; on
Fig. 3b) is generally sodic (Anszg 49). The resorption
surface itself is irregular and penetrates deeply into this
zone. (2) A calcic zone (Pl,, Anso_go) is located directly
at the resorption surface and is similar to those
observed in partial melting experiments (Tsuchiyama
1985; Johannes et al. 1994; Nakamura and Shimakita
1998; Hammouda and Pichavant 2000). They therefore
may be interpreted as having grown during or directly
after partial dissolution of the more sodic crystal. (3)
New sodic zones (Anzg 49) sometimes exhibit oscilla-
tions and occur around the inclusions. These zones are
chemically identical to the next outer growth layer,
which crystallised after the resorption event, and are
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therefore interpreted to be simultaneous to further
growth at the outer rim of the crystal. Individual zones
are often too small (<5 um) to be measured separately,
and point analyses are therefore mixed between a sodic
and a calcic end member.

Direct correlation of zoning patterns between P1, P3
and P4 is not possible. There are, however, several
striking similarities between crystals. An An maximum
is observed near the core, followed by a general de-
crease from Ansy to minimum of Ansy and a slight An
increase towards the rim. The last three STR zones in
crystals P1, P4 and P3 are very similar in size, mor-
phology and compositional range, and may thus be
correlated. The last resorption zone can also be corre-
lated between P1 and P4, having similar composition
and morphology. They also are located directly before
the An minimum in the profile. It will be referred to as
Ry for P1 and P4 in the following. Such an R, re-
sorption zone is difficult to identify in P3, but might be
represented by the resorption zone between growth
zones 7 and 8.



Fig. 3a—c. Details of zoning patterns in plagioclase. Scale bar is
20 pm. a, b Oscillatory zoning including STR patterns with minor
(r) and major (R) resorption surfaces and superimposed LAO
oscillations, as well as HFA oscillations at the rim (Ginibre et al.
2002). ¢ Patchy zoning at the resorption surface R, in crystal P1.
Pl represents remnant plagioclase grown before resorption. Pl; is
the plagioclase grown during or immediately after resorption. P/, is
the plagioclase grown in the following growth phases, both in the
melt inclusion and outward from the resorption zone

Differences between the crystals are the variable
amplitude and sharpness of the An peaks as well as the
number and morphologies of R surfaces and the dis-
tance of the R; resorption surface to the rim. This
variable distance may reflect different degrees of re-
sorption and growth rates. In P3, where zones bound-
aries are broadly euhedral, the peak and resorption R
are at 500 pm from the rim. On the contrary in P1, where
the resorption surfaces are more rounded between R;
and R, presumably showing a higher degree of re-
sorption, the same (?) R; surface is only 300 pm from the
rim.

Minor and trace elements

Based on zoning patterns and composition, we define ten
distinct growth zones in crystal P3, which are separated
by major resorption surfaces (R, Fig. 4). These growth
zones are also distinguished by discontinuities in their
anorthite—trace element trends (Fig. 5). High-resolution
(<5 pum) trace-element profiles across the crystal PAR-
130-P3 show a general decrease of Sr, Fe, Ti, and Mg
from core to rim, and an increase in Ba. In the core (first
100 um, zone 1), local minima for Ti and Sr are ob-
served. In the outer 50 um (zone 10) Fe, Ti, Mg and Ba
contents increase whereas Sr content decreases. The
5-20 pm oscillations in An content (STR) are not
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reproduced in trace- and minor-element zonations. This
may simply be due to the higher analytical uncertainty
for trace elements. Only Fe shows strong oscillations,
and only at the outermost rim (Fig. 2b).

Figure 5 combines the data of P3 with those of the
two other plagioclase crystals PAR-130-P1 and PAR-
130-P4. They exhibit the same general trend from core to
rim as P3, except for the resorption zones, not analysed
in P3. The composition of the core (inwards from Ry)
and rim (outwards from Ry ) of P1 and P4, compared to
those of P3, confirms that this surface separating zones 7
and 8 could be an equivalent of Ry in P1 and P4.

At the scale of the whole crystal, Sr, Fe, Ti, Mg are
roughly positively correlated with An content, with
concentrations high in the core and low in the outer
300 um (500 to 800 wm from the core). Ba correlates
negatively with An.

In the inner zones (1 to 5), Fe, Ti, and Sr contents do
not correlate well with An content. Fe is fairly constant
at variable An whereas Ti is negatively correlated with
An in zones 1 and 2, as is Sr in zone 2. Thus, the overall
variation of An content with trace elements (Fig. 5) re-
flects igneous differentiation of the host melt(s).

In detail, however, there is more structure to this
variation. Growth zones 6-7 and 8-9 define parallel
linear trends in the An—trace element diagram (Fig. 5).
This is particularly well documented for Sr, Fe, and less
obvious for Ti. From one growth zone to the next, there
are discontinuities in the overall decreases in trace ele-
ments. For Ba, a complex pattern is superimposed on
the strong overall negative correlation. Mg, by contrast,
shows a fairly linear positive correlation with An.

The outermost zone with HFA oscillations in An
(zone 10) shows negative correlations of Fe, Ba and Ti
with An content, and an increase in Mg compared to
zone 9 at similar An content. Sr is negatively correlated
with An.

An content in resorption zone Ry is variable but Fe,
Ti, Sr and Mg are fairly constant at low levels. The
compositions of the resorption zone in fact fall into a
triangular-shaped field in the An—trace element plots.
Some data may reflect mixed analyses due to the fine
zonations (An-rich resorption zones and subsequent
sodic growth) whereas other analyses clearly fall below
the differentiation trend, and therefore reflect growth of
a high-An plagioclase with low trace-element contents.
Only Ba does not show compositional differences be-
tween growth and resorption zones.

Type II crystals

Zoning patterns in type II crystals are more variable
than in type I, as shown on Fig. 1. Many of them exhibit
a resorbed core with a relatively wide, often oscillation-
free An-rich zone (P25, P2, P31). Oscillatory zoning with
frequent rounded resorption (P18), and small An-rich
cores with microphenocryst-like sodic rim (P32) are also
observed.
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Fig. 4. EMP quantitative 1
point analysis profile of pla-
gioclase PAR-130-P3 from
core to rim for An (in
mol%), and Ba, Sr, Fe, Ti
and Mg (in ppm). The ten
distinct growths zones
shown here are separated by
major resorption surfaces
(see Fig. 3 for details) and

An (mol%)

3 4 5 6 7 8 9 10

distinguished on Fig. 5 using
the trace-element content

Ba (ppm)

St (ppm)
]
=
=
=

700

0 100

700

300 400

Distance from the core (um)

Sr, Fe, and Mg in type II plagioclase are plotted
against An in Fig. 6. These crystals all have lower Fe
and Mg at variable An compared to type I crystals,
but they fall in the field of the Ry resorption zone. Sr
concentrations are variable and we distinguish two
subtypes: in type Ila, as for Fe and Mg, Sr is low at
high An content, similar to the R, zones of type I
crystals. On the contrary, type IIb crystals have high
Sr concentrations in the core, significantly higher than
in the cores of type I crystals (up to 3,800 ppm
compared to 2,600 ppm). Types Ila and IIb are not
distinguishable on the basis of major-element zoning,
and there also exist intermediate compositions between
ITa and IIb, with type Ila being more common than
type IIb.

Processes controlling major- and trace-element zoning

We first discuss in detail the various factors control-
ling zoning patterns, applied to the type I crystals,

which are believed to record the conditions of crys-
tallisation of the main magma body. We then discuss
the additional information provided by the type II
crystals.

Control on major elements

Major-element composition of plagioclase is controlled
by phase relations and thus gives a general idea of the
history of T-P-H,O conditions of the magma in which
the crystals formed. The general An decrease from core
to rim can be related to differentiation of the magma.
This is more pronounced in the outer 300 um of PAR-
130-P3. By contrast, higher average An contents in
zone 3 suggest either a more mafic composition of the
melt or higher water content.

Resorption textures very similar to those observed here
have been produced experimentally by heating (Johannes
et al. 1994), chemical disequilibrium (Tsuchiyama
1985; Nakamura and Shimakita 1998; Hammouda
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and Pichavant 2000), and decompression (Nelson
and Montana 1992). The effect of pressure on plagio-
clase composition is small (20 mol% An for 12 kbar)
compared to that of temperature (Housh and Luhr 1991).
Thus, repeated and significant decompression is unlikely
to explain observed resorptions. An increase in H,O
content or temperature is a more likely cause. The
most feasible process to produce such rapid changes in
the growth environment is the movement of the crystal in
a melt with a gradient of water content and/or tempera-
ture.

Repeated major resorption surfaces associated with
an abrupt increase followed by a more continuous de-
crease in An at a scale of 100 pm may thus be explained
by three processes.

1. Crystals move repeatedly in a water concentration
gradient towards a more water-rich magma. As water
content increases in the melt as a result of crystalli-
sation, this magma will be also cooler and more dif-
ferentiated. Such a process can be identified using
minor and trace elements, as discussed below.

2. Crystals move repeatedly in a gradient towards a
hotter, less differentiated magma without any signif-
icant changes in water content.

3. The magma chamber is periodically replenished with
a hotter, more mafic magma. Only such an event will
be recorded in all crystals present in the magma
chamber at that time.

To distinguish between hypotheses 2 and 3, we need
to find evidence for or against resorptions that are cor-
related between crystals where slightly different patterns
may represent the same event. In our samples the dis-
tance from R to the rim, and the degree of resorption in
the crystals are indeed similar. This suggests that the R,
resorption may in fact represent the same event recorded
by all three crystals. If the effect of a water gradient can
be ruled out (see discussion of trace elements), this ob-
servation favours the hypothesis of magma recharge for
the R; resorption. Minor resorption events that cannot
be correlated would then suggest individual convective
movement in a thermal and compositional gradient in
between and after the prominent resorption event (R;).
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Fig. 5a—j. Trace-element varia-
tions vs. An content in plagio-
clase from Parinacota andesite
PAR-130. a—e Plagioclase P3.
Growth-zone numbers corre-
spond to those of Fig. 4a. f—j
Comparison of crystals P1, P3
and P4, including resorption
zones (res). The positive corre-
lation between Fe, Ti and Sr,
Mg from core to rim reflects
magmatic differentiation. By
contrast, the resorption zones
seen in Fig. 3 fall off this trend
to low Fe, Ti and Sr at high An
contents, and probably reflect
changes in water content (see
discussion in text)
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Control on minor and trace elements

When crystals grow near equilibrium, their concen-
trations in minor and trace elements are controlled
by the concentration of these elements in the melt,

and the partition coefficients between crystal and
melt. In addition, diffusion in the crystal could
homogenise initial variations. The role of these factors
in our samples is discussed below for the different
elements.
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Fig. 6. Sr, Fe and Mg concentrations of all plagioclase crystal
types of PAR-130 plotted against anorthite. At high An content,
types Ila and IIb both have low Fe contents whereas their Sr
contents are low and high respectively

Partition coefficients

Ba and Sr Blundy and Wood (1991) showed that the
dominant factors controlling the partition coefficient (K)
of Sr and Ba in plagioclase are the An content of the
crystal and temperature, whereas the influence of the
major-element composition of the melt is negligible.
The empirical equation of Blundy and Wood (1991)
implies that both Ba and Sr become more compatible as
the An content of the crystal decreases. As shown in
Fig. 5d, e, Ba concentration in the crystal indeed in-
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Fig. 7. Calculated melt concentration for Ba and Sr based on
element compositions in plagioclase P3 plotted against An content
of plagioclase. Concentrations are calculated using the equations of
Blundy and Wood (1991) and assuming a temperature of 1,000 °C.
Growth-zone numbers as in Fig. 5

creases, whereas Sr decreases with lower An content. This
discrepancy suggests that crystal-chemical control and
the effect of variation in melt concentrations are of dif-
ferent importance for these two elements. Crystallisation
temperatures are estimated on the basis of the Fe-Ti
oxide thermometer (Frost and Lindsley 1991) to range
between 850 and 900 °C. Therefore, a temperature change
from 1,000 to 850 °C is a reasonable assumption for the
crystallisation history. In order to separate crystal-
chemical control from other effects, the Ba and Sr con-
centrations in the melt corresponding to each data point
were calculated following Blundy and Wood (1991) for
these two temperatures. Differences between calculated
melt concentrations at 850 and 1,000 °C are smaller than
analytical uncertainty, so that the effect of temperature
on Ba and Sr partitioning in our sample can be neglected.
The results are shown in Fig. 7, plotted against crystal An
content, for a temperature of 1,000 °C. Calculated Ba
values (up to 2,200 ppm) are higher than Ba values found
in the PAR-130 host rock (Table 2) and in all other Pa-
rinacota samples (Worner et al. 1988; Davidson et al.
1990). This may be partly explained by the uncertainty in
the data regression of Blundy and Wood (1991). A data
subset containing only their experimental data and in-
cluding new experimental data of Bindeman et al. (1998)
gives a steeper slope and better fit for Ba—temperature
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correlations. This would result in lower, more realistic Ba
values (= 1,600 ppm), consistent with observed bulk-rock
compositions. In the following discussion, absolute val-
ues must still be considered with caution but general
trends may be interpreted. Calculated Ba variations in
the liquid are only slightly larger than the uncertainty,
and the trend is qualitatively different from that in the
crystal. Therefore, the overall Ba variations observed in
the crystal reflect crystal-chemical control (An content of
the crystal) on the partition coefficient. Effects of other
parameters (melt composition, discussed below) are su-
perimposed and subordinate. By contrast, the calculated
Sr variations in the liquid are stronger than, and quali-
tatively similar to the Sr variations observed in the crys-
tal. The resorption zones are an exception where Sr
variations reflect crystal-chemical control.

Fe Fe partitioning strongly depends on fO, (Longhi et
al. 1976; Phinney 1992; Wilke and Behrens 1999; Su-
gawara 2001). For given Py»o, Kge is a non-linear
function of AfO, relatively to FMQ; Wilke and Behrens
1999). Partition coefficients range between 0.03 and 0.36
for basalts at one atmosphere (Phinney 1992), and be-
tween 0.085 and 0.54 for intermediate compositions
under hydrous conditions at 5 kbar (Wilke and Behrens
1999). The data of Bindeman et al. (1998) show a neg-
ative correlation of Kg, and An. However, the experi-
ments were done in a narrow range of compositions
where An is likely to be directly correlated to tempera-
ture. In the data set of Sugawara (2001), the correlation
of Kg. is better with temperature than with An.
Therefore, D, probably more strongly depends on
temperature. For fO, between FMQ +0 and +2 and a
Puso of more than 5 kbar, K. is between 0.19 and 0.05.
We adopt an intermediate value of 0.09, which gives a
FeO concentration in the melt of 4.1 wt%. The Fe de-
crease observed in the crystals from core to rim is not
related to changes in partition coefficients, because it
would imply a strong decrease in fO,, or an increase in
temperature or An. None of these are likely to occur
during differentiation. Therefore, the measured Fe
content reflects a decrease of Fe concentration in the
melt. At the outermost rim, the situation may be dif-
ferent. Cooling related to eruption and possibly an in-
crease in fO, will increase Kg. and could explain the
observed strong increase of Fe. Another possible ex-
planation involving a kinetic effect due to the formation
of a chemical boundary layer at the crystal rim interface
is discussed below. The decrease of Kg. predicted for
lower Pyso after ascent is not observed and must be
compensated by the other effects.

Mg Experimental values of Ky, in plagioclase vary
between 0.025 and 0.05, with only very weak correla-
tions with T (Longhi et al. 1976) or An content (Sato
1989; Bindeman et al. 1998). In the following we con-
sider a constant partition coefficient of 0.035. Calculated
MgO concentration in the most mafic melt is
1.42+0.5 wt%.

Ti Experimental data for Ti show a clear negative cor-
relation with An, largely independent of T (Bindeman
et al. 1998). We approximate this dependence with the
equation In K1;=-1.75-0.015*An. Calculated Ti con-
centration in the crystals range between 0.76 £0.1% in
the core and 0.16+0.02% at the rim.

Diffusion in the crystal

As trace elements diffuse faster in crystals than major
elements, their concentration in plagioclase may not
reflect the melt composition at the time of growth but
may have been affected and homogenised by subsequent
diffusion. For andesine compositions at 900 to 1,000 °C,
the diffusivity Dy, is in the order of 107" to 10'® m?/s
(Giletti and Casserly 1994; Cherniak and Watson 1994).
The characteristic times for Sr diffusion (T=L?/Dg,)
over distances of L=10 pm and L=100 um are in the
order of 30 and 3,000 years at 900 °C and between 3 and
300 years at 1,000 °C respectively. Estimated %rowth
rates of plagioclase in natural melts (10°° to 107'% cm/s;
Cashman 1990; Davidson and Tepley 1997) imply
growth times between 4 months and 3,000 years for a
I-mm crystal. Sr diffusion time and crystal life time are
thus in the same order of magnitude. As diffusivities and
partition coefficients of Ba sand Sr are known in pla-
gioclase, diffusion in the crystal can be tested for these
two elements. If major-element zoning patterns are
preserved, the equilibrium concentration of Sr and Ba
obtained after diffusion in the crystal should be anti-
correlated with An content, because of the An depen-
dence of the partition coefficients (Zellmer et al. 1999).
Such trends are indeed observed for Sr in the core of P3,
and for Ba over the whole crystal. In order to test
whether this is due to diffusion, we consider Sr concen-
trations in the melt as calculated for Fig. 7 in more de-
tail.

These calculated melt compositions are used here
only as a reference, and represent the concentrations of
hypothetical melts with which each analysed point of the
crystal would have been in equilibrium during growth.
Complete diffusive equilibration of Sr would result in
uniform calculated Sr concentration in the melt. Partial
diffusive equilibration would first affect the small-scale
compositional heterogeneities. The smallest growth lay-
ers would then have constant Ba and Sr equilibrium melt
concentrations at variable An, whereas the composi-
tional variations on a larger scale would remain. Sig-
nificant variation in Sr in the calculated equilibrium melt
concentration occurs at only 50-200 pm scale in zones 1—
5. This indicates that, even in the core, Sr variations at
this scale have not been totally erased by diffusion. As
Ba diffusion is slower (Cherniak 1999), Ba did not dif-
fuse extensively in the core either. The near-equilibrium
compositions for Sr and Ba at 500-um scale in the core
are thus not due to diffusive equilibration. Diffusion
probably smoothed only smallest (=10 pum) oscillations



and may have reduced the slope in the Sr—An trends for
the 50-200 um growth zones.

Following Zellmer et al. (1999), this result can in turn
be used to infer a maximum residence time of the crystal
in the magma prior to eruption. In the present case, this
maximum plagioclase residence time in the melt is in the
order of 3,000 years at 900 °C or only 300 years at
1,000 °C.

Changes in melt composition Observed trace-element
variations in the plagioclase that cannot be accounted
for by variable partition coefficients or diffusion in the
crystal must reflect variations in the trace-clement
composition of the host melt. Possible causes are dif-
ferentiation of the magma due to fractional crystallisa-
tion, movement in a compositional gradient, or recharge
with less differentiated magma. Additionally, kinetic
effects may become important at high growth rates, by
formation of a chemical boundary layer at the crystal—
melt interface. Such a layer would be depleted in pla-
gioclase-compatible elements and enriched in elements
incompatible in plagioclase.

Differentiation and mixing with a more differentiated
magma The observed decrease in Sr, Fe, Ti, Mg and An
content in the plagioclase from core (zone 3) to rim
(zone 9) is qualitatively consistent with melt evolution
expected for an andesite-dacite magma fractionating
plagioclase, pyroxene, Ti—Fe oxides, and small amounts
of amphibole.

One possible scenario would be to assume that
changes in host melt trace elements are solely caused by
crystallisation of the phenocrysts actually present in the
rock. In this case, the resorption surfaces would corre-
spond only to physical changes (P, T, water content).
The concentration of Sn, Ti, Fe, and Mg in the less
differentiated melt (in contact with zone 3 of P3 crystal),
calculated using the partition coeflicients discussed
above, are consistent with an initial melt composition
equal to or slightly less differentiated than the whole
rock composition. We thus observe only slightly more
differentiation of the melt than for closed system, which
requires a small amount of either crystal settling or
influence of a more differentiated magma. However,
most of the Sr decrease calculated for the melt (700 to
450 ppm, depending on the temperature) occurs during
the crystallisation of zones 6 and 7, which only represent
less than 10% (in volume) of the crystal. This rapid
change in Sr is two to three times larger than can be
explained by in-situ crystallisation of these plagioclase
zones. Singer et al. (1995) interpreted similar observa-
tions as kinetic effects by depletion of a boundary layer
at the melt—crystal interface due to rapid growth.
However, in our case a decrease is also found for Fe,
which should have the opposite behaviour if kinetically
controlled (see below).

The Ba increase with decreasing An content in zones 6
to 8 is also consistent with the crystallisation of the
phases considered above, whereas subsequent decrease
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in Ba with decreasing An content requires the fraction-
ation of a K- (and Ba-)rich phase such as biotite or
sanidine. Sample PAR-130, however, contains no sani-
dine and rare biotites have resorbed, and rounded
shapes suggest that they did not crystallise in this melt.
The Ba decrease is also inconsistent with kinetic effects —
Ba, if kinetically controlled, should increase.

The change in the degree of differentiation in the host
melt as recorded in the crystals therefore cannot be fully
explained by their crystallisation. A possible scenario to
explain this is progressive mixing with a more differen-
tiated magma. The most plausible origin of such differ-
entiated magma is the boundary layer near the magma
chamber wall where cooling and fractional crystallisa-
tion takes place. The influence of this boundary layer
occurs mostly during the crystallisation of zones 6, 7,
and 8 where the decrease in Ba is most pronounced.

Resorption and mixing with a more mafic magma In
contrast to An content, trace elements allow the
distinction between thermal and chemical causes of
resorption. Hammouda et al. (1996), using Sr isotopes in
partial dissolution of fluorphlogopite-plagioclase pairs,
showed that the response of the plagioclase crystallising
just after resorption to chemical changes in the melt is
very fast. Thus, in the case of chemical mixing with a less
differentiated magma, a trend reverse to differentiation
(i.e. towards higher Fe, Ti, Sr and higher An content) is
expected in the resorption zone itself as well as in the
zones grown subsequently.

Plagioclase growth subsequent to resorption in
zones 1 to 3, e.g. after Ry, is characterised by higher An
and low Ba although the compositional contrast is low
and the resorptions are weak. High An and increasingly
lower Ba in zones 1 to 3 (Fig. 4) suggest mixing with
successively more mafic magma. As R; can be correlated
between crystals, this recharge is common for all type 1
crystals. Regrowth after resorption in these zones is
relatively low in Sr at a given An, which is shown by
the An—Sr offset (Fig. 5). These observations argue that
recharge is by a relatively Sr-poor magma with an
otherwise low compositional contrast. Therefore, the
recharging magma could correspond to a differentiated
equivalent of the Sr-poor mafic Ajata andesite (Ginibre
et al. 2001).

The outer growth zones in P3, and in particular
zones 7 and 9 immediately outward from the resorp-
tion surfaces show high An and trace-element con-
centrations (Fe, Mg, Sr) which then again decrease
until the next resorption surface. This indicates a
chemical effect of repeated mixing with mafic magma.
The absence of correlation of these resorption surfaces
between crystals (see discussion of An content), and
the fact that the compositions lie on the differentiation
trend suggests that these resorptions, even though they
are similar, affected the phenocrysts individually.
Therefore, they may be caused by convective move-
ments of crystals in a gradient rather than distinct
recharge events.
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The resorption zone Ry in P1 and P4, which is large
enough to be analysed, is different. The constant or even
lower Fe, Ti, Sr, and Mg concentrations at increasing
An content indicate no chemical change in the host melt
close to the crystal at the time of resorption. The re-
sorption is thus not due to a bulk chemical change but
rather to an increase in temperature and/or H,O con-
tent. On the other hand, when significant dissolution
occurs, a boundary layer may form around the crystal in
which the melt is enriched in the plagioclase component
and its compatible elements such as Sr. Regrowth after
resorption in the calcic rim should thus be also enriched
in Sr. This is not what we observe, and the low Sr
content in the resorption zone shows that this effect is
limited. To explain the high An, low Sr regrowth after
resorption, two possible explanations remain: (1) a more
mafic melt is present, which may bring the necessary
heat but its chemical influence is not recorded directly
after resorption, and (2) the resorption is due to an in-
crease in water content at otherwise relatively constant
melt composition. Because a significantly more mafic
composition is not seen in the zones grown subsequently
to Ry, in P1 and P4 and in the equivalent zone 8 in P3,
the latter hypothesis is more likely.

Crystal margins: kinetic control and changes in partition
coefficients The outermost margin of the crystals corre-
sponds to the final stage of crystallisation during or after
eruption. It is thus expected to have grown faster at
higher cooling rate as well as at lower temperature and
pressure than the rest of the crystal. The change in An
oscillation mode at the outer rim to narrow and high-
amplitude oscillations is typical for this final growth
phase.

A chemical boundary layer may form at the crystal—
melt interface at high growth rate (Bottinga et al. 1966).
Elements which are incompatible in plagioclase (Fe, Ba,
Mg, Ti) will be enriched in this layer whereas compatible
Sr will be depleted. This can qualitatively explain the
increase in Fe, Mg, Ti, and Ba and the decrease in Sr
observed in the outermost margin of crystal P3.

However, the effect is very strong for Fe and weak for
Mg, which differs from the observations of Bottinga et
al. (1966) who reported similar gradients for Mg and Fe
in the melt. This suggests the influence of other factors
for Fe, where a temperature increase and Py, decrease
cause an increase in Fe partition coefficient. Possibly an
increase in fO, at this stage also plays a role. These
factors have little effect on Ti and Mg, which explains
the difference.

Type 1I crystals

The smaller and more abundant type II plagioclase
phenocrysts show low Fe and Mg contents at high An.
This can be explained by two processes: (1) lower par-
tition coefficients for Mg and Fe at constant melt com-
position, or (2) increase in An content of the plagioclase

crystallising from a low-Mg and low-Fe differentiated
melt due to an increase in water content. Because the
influences of physical factors on Kg. and Ky, are dif-
ferent, and Ky, is essentially constant, we conclude that
the low Fe and Mg concentrations in the crystals should
in fact reflect low concentrations in the melt rather than
variable partition coefficients. By implication, this sug-
gests that An-rich zones of these crystals grew in a wa-
ter-rich differentiated boundary layer.

The variable Sr concentration at high An content
reflects the influence of different initial magmas. Type Ila
crystals have low Sr concentrations similar to those
found in the differentiated parts of type I crystals, sug-
gesting the same parent magma. On the contrary, the
higher Sr concentrations of type IIb crystals at relatively
differentiated compositions inferred from Mg and Fe
indicate an initial magma with significantly higher Sr
concentration. Such a magma was in fact erupted from
Parinacota volcano in the last Ajata stage. Mixing with
this high-Sr magma shortly before eruption is also evi-
denced in Old Cone samples (Ginibre et al. 2001). In
these samples, Sr concentration in the plagioclase grown
from the hybrid magma is as high as 4,500 ppm. This is
close to what could be expected in plagioclase of Ans
crystallising from the high-Sr Ajata andesite (5,000 to
6,000 ppm Sr). Type IIb crystals thus represent re-
maining crystals derived from the differentiation of such
a high-Sr magma.

Crystallization history of dacite PAR-130
and magma chamber dynamics

The early growth history of type I crystals in andesite
PAR-130is characterised by successive recharge events of
an only slightly more mafic, Sr-poor magma. This
recharge magma could be a differentiated equivalent of
the Sr-poor mafic andesite end member, which has been
identified as one of the parent magmas to Parinacota
rocks. Following this, the next growth phase documents
increased differentiation and the influence of a water-rich,
differentiated melt, possible representing the magma
chamber’s boundary layer at the cooler wall. Type II
crystals have also partly formed in such an environment.

Superimposed on the differentiation trend, quasi-
cyclic resorption events followed by a shift in major- and
minor-element concentrations toward less differentiated
compositions reflect convective movements in a com-
positional and/or temperature gradient. These move-
ments would be specific to each crystal but zonation and
resorption patterns would become successively more
similar towards the rim. This indicates the convergence
of crystallisation histories. The last resorption R, rec-
ognised in several type I crystals shows little evidence for
a chemical effect of a new mafic magma after resorption.
Comparison with type Ila crystals suggests that this re-
sorption may also have been caused by an H,O increase
close to the magma boundary layer. This is consistent
with the increased influence of the H,O-rich boundary



layer towards the end of the crystallisation history in
type I crystals.

Type Ila plagioclase crystals derive from a similar
parental magma in the boundary layer, whereas type IIb
crystals must be older, as represented by cores grown
from the high-Sr end-member magma.

Magma chamber structure and dynamics

Our study shows four important aspects of the dynamics
of an andesitic/dacitic magma chamber.

1. The zoning patterns in plagioclase record the
existence of gradients (thermal, compositional,
water content) between a main magma body and a
relatively differentiated, crystal-rich boundary layer,
containing older crystals. The water gradient
implies that the main magma body is not water
saturated.

2. Crystallisation occurs both in the main magma body
(type I crystals) and in the crystallising boundary
layer (type II crystals). The chemical influence of
differentiation in the boundary layer is also seen, but
less markedly, in type I crystals. This result may be
compared with that of Kuritani (1998) who found for
a basaltic magma system that the number of crystals
from the boundary layer is small compared to that
from the main magma body, but the thickness and
An contrast of the corresponding growth zones are
higher. In our sample the proportion of crystals in-
fluenced by the boundary layer is larger (over 50%)
but the effect is smaller. This can be explained by the
higher viscosity of andesitic/dacitic magmas: only the
crystals from the interface of a stable crystal mush
and the main magma body may be brought into the
main magma body, whereas deeper layers could be
sampled by a less viscous basaltic magma. The in-
creasing influence of the boundary layer may indicate
an origin near to the roof, and possibly also the in-
fluence of liquid differentiation of the melt at the wall,
as suggested by Turner (1980) and McBirney et al.
(1985).

3. The high frequency of resorption in crystals from
the main magma body indicates the role of con-
vection without evidence of significant mafic re-
charge. The record of compositionally and thermally
variable crystallisation conditions requires not only
movement of crystals in gradients but also sufficient
local mixing. Convection and mixing must also have
produced small-scale heterogeneities which persisted
over a time sufficiently long for the crystal to grow
and to record these variations. This can hardly oc-
cur under conditions of laminar convection, as
proposed by Singer et al. (1995). It requires some
turbulence, even though this is not expected from
the viscosities of a dacitic magma. Repeated move-
ment of crystals between different compositional and
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thermal regimes independent of whole-sale mixing
and mafic is a process that we call ‘“‘convective
crystal dispersion”.

4. The amount of differentiation recorded in type I
plagioclase is only slightly larger than the closed-
system differentiation and involves mixing from the
differentiated boundary layer. This indicates limited
crystal fractionation by settling, and high crystal re-
tention in the magma. Settling and re-entrainment of
crystals in a convecting magma body depends on
magma viscosity, and high crystal retention is ex-
pected only in very viscous magma (Marsh and
Maxey 1985; Martin and Nokes 1988; Solomatov
et al. 1993; Hawkesworth et al. 2000). However, our
results show that the time scale of crystal settling
must be large compared to that of melt differentiation
by crystallisation.

Time scale of crystallisation and of magma evolution

The dominant differentiation history recorded in type I
crystals of sample PAR-130 is at contrast with the data
shown by Singer et al. (1995) at San Pedro volcano
(central Chile), which clearly show open-system evolu-
tion. Temporal constraints from Sr diffusion suggest a
differentiation time shorter than a few thousand years.
This is close to the time scale calculated by Hawkes-
worth et al. (2000) for 50% closed-system differentia-
tion of a 10-km> magma body releasing heat with a
power output of 100 MW. This is consistent with our
result that the evolution of PAR-130 after the initial
recharge is not very far from closed-system crystalli-
sation.

Growth rates of the crystal from in the main magma
body may be calculated from the residence time. The
euhedral zone boundaries of crystal P3 suggest repeated
but restricted resorption. It is reasonable to assume that
the time elapsed between growth episodes is of the order
of magnitude of the growth time itself. In this case, the
growth of a 2-mm crystal in less than a few hundred or
thousand years implies minimum growth rates of 10 '°
or 107! cm/s. This is consistent with growth rates re-
ported in the literature (Cashman 1990).

High-Sr type IIb crystals and the low-Sr recharge in
type I crystals show the influence, even at low magma
recharge rates, of both high-Sr and low-Sr Parinacota
magmas. Thus, the two parental magmas documented
from volcano evolution and bulk-rock analyses (Worner
et al. 1988) may actually be recorded during plagioclase
growth in a single rock sample.
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