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Abstract

Magmas may experience closed- or open-system evolution during their ascent and evolution in the upper crust. Chemically closed-
system processes can involve heat transfer from underplating mafic magmas or decompression due to magma ascent. On the other
hand, newly injected magmas can mix with the residing magma and hybridize. Plagioclase zonation patterns and electron microprobe
major and trace element analysis constrain these contrasting scenarios for andesites from the 80 km® El Misti stratovolcano (5822 m)
and a field of relatively small monogenetic Andahua scoria cones, both in southern Peru. In particular, Fe concentration in plagioclase
reveals valuable information within a magmatic system to explore the dominance of closed- vs. open-system processes. Large and
correlated Anorthite-Fe contrasts at resorption zones identify compositional mixing related to recharge. Subhorizontal An—Fe
variations record thermal or water-induced effects. El Misti volcano, a large but still relatively youthful stratovolcano, is dominated
during most of its approx. 120 ka history by closed-system effects during its evolution. Recharge and mixing mostly occurred
cryptically as it is not recorded in drastic compositional changes in magmas or their phenocrysts.

A small volume erupted at El Misti, however, is affected by strong open-system behaviour as reflected in strongly correlated
variations in An and Fe contents of plagioclase compositions. Its crystal population is texturally and chemically very similar to
lavas of the monogenetic cinder cones of the Andahua Volcanic Field.

For the El Misti magma reservoir, resorption events caused by thermal effects or magma ascent are more frequent in comparison
to the actual eruption frequencies. Many cycles of closed-system evolution (heat transfer and decompression) therefore occurred
without resulting in an eruption.

Plagioclase zonations from lavas of the monogenetic Andahua field indicate that any mafic batch that intruded the much smaller
reservoirs immediately triggered an eruption. By contrast, a large magma system that feeds El Misti volcano can easily accommodate a
new batch without causing eruption.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

A prominent recorder of processes in magmatic
systems prior to eruption is provided by the size,
composition and in particular the chemical and isotopic
zonation of phenocrysts (Davidson and Tepley, 1997).
Fractional crystallisation, magma replenishment and
wall-rock assimilation are the major processes of
magma evolution. These affect temperature and compo-
sition within the storage system and result in a variable
environment where processes such as convection,
resorption and crystal growth may be effective at the
same time. Plagioclase phenocrysts provide a core-to-
rim geochemical record that reflects such progressive
changes in the magma from which they grew.

A systematic view of the principal processes
operating in magmatic systems beneath stratovolcanoes
as derived from mineral zonations has not yet been fully
developed. Information has been gathered mostly from
individual case studies (e.g. Singer et al., 1995; Knesel
et al.,, 1999; Ginibre et al., 2002a; Tomiya and
Takahashi, 2005; Wallace and Bergantz, 2005; Triebold
et al., 2000); and systematic patterns that would allow
generalised conclusions are not observed. In this paper,
a mineral zonation study on two South Peruvian vol-
canic centers in the Central Andean Volcanic Zone
(CVZ, Fig. 1) has been carried out: El Misti stratovol-
cano (5822 m; 16°18’S, 71°24’W) and the Andahua
monogenetic volcanic field (AVF; 15°32'S, 72°19'W).
El Misti volcano and the AVF are both located at the
volcanic front of the Recent volcanic chain of the
Central Volcanic Zone of the Andes. El Misti is well
suited for such a study because its stratigraphy is well
known (Thouret et al., 2001) and volcanic rocks are all
plagioclase-phyric.

Our approach follows that of Ginibre et al. (2002a,b) in
applying backscattered electron (BSE) imaging techni-
ques and quantitative trace element measurements on the
scale of textural features by electron microprobe. Using
BSE images enables us to directly correlate elemental
compositions with textural features that may be related to
varying pressure and temperature conditions. Composi-
tional changes are recorded by trace element measure-
ments. Open-system effects such as contamination and
recharge by chemically distinct magma batches can be
distinguished from changes in temperature, H,O, and total
pressure. Thus, we can distinguish between (a) physico-
chemical processes of magma mixing with distinct
chemistries, (b) chemically closed-system processes
such as heating by new magma batches or decompression
due to magma ascent, and (c) cryptic open-system be-
haviour. Such cryptic mixing is characterized by mixing

of chemically similar magmas (Humphreys et al., 2006).
Such information about magmatic processes from
zonation patterns and geochemical information on trace
elements from plagioclase phenocrysts provide important
constraints on the understanding, reconstruction and
modelling of the pre-eruptive evolution of El Misti and
other comparable volcanic systems.

This approach also allows us to investigate the role of
magma recharge and subsequent mixing as a trigger
mechanism for volcanic eruption. We assess the question
of how frequently volcanic eruptions occur in compar-
ison to magma mixing events at the large El Misti
volcano and the Andahua Volcanic Field. El Misti has a
volume of ca. 80 km>. After Thouret et al. (2001) and
results from field work performed by the authors, El
Misti’s eruptive history covers the last 112 kyrs. Thus,
assuming an average eruption volume a linear eruption
rate approximation of about one event in every 200 years
can be obtained. The lava flow field at Andahua consists
of monogenetic scoria cones and lava flows, its total
erupted volume is about 15 km® and eruption ages range
from Upper Pleistocene to historic times (Delacour et al.,
2007). By comparing the Andahua Volcanic Field with
El Misti volcano we are also able to discern how new
inputs affect small short-lived magmatic systems
compared to large-evolved ones. Thus, this enables us
to develop a better understanding of the relationship
between processes and rates of magma mixing, magma
system recharge and volcanic eruptions.

2. Setting

The past and future eruptive behaviour of El Misti
volcano is of particular interest since it is located only
20 km northeast of Arequipa (2414 m), the second
largest city in Peru (Fig. 1). El Misti’s volcanic activity
is characterized by alternations of effusive and explosive
eruptions as well as avalanche deposits (Thouret et al.,
2001). EI Misti’s last major eruption occurred three
hundred years ago (Thouret et al., 2001). Recent and
historic eruptions as well as fumarolic activity indicate
that the magma system is active and new volcanic events
may occur at any time. Besides the primary volcanic
hazard directly from El Misti, landslides and lahars
threaten the city of Arequipa due to channelling through
the Rio Chili Canyon located in between the Nevado de
Chachani to the northwest and El Misti volcano.

The Andahua Volcanic Field is a Holocene to historic
scoria and lava field extending over an area of about
50 kmx30 km ENE of the Nevados de Coropuna
complex of stratovolcanoes (Fig. 1, Delacour et al.,
2007). The field is situated inside the Andahua Valley.
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Fig. 1. a) Locations of the Andahua Volcanic Field (AVF) and El Misti stratovolcano in the South Peruvian part of the Central Andean Volcanic Zone.
b) The Puca Mauras monogenetic cinder cone (ANDO1, ANDO8 and ANDI10) is the largest center within the “Andanhua Valley of Volcanoes”.
¢) Sample location map of El Misti (geologic map after Thouret et al., 2001, and field mapping of the authors).

Cinder cones and lava flows are produced by strombo- 2.1. Stratigraphy of El Misti volcano and sampling
lian eruptions, which resulted in steep-sided cones and
abundant blocky lava flows (de Silva and Francis, 1991; Locally derived ignimbrites and other volcaniclastic

Delacour et al., 2007). deposits form the base on which the El Misti edifice is
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built (Paquereau-Lebti et al., 2006). Its cone is sub-
divided by a major unconformity at ~5500 m marking
the change from the main old-cone-building stage and
the new cone. The age of the unconformity has been
reported by Thouret et al. (2001) to be 13.6 ka.

Following Thouret et al. (2001), the base of El Misti
is formed by non-welded scoria flows and volcaniclastic
sediments, followed by a series of 50 m thick, flow-
banded lava flows dated at 833 ka (K—Ar whole rock).
However, we argue that these older deposits and the
lower lava flow sequence may not be related to El Misti
for the following reasons: (1) These lavas are petro-
graphically clearly distinct (aphyric) from typical El
Misti lavas; (2) if these flows belonged to El Misti
then there would be an unlikely large break in history
between this 833 ka old lava and next the overlying lava
flows dated at 112 ka (Thouret et al., 2001) only sepa-
rated by two units of proximal dacitic pyroclastic
deposits. These most likely originated from El Misti
volcano, indicating that El Misti probably started off as a
dome complex with a pyroclastic apron. We then
suggest that the present El Misti stratovolcano and the
main cone-building eruptions are only slightly older
than 112 ka, i.e. the lowest lava flow dated by Thouret
et al. (2001) to overly these early El Misti deposits.

During the new cone-building stage from 13.6 ka
onwards, above the unconformity at 5500 m, two nested
inner craters developed at the present summit (5822 m).
Their andesitic lava and tephra deposits cover the
summit and upper flanks of El Misti. The most recent
effusive activity is represented by a thick andesitic
dome-like plug and abundant fumaroles inside the inner
crater. In historic time only fumarolic and phreatic
activity has been reported (Thouret et al., 2001).

66 samples representing the entire eruptive history of
El Misti volcano have been taken from the Quebradas
Honda and Pastores, the Rio Chili Canyon and the
flanks and the summit of El Misti volcano. A set of 20
samples was processed for whole rock and analysed for
major and trace elements (Fig. 1; Table 1). Detailed
microprobe work was performed on phenocrysts of
these 20 samples (for entire data set see supplementary
material).

2.2. Andahua Volcanic Field

Delacour et al. (2007) describe the Andahua
Volcanic Field in detail. The AVF contains about 40
cones, most of which are located on the valley floor. The
total volume of the volcanics is estimated to be around
15+5 km® with a maximum accumulated lava thickness
of 130 m. A total of 16 samples have been analyzed for

whole rock major and trace elements. Andahua samples
are crystal-poor containing <10% total phenocrysts.
Most samples have similar relative abundances of
plagioclase > clinopyroxene > olivine > orthopyroxene >
Fe—Ti oxides. Hornblende is restricted to andesitic
compositions (Delacour et al., 2007). Plagioclase
phenocrysts are characterized by two distinct growth
zones: a sodic core is overgrown by a calcium-rich rim.
Three samples from Andahua have been investigated in
this study: AND-99-01, AND-99-08, AND-99-10. All
three samples represent different flows of the Late
Holocene Puca Mauras volcano, the largest center in this
field (Delacour et al., 2007).

3. Analytical techniques

Major- and minor-element (Si, Ti, Al, Fe, Mn, Mg,
Ca, Na, K, P) abundances were measured by X-ray
fluorescence spectroscopy (XRF) on fused glass discs
on a Philips PW 1480 XRF spectrometer at the
Abteilung Geochemie, Geoscience Center Goettingen.
Based on multiple measurement of internal and
international reference material (BB, GD) the analytical
error for both major and minor-elements is +0.4—1.8%.
After petrographic examination detailed electron mi-
croprobe work was performed using a JEOL 8900 RL
following procedures described by Ginibre et al.
(2002a) and Triebold et al. (2006). Plagioclase zonation
is documented in BSE images where BSE intensity
increases with An content. An profiles were extracted
based on grey-scale calibrated BSE images. Major (Si,
Al, Ca, Na, K), minor (Ba, Sr, Fe) and trace (Ti, Mg)
quantitative point measurements of particular zones in
plagioclase from El Misti volcano were performed at
15 kV acceleration voltage, 40 nA beam current and a
beam size of 10 pum. Peak counting times for major
elements other than Ca (30 s) were 15 s and for minor
and trace elements were either 150 s (Ba, Ti, Fe) or
300 s (Mg, Sr) (trace mode). To provide complete
plagioclase microprobe analyses all elements are
presented in the supplementary data set. However,
this paper specifically deals with the Fe—Mg and An
contents in these plagioclases. Tests with variable beam
currents to assess Na loss were performed on
homogenous plagioclase. Despite the high current no
significant Na loss was detected when analyzing the
alkali elements first. Measurements were performed
directly inboard and outboard of major resorption
interfaces. Contrasts between cores and rims were large
for Andahua samples, therefore lower precision
measurements were sufficient. For these samples
measurements were performed at 15 nA beam current
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Location, ages, rock types, whole rock, and glass compositions for samples from El Misti volcano

Whole rocks

Sample  MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS-
02-109 02-13 02-118 02-111 02-113 02-04 02-02 99-10A  99-10B  02-05 02-07
Age Historic ~ <1.5 1.5-13.6 1.5-13.7 c. 13.7 ~34 14-25 34 34 ~48 ~49
(ka)®
Rock Andesite  Dense Andesite  Andesite Andesite Grey Rhyolitic  Mixed Mixed Andesite  Andesite
type  plug andesite  flow flow flow pumice  pumice pumice  pumice from flow
from from from dome
scoria scoria scoria collapse
flow flow flow breccia
Locality Inside Bomb Young Near Near Queb. Chiguata  Queb. Queb. Base of  Queb.
active from flow crater crater Pastores  Surge Pastores  Pastores section Aguada
crater explosion into above above Queb. Salada
breccia Rio unconformity  unconformity Pastores
near Chili
summit
Major elements [wt.%]
SiO, 58.10 58.00 57.10 59.20 58.30 58.40 68.67 58.00 59.50 61.20 60.40
TiO, 0.89 1.00 0.94 0.79 0.86 0.72 0.19 0.89 0.73 0.62 0.75
AlLO3 16.70 16.90 17.20 17.40 17.10 16.80 14.30 17.20 17.50 17.00 17.10
FeO 6.69 6.15 6.24 5.61 5.75 5.22 1.31 5.90 5.49 4.65 5.29
MnO 0.12 0.10 0.10 0.09 0.09 0.09 0.09 0.10 0.10 0.09 0.10
MgO 3.15 3.83 3.54 2.94 3.29 2.88 0.45 3.32 2.94 2.29 2.63
CaO 5.88 6.03 6.34 5.66 5.39 5.34 1.46 597 5.75 4.79 5.36
Na,O 4.28 4.09 4.13 423 4.01 3.78 438 4.30 4.18 432 4.48
K,0 1.81 2.29 2.11 2.22 2.42 2.13 3.64 2.08 2.13 2.53 2.24
P,0s 0.29 0.33 0.31 0.27 0.30 0.25 0.14 0.30 0.25 0.25 0.28
Trace elements [ppm]
Nb 5 9 4 5 5 6 8 4 6 8 4
Zr 168 188 165 158 184 158 129 162 146 179 171
Y 13 16 10 13 15 10 10 14 13 19 14
Sr 834 932 890 860 894 772 348 862 786 813 822
Rb 28 45 40 44 53 42 74 35 38 12 41
Ga 22 22 24 22 23 24 16 22 20 22 22
Zn 101 88 85 84 90 84 53 80 74 76 84
Cu 36 78 96 96 156 81 77 68 53 70
Ni 15 45 31 22 33 23 2 31 23 17 18
Co 21 25 22 24 23 18 20 18 12 22
Cr 22 65 27 22 57 45 6 57 25 20 15
\% 152 164 164 137 151 127 8 147 125 100 126
Ba 881 1059 931 978 1114 978 1109 983 935 1128 1013
Sc 16 20 20 15 13 17 1 13 16 12 8
? Glass compositions from multiple microprobe analyses, N=number of analyses.
® Ages according to Thouret et al. (2001).
and a beam size of 5 um at the same acceleration 4. Results

voltage. Peak counting times ranged between 15 and

30 s (major-element mode). 2o errors for the 393 trace

mode measurements average 1.1+/—0.10% and 4.2+/

—1.1% for Ca and Fe, respectively. For major-element
mode analyses the 2o errors average 1.8+/—0.42% and
13.5+/=5.5%, respectively.

4.1. Geochemistry

El Misti volcanics fall near the boundary of typical
Quaternary, high-K calc-alkaline volcanics and the medi-
um-K field (Fig. 2). Whole rocks are mostly andesite to
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Glass*®
MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS- MIS-
02-106 02-105 02-104 02-103 02-102 02-101 02-107 02-116 02-117 02-109 02-104 02-117
70-112 70-112  70-112  70-112 70-112 70-112 ~112 >112 >112 Historic 70-112  >112
Andesite  Grey Black Andesite  Andesite  Andesite  Andesite ~ Andesite  Andesite = Andesite = Black Andesite
flow mixed andesite  flow flow flow flow block scoria plug andesite  scoria
pumice  scoria from flow scoria flow
breccia
Upper Upper Upper Upper Upper Upper Upper Middle Queb. Andesite  Upper Queb.
Queb. Queb. Queb. Queb. Queb. Queb. Queb. Queb. Rio plug Queb. Rio
Rio Rio Rio Rio Rio Rio Rio Rio Chili inside Rio Chili
Chile, Chile, Chile, Chile, Chile, Chile, Chile, Chili active Chile,
base of base of  base of  base of base of base of base of crater base of
cone cone cone cone cone cone cone cone
N=5 N=4 N=4
62.30 58.30 58.10 60.00 60.20 61.50 59.20 58.30 59.10 69.96 62.27 68.08
0.55 0.80 0.90 0.75 0.76 0.68 0.78 0.87 0.82 0.77 0.75 0.63
17.40 16.90 17.10 16.90 17.20 16.90 17.40 17.00 16.70 12.94 16.54 14.90
441 5.45 5.80 5.31 5.37 5.05 5.54 6.08 5.45 3.00 421 2.61
0.10 0.09 0.09 0.09 0.10 0.10 0.09 0.10 0.09 0.07 0.08 0.05
1.69 3.07 3.29 2.80 2.78 2.66 2.66 3.25 3.05 0.39 1.67 0.74
4.81 5.70 6.03 5.46 5.42 5.10 5.65 5.97 5.48 0.83 3.89 2.05
4.52 4.01 431 4.07 4.29 4.12 4.04 4.04 4.19 4.53 4.81 4.55
2.47 2.20 2.20 2.46 2.25 243 2.26 2.13 2.27 4.76 3.02 4.25
0.28 0.27 0.30 0.27 0.27 0.24 0.31 0.27 0.27
7 8 6 8 6 8 8 6 8
188 163 181 175 164 161 163 162 165
11 13 12 10 14 12 10 13 15
833 826 910 806 797 752 868 785 787
53 47 42 46 43 48 43 40 42
20 21 23 22 23 22 22 24 23
80 85 87 84 77 72 104 88 77
28 68 78 49 81 62 48 81 58
4 24 29 24 18 17 15 25 25
12 27 21 17 17 19 21 25 27
3 26 40 39 22 26 23 34 38 0.55 0.66 0.95
80 147 147 122 125 118 123 152 134
1074 968 1028 1080 982 1021 990 916 980
10 12 16 14 15 13 17 15 17

silicic andesite in composition (Table 1). AVF rocks are all
high-K, calc-alkaline. They are distinct in major-element
composition from El Misti by their higher K,O and FeO*/
MgO ratios at a given silica content.

Major-element compositions for plagioclases are
presented in the supplementary data. Most El
Misti plagioclases have intermediate plagioclase com-

positions ranging from An40 to An80, some are more
restricted (Fig. 3). The rhyolitic pumice of the Chiguata
Surge (MIS-02-02) has feldspars with lowest An
contents of An20 to An30.

The plagioclases from Andahua lavas range from An30
to An60. The cores are lower in An than the rims (Fig. 3j)
producing a bimodal compositions of cores and rims.
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4.2. Plagioclase growth pattern

A total of 398 different plagioclases were imaged
with BSE technique from which only a small represen-
tative selection of the major types of growth patterns is
presented here (Fig. 3) (A comprehensive image
collection is available as Image CD upon request from
the first author). There are large variations in growth
textures within and between samples, but feldspars
selected here cover the important types and are
representative for the large sample set of the volcano.
Multiple plagioclase types have been identified in most
samples from El Misti (Table 2). In contrast, AVF lavas
are characterized by one single population only.

Fig. 3 shows BSE images of thirteen typical plagio-
clase phenocrysts from three samples. Many samples are
characterized by plagioclase with complex resorption and
growth features, e.g. MIS-02-102 (Fig. 3a—d), MIS-02-05
(Fig. 3e—i). By contrast the sample from the Recent El
Misti plug (MIS-02-109; Fig. 3k—n) and samples from
Andahua Volcanic Field (Fig. 3j) have surprisingly simple
and similar growth patterns. (Table 1).

The most common core features are (1) sieved-
textured, (2) high An, sometimes partly resorbed, (3)
low An and (4) normally zoned. Cores can have several
of those features combined, with the exception of
mutually exclusive features, like low vs. high An.
Plagioclase populations with high An cores of (1) and
(2) occur in all studied rocks from the entire strati-
graphic sequence. The cores typically comprise up to
50% of the distance from core to rim. Rims and mantles
are much more variable and can be characterized by
their distinct resorption and growth features. Resorption
features include (5) rough and irregular interfaces, (6)
sharp and straight interfaces, (7) resorption—regrowth
zones similar to sieve-textures, and (8) narrow growth
bands with an An saw-tooth pattern. These saw-tooth
patterns are characterized by multiple normally zoned
growth bands separated by subtle resorption interfaces,
where the An contents suddenly jump back to high An.
Further growth features are divided into (9) reverse trend,
(10) An spikes, (11) high-frequency oscillatory varia-
tions, (12) low-frequency variations, (13) low amplitude
variations, (14) step-wise zonation, (15) homogeneous
An content and (16) low An contrasts. The crystal shape
also indicates whether the final stage was dominated by
growth (17: euhedral) or by resorption (18: anhedral).
Major resorption events are characterized by a large
sudden increase in An content. A table with crystal size
information as well as visually based resorption event
interpretations for the investigated phenocrysts is
available in the supplementary data set.

Amphibole is present in most samples. Sometimes it is
chemically zoned, though it is much more homogeneous
than plagioclase based on BSE images and unpublished
major-element composition data. Several tens of micron
thick reaction rims associated with the breakdown of
amphibole to plagioclase, magnetite, pyroxene and melt is
predominant in the samples. However, a few samples lack
such reaction rims completely. Of particular interest in this
respect is a scoria from Quebrada Pastores (MIS-99-10a
and MIS-99-10b). These two samples show macroscopic
signs of mixing, where sample MIS-99-10a is the mafic and
MIS-99-10b the silicic end-member. Indicative for a mafic
recharge are the pristine amphibole crystals in MIS-99-10a,
while the amphiboles from the silicic mixing end-member
do have breakdown rims. Therefore, the silicic was resident
for some time under shallow conditions (Fig. 4).

4.3. An—Fe systematics of El Misti plagioclase
phenocrysts

Iron—anorthite systematics lend themselves to sepa-
rating chemical versus thermal effects of magma mixing
(Ginibre et al., 2002a). Fe is not a major element in
feldspars; its concentration depends only on melt
composition and degree of oxidation. We put particular
focus on the Fe-trace element composition in those
growth zones that lie outboard of a resorption event
towards the rim because we expect valuable information
on the causes of resorption from these data.

5.0
basic! intermediate I acid e
454 !
4.0+
3.54
)
Z 3.0
? 251
2
Q 2.04
)
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1.04 * | - CVZQuaternary Volcanics
+ El Misti (Legrende, 1999)
0.5 1 — | & EIMisti (this study and unpublished data)
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Fig. 2. Alkali-silica diagram normalized to 100% for samples from El
Misti, Andahua Volcanic Field and volcanic centres from the Central
Andean Volcanic Zone (G. Worner, unpublished data set). Most sam-
ples are high-K calc-alkaline. Andahua samples (from Delacour et al.
(2007)) have high K,O for a given SiO,-content.
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Representative An profiles for EI Misti volcano and
corresponding Fe concentrations for spot measurements
for thirteen plagioclases from MIS-02-102 and MIS-02-
05, MIS-02-109 are given in Fig. 3.

The simple-textured plagioclases of the plug (MIS-
02-109) are characterized by a single main resorption
zone with a jump from An40 to An60. Minor resorp-
tions in the core are associated with only a slight
increase in An content. The major resorption event is
correlated with a 3-fold increase in Fe (Fig. 3k—n), while
the minor ones do not show significant Fe variations
(Fig. 3n).

A second set of An profiles belongs to plagioclase
phenocrysts of MIS-02-102 (Fig. 3a—d), a lava from
close to the base of the El Misti sequence. These
phenocrysts share a few features observed in MIS-02-
109. In particular, some phenocrysts have one major
resorption (Plg2 and Plgl16). A second type has slightly
more complex crystals (Plg4 and Plgl4), comprised of
multiple resorption events. Fe content is increasing
across the major resorption interfaces by a factor of 2
for crystals like Plg2 and Plgl6. More complex crystals
(Plgd and Plgl4) also show an increase in Fe
concentration towards the rim, though more gradual
and with a smaller total variation.

Phenocrysts of MIS-02-05 (Fig. 3e—i) are also com-
plexly zoned. Up to eight resorption events have been
identified with maximum An contrasts of 20 mol%.
However, in contrast to EI Misti plug (MIS-02-109) and
MIS-02-102, no Fe variations are associated with the
frequent resorption interfaces. Instead, Fe concentrations
scatter around 0.4 wt.%.

5. Discussion

5.1. Magmatic processes recorded in An zonation
pattern

Crystallisation at El Misti occurs around 900 to
950 °C and 2 to 3 kbar with oxygen fugacities varying
from —12.3 to —10.8 for log fO, (Legrende, 1999).
Maximum water solubility for andesitic to dacitic
magmas ranges from 5.1 wt.% to 6.0 wt.% using a
standard Burnham model (Burnham, 1994; Holloway
and Blank, 1994). For limited late-stage degassing
water-undersaturation of El Misti magmas is assumed.

Plagioclase crystallisation can either be caused by
decompression/degassing or by cooling (Nelson and
Montana, 1992; Hammer and Rutherford, 2002).
Therefore, An variations in plagioclase are potentially
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Fig. 3. BSE images, An profiles and Fe concentration of plagioclase phenocrysts from (a—d) MIS-02-102 (early El Misti), (e—1) MIS-02-05 (<34 ka)
and (k—n) MIS-02-109 (plug). The plagioclase population of the plug is very similar to phenocryst populations from the monogentic cones in the
Andahua Volcanic Field (Fig. 3j; see also Fig. 7, Table 2). White points and lines represent spot measurements and An profile sampling, respectively.
Some of the main growth features are displayed in these phenocrysts: i, rough interface; ii, sharp interface; iii, resorption—regrowth zone; iv, saw-
tooth pattern; v, low-frequency variations. The term resorption zone (RZ) corresponds to a zone directly inbound of a resorption interface. Growth
zone (GZ) consequentially refers to a growth zone just outbound of a resorption interface. Note the Fe concentration variation across resorption
features. MIS-02-109 and MIS-02-102 is dominated by An—Fe correlations, MIS-02-05 shows small, almost constant Fe concentrations with
changing An content. (R) (An and Fe variation) and (r) (only An variation) in the An profiles mark resorption events identified in the BSE images.
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Fig. 3 (continued ).

controlled by temperature, pH,O and magma composi- given liquid composition (Housh and Luhr, 1991;
tion. With higher pH,O and/or higher temperature Brown and Parsons, 1994).

plagioclase An contents will be higher. Lithospheric Three main

mechanisms can be responsible for com-

pressure, however, has little effect on plagioclase at a positional variations in plagioclase assuming that the
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Open vs. closed-system behaviour. Samples are in stratigraphic order, for compositional data and ages see Table 1

151

Sample Rock type Deposit Average Open vs. closed behaviour® Plagioclase populations
(AFe/AAn)
resorption®
MIS-02-109 Andesite plug Inside active crater 0.039 Open 1
MIS-02-13 Dense andesite Bomb from explosion 0.006 Mainly closed (one phenocrysts 2
breccia near summit shows late open-system)
MIS-02-118 Andesite flow Young flow down into 0.008 Mainly closed (one phenocrysts 2
Queb. Rio Chili shows late open-system)
MIS-02-111 Andesite flow Near crater 0.035 Late-stage open 2
above unconformity
MIS-02-113 Andesite flow Near crater 0.018 Late-stage open 2
above unconformity
MIS-02-04 Grey pumice Queb. Pastores 0.001 Closed 2
from scoria flow
MIS-02-02 Dacite pumice Queb. Pastores 1
MIS-99-10a Mixed pumice Queb. Pastores 0.013 Open 5
from scoria flow
MIS-99-10b Mixed pumice Queb. Pastores 0.009 Open 3
from scoria flow
MIS-02-05 Andesite from Base of section 0.001 Closed 3
dome collapse Queb. Pastores
breccia
MIS-02-07 Andesite flow Queb. Aguada Salada 0.002 Closed 3
MIS-02-106 Andesite flow Upper Queb. Rio Chile, 0.002 Closed 3
base of cone
MIS-02-105 Grey mixed Upper Queb. Rio Chile, Not enough measurements 1
pumice base of cone
MIS-02-104 Black Upper Queb. Rio Chile, 0.003 Closed 2
andesite scoria base of cone
MIS-02-103 Andesite flow Upper Queb. Rio Chile, 0.016 Minor open 3
base of cone (two phenocrysts in mantle)
MIS-02-102 Andesite flow Upper Queb. Rio Chile, 0.016 Open 3
base of cone
MIS-02-101 Andesite flow Upper Queb. Rio Chile, 0.009 Open 4
base of cone
MIS-02-107 Andesite flow Upper Queb. Rio Chile, —0.002 Closed 2
base of cone
MIS-02-116 Andesite block Middle Queb. Rio Chili 0.061 Mainly open 2
from breccia
MIS-02-117 Andesite Queb. Rio Chili 0.002 Closed 3
scoria flow
ANDO1 Andesite flow Puca Mauras Cone 0.035 Open 1
ANDOS Andesite flow Puca Mauras Cone 0.015 Open 1
ANDI10 Andesite flow Puca Mauras Cone 0.015 Open 1

# Average is calculated from single An—Fe slope across major resorption events in Fig. 7.
° Inferred from average An—Fe slope.

magma system beneath EI Misti volcano consists of one

major interconnected reservoir:

(1a) Decompression during magma ascent may occur
in distinct steps resulting in variable An contents
during crystallisation. Decompression—crystalli-
sation can cause heating of the magma due to
release of latent heat (Blundy et al., 2006) and thus
also lead to increasing An contents during

plagioclase crystallisation. Stagnation, subsequent
cooling and— in rare cases— degassing at the water-
saturation point may lead to lower An content.
Since ascent and degassing also results in the
breakdown of amphibole (Rutherford and Hill,
1993), we will also shortly consider such evidence
for amphibole destabilisation below to better
constrain the causes of plagioclase resorption

events.
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(1b) Underplating of a recharge magma that provides
only heat to the host magma and causes thermal
convection (plumes) within the overlying, more
evolved magma (Couch et al., 2001). Concurrent-
ly, cold plumes may generate in crystal-laden
areas within the magma and descend into lenses
with higher melt content (Marsh, 1989; Singer
et al., 1995; Triebold et al., 2006). These crystal-
laden plumes may transport crystals from the
cooler boundary layer into the main melt volume
(Marsh, 1988; Jaupart and Tait, 1995). Couch
et al. (2001) used the term “self-mixing” for this
process. Since thermal effects dominate convec-
tion leading to mixing of magmas with different
temperatures but only low compositional contrast,
we prefer the term “thermal mixing”. Depending
on the time scales of mixing and crystallisation An
contents will vary during such “thermal mixing”
in the phenocrysts and record for short mixing
time scales only the initial and final thermal

RRBl (2) MIS-99-10a_Hbl4

Fig. 4. Amphibole in the (a) mafic MIS-99-10a and the (b) silicic MIS-
99-10b. The amphiboles in the silicic samples show prominent reac-
tion rims.

conditions. For prolonged mixing processes
transient variations may also be recorded. Am-
phibole is less affected by a temperature increase
from underplating magma unless temperatures in
the host magma exceed its stability conditions.
Nevertheless, the preservation of amphibole
during a replenishment event cannot rule out the
mechanism of hotter more mafic intrusions as
viable for the evolution of El Misti magmas since
observed breakdown rims in amphibole can be
caused much later during ascent. It has been
shown that reaction rims in amphibole develop
within days to weeks (Rutherford and Hill, 1993).

(2) Mixing with chemically different magma is a
modification of mechanism (1b). While under-
plating only causes heat transfer to the host magma
and mass transfer is restricted to volatiles, mixing
with recharge magma may also include mass
transfer of liquid and solid phases. Therefore, this
mechanism will generate An variations due to
temperature variations as well as to composition.
Possible mechanisms have been proposed by
Bergantz and Breidenthal (2001) and Snyder and
Tait (1996) envisioning vesiculation of the mafic
magma and convective entrainment due to viscous
drag. This mechanism is here called “composi-
tional mixing”.

In summary, An variations during plagioclase crys-
tallisation within the magma are expected for both,
closed-system (heat transfer and decompression) and
open-system processes (recharge), and therefore An
variations alone cannot distinguish between closed and
open-system behaviour.

5.2. Do fO, variations in El Misti magmas affect Fe in
plagioclase phenocrysts?

Closed- or open-system effects on magma evolution
can be recorded by trace element composition in
plagioclase. For example, constant compositions in the
host melt will be reflected by constant trace element
contents in the plagioclase, even though the plagioclase
may have variable An due to changes in T and H,O-
content. If, by contrast, trace elements change with
variable An, then zonations will reflect chemically
open-system behaviour.

Trace elements incorporated into plagioclase can be
divided into two groups: (1) elements that take part in
substitution reactions (e.g. Sr for Ca in plagioclase), and
(2) elements that are mostly incorporated since they are
major components of the liquid (e.g. Fe or Mg in
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plagioclase) but do not easily fit onto a lattice site based
on the elastic-strain model of Blundy and Wood (1994).

The concentrations of the second group of trace
elements in plagioclase, e.g. Fe and Mg, depend mostly
on the concentration of the element in the host melt
(Ginibre et al., 2002a,b). In addition, Bindeman et al.
(1998) and Wilke and Behrens (1999) have shown that
Fe partitioning into plagioclase is strongly dependent on
the oxygen fugacity fO,, temperature, An- and H,O-
content. Based on their data Fe partitioning for
plagioclase should decrease for decreasing fO,, and
increase with temperature and An content. Thus, Fe and
An should be inversely correlated for constant fO,.

Integrating fO,-independent Mg data from EI Misti
with Fe data provides the important constraints. Sugawara
(2000, 2001) present evidence for only minor Kp
variation at constant oxygen fugacity of Mg and Fe in
plagioclase over the entire range of An content (K,l\),}épe).
Thus, the Mg—Fe pair is suitable to assess variations in
f0O,. An independent test of the fO, variations can also be
done using experimental data of Bindeman et al. (1998)
and Wilke and Behrens (1999). Key parameters that are
used to assess the effect of fO, variations on Fe
partitioning in plagioclase are given in Table 3.

Our data show a similar behaviour for Mg and Fe in
plagioclase of El Misti (Fig. 7). The majority of crystals
analysed show flat to slightly positive correlations
between An and Fe. An and Mg are weakly negatively
correlated. The effect of changing fO, on Fe contents
will now be assessed based on published experimental
studies. For this, we assume a constant Fe/Mg ratio in
the liquid and a constant Ky, for Mg and Fe in plagio-
clase for a given fO,. Using the linear relationship
between fO, and KﬂgFe (Sugawara, 2001; Fig. 3) at
AQFM-5 to 5 we calculate the limits of possible changes
in fO, from the observed An—Fe variations (Fig. 7) to be
only 0.9 to 2.0 log units. An independent estimate is
based on experimental Dg. data of Bindeman et al.
(1998) which we modified to give the form:

1n Dpe = 7.59 4 8.2 10> An[mol%)]
+6.2-107°T[K]. (1)

Given the observed An values and temperatures
consistent with the El Misti system (Table 2) results in a
discrepancy of 0.14 and 0.28 AlogDr. between observed
trends in Fig. 7 and log D, calculated from the Bindeman
et al. (1998) data. This corresponds to a maximum fO,
variation of 0.9 to 1.7 log units fO,, respectively (Wilke
and Behrens, 1999; Fig. 5b). Thus our result using the
combined Bindeman et al. (1998) and Wilke and Behrens
(1999) studies is in good agreement with the independent

Table 3
a: Model parameters in plagioclase to assess fO, variations on Fe
content based on Sugawara (2001)

Prior resorption After resorption

An [mol%] 40 75
MgO [ppm] 520 400
Mg [umol/g] 13 10

Horizontal case®

FeO [wt.%] 0.425 0.433
Fe [umol/g] 59 60
(Fe/Mg)pi, 4.6 6.1
(Fe/Mg) an75/(Fe/An)anao 1.3°
A log(f0,) 0.9°
Slightly positive case®

FeO [wt.%] 0.425 0.600
Fe [pmol/g] 59 83
(Fe/Mg)pi, 4.6 8.4
(Fe/Mg) w7/ (Fe/An) snao 1.8 °
A log(f0y) 20°

b. Model parameters in plagioclase to assess oxygen fugacity
variations on Fe content associated with changes in temperature
based on Bindeman et al. (1998) and Wilke and Behrens (1999)

Prior resorption After resorption

An [mol%] 40 75
T 900 950
log Dg. € 0.149 0.016

Horizontal case®

FeO [wt.%] 0.425 0.433
Fe [umol/glops 59 60
Fe [umol/g]iq ¢ 42

Fe [Hm(’l/g]conslfOZ f 44

A log(f02) 0.9¢
Slightly positive case®

FeO [wt.%] 0.425 0.600
Fe [umol/g]ps ¢ 59 83
Fe [umol/gl;iq© 42

Fe [umol/gleonstroz " 44

A log(f0,) 1.7¢8

* Trends are taken from Fig. 7d.

b Relationship between (Fe/Mg)an7s/(Fe/An)ango and A log(f0O,)
taken from Fig. 3 of Sugawara (2001) using a linear approximation for
the data from AQFM -5 to +5.

¢ Partition coefficient taken from Eq. (1).

4 Based on trend from Fig. 7d.

¢ Using partition coeff. from Eq. (1) and observed Fe content in plag
at An40.

' Calculating the equilibrium Fe concentration assuming constant
oxygen fugacity and Fe content in the liquid.

¢ Relationship between Dg. and A log(f0O,) taken from Fig. 5b of
Wilke and Behrens (1999).

estimate based on Sugawara (2000, 2001), and both are
consistent with 1.5 log unit fO, variations deduced from
whole rock samples by Legrende (1999).
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Fig. 5. An—Fe patterns for closed- and open-system scenarios. a) In the thermal mixing and ascent scenario the Fe content is not affected, while An
varies due to temperature or pH,O variations. The small figures at the bottom correspond schematically to the Fe and An concentration profiles for
simplified exemplary plagioclase that experiences one resorption event. b) An—Fe patterns for the compositional mixing scenario. Fe and An
concentrations are both affected in the compositional mixing model. ¢) Combined An—Fe pattern for thermal mixing and compositional mixing.
Thermal mixing or ascent can occur on different Fe levels. This is dependant on variable proportions of previous mixing events or the degree of

differentiation inside the magmatic system.

Positively correlated trends for An and Fe steeper than
those just discussed cannot be simply explained by
changes in temperature, O, or pH,O. Thus other pro-
cesses such as compositional variations during differen-
tiation (or recharge and mixing) must be considered.

After Behrens et al. (1990) and Costa et al. (2003)
diffusion rates of Fe®" are about 3 orders of magnitude
slower than that of Mg implying that Mg should reach
equilibrium well before Fe. At full equilibrium Mg should
show strong negative correlations with An (Bindeman
et al., 1998), which is not observed for most plagioclases
at El Misti. Thus, Mg has not yet equilibrated suggesting
that Fe could not have been significantly affected by

diffusion. An important conclusion from this discussion is
that both, Mg and Fe can be used as a proxy for the degree
of differentiation in the melt (Ginibre et al., 2002b; Costa
et al., 2003).

5.3. Models to explain An—Fe variations

This section focuses on the combined An—Fe varia-
tions and discusses models that are consistent with trace
element variations observed in El Misti and AVF samples.
An—Mg variations can be interpreted in a similar way. The
three mechanisms introduced in Section 5.1 are now
discussed in more detail with respect to the trace element
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variations. However, one question has to be answered
first: Why is simple forward fractional crystallisation not
considered as a main mechanism for explaining the Fe—
An compositions in El Misti plagioclase? Changes in Fe
contents of the melt could also be caused by crystallisation
of the main phases in these magmas — plagioclase,
pyroxene and amphibole, Fe—Ti-oxides. To increase the
iron content in the melt by a factor of 1.5, more than 20%
of additional plagioclase crystallisation is necessary. This
is based on mass balance calculations from whole rock-
data and microprobe analyses of the present phases. Such
large percentages of crystallisation, however, force the
magma to dacitic or rhyodacitc compositions. These
compositions are rare at El Misti. Pyroxene, amphibole
and Fe-Ti oxide crystallisation are not capable of
elevating the Fe concentration in the melt, since they
have a partitioning for Fe larger than 1. Therefore, simple
fractional crystallisation is not further considered for the
Fe variations in plagioclase patterns observed at El Misti
and Andahua.

Thus we are left with two end-member scenarios
(closed- vs. open-system) to explain An—Fe zonation
patterns (Fig. 5):

(1a) Plagioclase will crystallize a more anorthitic
composition after an increase in pH,O due to
decompression-induced reheating (Blundy et al.,
20006). Subsequent cooling, degassing and adjust-
ment to a new pH,O may cause the An content to
continuously decrease until another decompres-
sion event. Fe compositions remain at similar
concentration over this growth interval (Fig. 5a)
only modified by small adjustments of fO, due
to changes in temperature and water content.

(1b) The same chemical effect is associated with
“thermal mixing” (Fig. 5a). If the plagioclase is
part of a crystal-laden cold plume, it settles
gravitationally or mixes with hot plumes originat-
ing at the boundary between the evolved host
magma and the hotter more mafic magma (Couch
et al., 2001). As a result, it will be partly resorbed
and grow a new more calcic rim in the hotter
environment. This plagioclase can then be trans-
ported up again within a hot plume generated at the
bottom of the evolved upper layer of the magma
system. In the cooler region crystals will again
crystallize An-poor rims. Such a process would
create abundant An contrasts and variable resorp-
tion morphologies. Since this mixing involves
magmas of thermal but not compositional con-
trast, Fe content will remain relatively constant
(Fig. 5a).

(2) The contrasting scenario for “compositional
mixing” (Fig. 5b) is characterized by partial or
complete homogenisation of two distinct mag-
mas. In this case the calcium content will record
the combined temperature, water and composi-
tional effects, resulting in an increase in An. Fe
and Mg in plagioclase will change according to
changes in melt composition (Fig. 5b). This con-
trasting behaviour allows distinguishing between
the compositional effect of thermal mixing and
decompression versus compositional mixing,
which we will explore in the following section.

5.4. Implications of An—Fe trends in El Misti plagioclase
for the dynamics of the magmatic system

Applying the model developed above to the data
presented in Fig. 3 reveals both, (a) a chemically closed-
system evolution with only decompression and thermal
effects and (b) the effects of open-system evolution with
respect to temperature, water and composition. Plagio-
clase from sample MIS-02-102 (Fig. 3a—d) and MIS-99-
10a/b (Fig. 6) shows steep An—Fe trends. This is ac-
companied by complexly zoned crystal populations and
suggests compositional mixing as the major process
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Fig. 6. a) An—Fe plot for mixed MIS-99-10a/b pumice samples. White,
black and grey symbols refer to growth zones, resorption zones, and
high An cores, respectively. Corresponding growth and resorption
zones are connected to assess the steepness of An—Fe variations across
aresorption interface. The numbers in parantheses refer to the different
types of plagioclase observed in this sample. This sample with macro-
scale heterogeneity records compositional mixing also on a microscale.
Some plagioclase phenocrysts fall completely into scenario 2 of Fig. 5.
Others may record a more hybrid stage of the magma. b) An—Fe plot for
MIS-02-05. This sample is best characterized by scenario 1. Horizontal
An—Fe trends characterize this sample.
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during magma evolution of these rocks. In particular
MIS-99-10a/b have a large variability in the An—Fe plot
(Fig. 6) indicating that crystals have grown in both,
evolved host, and more mafic hybrid magma. As ex-
pected, the mafic component (MIS-99-10a) is charac-
terized by high An, high Fe concentrations with the
exception of Plg6 that shows very low An concentra-
tions at intermediate Fe levels. The silicic component
(MIS-99-10b) has overall lower An and lower Fe
concentrations. Not all crystals show steep correlations
of An with Fe across a major resorption interface. Their
moderately positive trends can also be caused by fO,
variations; however in the light of the other An—Fe
pattern in these samples and the textural mingling of
two distinct magmas we prefer hybridization as mecha-
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nism for this sample. Thus, their intermediate An
content and shallower An—Fe pattern are a result of
reduced chemical and temperature contrasts due to
ongoing hybridization. Two out of three phenocrysts
(Plg 11, type IV; Plgl, type I) with steep pattern that
show strong compositional mixing most likely resided
in the silicic batch prior to mixing based on An—Fe
systematics. Plgl0 (type V) in the mafic end-member is
probably a phenocryst of the mafic batch. MIS-99-10a/
b demonstrated how a combination of hybridization
and differentiation as well as thermal mixing and ascent
can occur simultaneouosly, resulting in the stacked
horizontal trends in An—Fe diagrams as demonstrated
in the model (Fig. 5c) and observed in the data for the
entire study (Fig. 7).
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Fig. 7. a) An—Fe plot for the data of the large eruptions from El Misti volcano. White, black and grey color coding as in Fig. 6. Symbol shapes for
samples of Fig. 6 have been changed to group samples with similar stratigraphic position and geochemical signature together. b) An—Mg plot.
Corresponding growth and resorption zones are connected to display An—Mg variations across the resorption imterface. Dashed arrow is calculated as
arrows in the inset: Model calculations for An—Mg behaviour associated with compositional mixing. Trends are more negative than the trend for 10%
compositional mixing indicating that most samples show the closed-system evolution for An—Mg space. ¢) Connecting lines of growth and resorption
zones for the An—Fe system. Data points were omitted for clarity. In general, the large E1 Misti magma system is dominated by flat An—Fe trends that
are stacked at different Fe-levels. This indicates the dominance of closed-system behaviour (see text for further discussion). d) An—Fe plot for El Misti
plug and AVF lavas. All samples represent volumetrically small eruptions. From core (low An, low Fe) to rim samples show a strong Fe enrichment,
which is associated with a recharge event that triggered the eruption. The black lines represent the trends of data fields from Fig. 7c. Dashed arrows
display An—Fe variations that are consistent with changes in oxygen fugacity, but no compositional mixing. The arrows correspond to the horizontal

and slightly positive trends used for the oxygen fugacity assessment.
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MIS-02-05 (Fig. 3e—1) shows no signs of mafic input
and is mainly affected by thermal mixing and/or decom-
pression (Figs. 5a, 6). The observed An—Fe variations
across resorption events vary within the range that
can be explained by changes in fO, as outlined in
Section 5.2.

Feldspars from EI Misti plug (MIS-02-109; Fig. 3k—n)
and AVF record the most extreme examples for compo-
sitional mixing. It is important to note that they both
represent small erupted volumes (Fig. 5b: scenario 2). Data
cluster into two groups. Low-Fe homogeneous An-poor
cores are overgrown by high-Fe An-rich rims as a result of
compositional mixing and possibly decompression.

5.5. Large system vs. small system behaviour

The An-Fe systematics and the closed- vs. open-
system behaviour will now be discussed separately for
the large El Misti magma system and the small centers
for the Andahua valley. The plug inside the historic
crater is discussed together with the data of AVF since
its eruptive volume is also very small and plagioclase
zonation patterns are similar to those of Andahua lavas.
Compiled Fe and Mg data for samples from El Misti
reveal that most growth zones in the El Misti volcano
data define subhorizontal An—Fe trends across major
resorption interfaces as demonstrated for MIS-02-05
(Fig. 7a—c). According to Section 5.1 this indicates
changes in temperature, pH,O and oxygen fugacity but
not in bulk composition. An—Mg trends are slightly
negatively correlated, thus supporting the interpreta-
tion of limited compositional mixing (Fig. 7b). In fact,
we can use the slopes of these trends in Fig. 7b and
the partitioning relationship for Mg in plagioclase of
Bindeman et al. (1998) to assess the role of composi-
tional mixing for samples of El Misti. For a plagioclase
of An40 containing 400 ppm MgO we calculate a
intermediate liquid MgO content of 1.02 wt.%. Using
the glass composition of MIS-02-104 as our best esti-
mate for a typical El Misti mafic end-member we
calculate an MgO content of 347 to 525 ppm in a
plagioclase of An70 experiencing 0 to 80% composi-
tional hypothetical mixing, respectively (insert in
Fig. 7b). These calculations agree with limited com-
positional mixing as observed in the measured trends.
Only 10 to 20% of mafic magma would strongly affect
the slope of An—Mg trends, which is not observed
in Fig. 7b.

The observed trends show stacks of horizontal lines
(constant Fe, decreasing Mg with increasing An), which
indicates that crystals record mostly closed-system
evolution. However, the Fe-level of these horizontal

trends varies considerable through time and between
individual eruptive events. This suggests that replenish-
ment through mafic recharge does in fact occur but
remains cryptic and is not typically preserved in
individual grains. Therefore, because mixing is not
recorded by the phenocrysts, the typical time scale for
recharge, mixing and complete homogenisation of the
system is much larger than that of plagioclase crystal-
lisation or it is not at all associated with plagioclase
crystallisation. This is consistent with findings by
Humphreys et al. (2006). Bindeman (1993) used mineral
zonation patterns to estimate recharge volumes for
volcanoes from the Kuriles—Kamchatka Arc. Typically
for these examples the maximum recharge that intruded
and actually mixed with a more differentiated resident
magma in the reservoir does not exceed 10%.

If the volume of incorporated magma in fact repre-
sents the entire recharge volume, then such relatively
small volumes may be easily accommodated in the main
magma reservoir without immediate eruption. In partic-
ular, the accommodation is facilitated if the magma is
water-oversaturated and contains compressible vesicles.
Any cryptically mixed magma has to be less than 10% of
the overall reservoir volume otherwise significant— and
larger than observed— changes in the Mg content in
plagioclase would be an expected consequence. This
estimate is based on the composition of MIS-02-104,
which is a typical mafic end-member at El Misti. More
mafic end-members would require even smaller input
volumes for mixing to remain cryptic in nature.

Singer et al. (1995) have seen similar closed-system
behaviour for a single dacite flow at Volcan Tatara, which
show constant An—Fe and decreasing An—Mg trends in
plagioclase. They attribute this pattern to convective flow
in a closed magma chamber to explain the observed Fe
and Mg zonations. However, if this was the only process,
it cannot explain such Fe—-Mg—An zonations in plagio-
clase from lavas throughout the eruptive history of a
mature stratovolcano. Therefore, some cryptic component
of recharge and mixing is needed to keep the system
thermally alive.

The small eruptive volumes represented by mono-
genetic centres of the Andahua valley and most recent El
Misti plug clearly document different processes, be-
cause their plagioclases have steeply correlated An—Fe
trends (Figs. 7d, 8, Table 2). fO, variations cannot
explain such pattern since these would require changes
of up to 5 log units in fO, (Table 2). In addition, An—Mg
data for El Misti plug shows a pattern similar to An—Fe
suggesting the Fe variations are independent of fO,
(Fig. 7b). The uniformly steep An—Fe pattern within
and— with few exceptions— between samples across
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Fig. 8. Resorption events (resorption interfaces in El Misti plagioclase) vs. crystal residence time for two different growth rates (dark grey circles:
10~ % cm/s; white circles: 10 '? cm/s). Based on their crystal sizes, crystals are plotted at their corresponding residence time (see supplementary data).
The linear eruption model has been calculated from the cone volume of El Misti and the estimated average volume of lava flows for El Misti ages of
112 ka (light grey diamonds) and 830 ka (dark grey diamonds). Based on this model a 500 um model plagioclase (large triangles) should experience
zero to eight resorption events in its residence time, assuming a growth rate of 10~ and 10™'? cm/s, respectively.

only one major resorption zone are interpreted as being
caused by a major recharge and compositional mixing
event (Fig. 7d). Evidently, this recharge is also the
triggering event for eruption since the rims are only10 to
20 pm wide. This suggests a time lag between mixing
and eruption of only 1 day to 64 years based on a typical
range of growth rates (Cashman, 1990; Davidson and
Tepley, 1997). Similar time scales can be obtained from
Mg diffusion time scales using the relation x*=Dr.
Here, D is the diffusion coefficient for Mg in plagioclase
and x is the half width of the diffusional gradient (Costa
et al., 2003). With a D of 3.5-10 > pm?/s for An60 and,
a typical temperature for El Misti of 950 °C (Legrende,
1999) we obtain for the time between rim crystallisation
and eruption 8 days to 1 month. This estimate is similar
to that based on the crystal growth rate.

Apparently, El Misti magmas are characterized by a
high frequency of decompression and/or thermal and
compositional mixing events, whereas the smaller Anda-
hua magmatic system is affected only by one single
recharge just prior to the eruption event. Thus the relative
importance, frequencies and compositional contrasts of
mixing are very different for these two types of systems.
For the bulk of the El Misti eruption products, recharge and
compositional mixing is apparently not a direct eruption

trigger because each of the crystals shows a multitude of
thermal mixing events in its history before they eventually
erupted (Fig. 3). Based on growth rates and the number of
resorption events per crystal, the importance of magma
recharge as eruption trigger is now assessed (Fig. 8). The
total number of thermal and cryptic mixing events and/or
degassing episodes corresponds to the number of major
resorption events. For a full documentation of all pheno-
crysts considered, see our supplementary data. Growth
rates in volcanic systems are expected to be within 10~ ° to
10~ "2 cm/s (Cashman, 1990; Davidson and Tepley, 1997).
Minimum crystal ages were calculated for each plagio-
clase from their size and this range of growth rates.
While for fast growth rates crystal ages range from one
month to one year, crystals in the slow case could have
ages of 1000 to 10,000 years. Recent estimates of
residence times for plagioclase crystals (Zellmer et al.,
2003) suggest that shorter ages and thus faster growth rates
may be more appropriate. This result can be compared
with the average eruption frequency of El Misti. The
eruption frequency was calculated by dividing the volume
of El Misti cone through the volume of an average lava
flow and the age of El Misti volcano. The age was taken to
be 112 ka, which marks the onset of the main cone-
building stage. The volume of around 80 km® is
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constrained by digital elevation models and field mapping.
The average volume (0.145 km®) for individual eruptions
was estimated from a typical lava flow covering a sector of
20°, a run out of 5 km, and a typical thickness of 50 m.
This linear eruption model is relatively robust compared to
large uncertainties in growth rates and results in an
eruption frequency of ~ 1/200 years '. Fig. 8 shows this
eruption model with respect to the number of resorption
events that should have occurred within a 500 um model
plagioclase for the two different growth rates.

The conclusions that can be taken from Fig. 8 for the
large system are that for slow growth rates the eruption
frequency equals the combined mixing/ascent frequency.
For faster and more appropriate growth rates the eruption
frequency is much smaller than the mixing frequency.
Hence, at intermediate crystal growth rates phenocrysts
survive on average several events of recharge, mixing and
decompression before eventually being erupted. Davidson
and Tepley (1997) also reported plagioclases from Chaos
Crags (California), Purico-Chascon (Chile) and El Chichon
(Mexico) that contain dissolution surfaces, which corre-
spond to events occurring more frequently than actual
eruptions. Therefore, mixing and step-wise decompres-
sion are the dominant mechanisms within the magma, but
clearly not each mixing or decompression event must
trigger an eruption from a large volcano. For the andesitic
Volcan San Pedro (36 °S, Chilean Andes) Costa and
Chakraborty (2004) also found multiple recharge events
that did not lead to eruption. Such system behaviour is in
particular true if crystal residence times are short (Zellmer
et al,, 2003) and if they record many resorption and
therefore mixing and decompression events. Thus, in case
of El Misti the observed magmatic pulses are mainly
recorded as thermal disturbances or decompression
events. This is consistent with extensive crystal dissolu-
tion within the host magma. Dissolution is most effective
during slow recharge, where thermal and pH,O equilibra-
tion can be obtained and armouring is minor, while
chemical homogenisation and mixing is sluggish (Binde-
man, 1993). Thus thermal mixing and ascent-stagnation
events without immediate eruption may be the typical
regime for a large magma system due to its volume
buffering capacity. Chemical homogenisation between
residing and recharge magma may then take place berw-
een the recharge and eruption events and may be of cryptic
nature (Humphreys et al., 2006). This results in stacked
flat An—Fe trends at different Fe levels.

6. How focussed is the El1 Misti magmatic system?

In Section 5 we have developed a model that is
capable to explain the An—Fe signatures observed in

plagioclase phenocrysts from El Misti. However, it is
still unresolved whether the magma reservoir is rep-
resented by one single magma chamber or by an in-
terconnected plexus of smaller reservoirs and dikes.
Plagioclase heterogeneities can also be produced in
small plumbing systems in which plagioclase popula-
tions of different batches are mixed. Such a mechanism
may even be more suitable to juxtapose different popu-
lations as is typically observed in many samples. Hence,
is a magma system with a series of contemporaneous
small volume reservoirs not more likely beneath the
volcano than one large magma reservoir?

There is currently no geophysical data of the ap-
propriate scale at El Misti that could argue for a large
magma chamber or a more complex plumbing system
beneath the volcano. Nevertheless, there are several
arguments in favour of a relatively large magma sys-
tems, which partly derive from considerations above. It
is often argued that orogenic batholiths represent the
magmatic systems beneath volcanic arcs (e.g. Sierra
Nevada, California: Clemens-Knott and Saleeby, 1999;
Coastal Batholith, Peru: Cobbing, 1982; Bussel and
Pitcher, 1985). These systems extend over hundreds of
kilometres and petrographic homogeneity can exceed
more than ten kilometres (Bussell and Pitcher, 1985).
Despite their compositional homogeneity, they probably
represent many individual magma batches. In addition,
Bussell and Pitcher (1985) report small individual
intrusive volumes of a few km® within the Peruvian
Coastal Batholith. Such volumes are appropriate for the
El Misti magma system if the reservoir is only partially
evacuated during any single eruption. Small scale com-
positional heterogeneities (less than 1 km) are rare in
orogenic batholiths and thus larger volumes of magma
reservoirs are indicated. Hence, field observations
support the possibility that magmatic arc systems may
be fed from single reservoirs at least several km?® in
volume. In addition to field constraints, thermal energy
considerations favour the large continuous magma sys-
tem. Small nested systems should solidify quite rapidly,
while larger systems are able to maintain a liquid state
over much longer timescales if intrusions are focussed
spatially but distributed in time (Petford and Gallagher,
2001). Fe—An systematics also favour the existence of
one main magma body. Mixing of different domains
either derived from distinct batches or caused by
variable physical and chemical conditions within a
continuous reservoir is necessary to produce heteroge-
neous plagioclase populations. Mixing of chemically
different magmas should result in a signature that would
be recorded by Fe—An systematics in plagioclase crys-
tals. Plagioclase An—Fe zonation of El Misti is
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consistent with a well-stirred system, in which intermit-
tent homogenisation is attained. Thus, it is most likely
that chemical variability persists in small systems while
homogenisation will occur in larger systems.

Recharge and mixing, however, must also occur
below El Misti to maintain the magmatic system active
over >100 ka. A possible explanation is the “delayed
entrainment” of recharge magma. In the first step this
magma provides only heat to drive thermal mixing.
During this stage the recharge magma will differentiate
and reduces its chemical and physical contrast to the
overlying residing magma. With time as density and
compositional contrasts diminish compositional mixing
of these two batches is more likely to occur. This pro-
cess will first result mostly in thermal effects in the
resident magma and magma recharge and mixing occurs
cryptically.

During the early stages of El Misti the compositional
variability within plagioclase phenocrysts was in fact
larger than in younger products. This could be due to
establishment of the main magma system by successive
intrusions at this stage. Later products then would be
better buffered thermally and compositionally than early
magma batches. Only occasionally compositional hete-
rogeneous batches, like MIS-99-10a/b, may be able to
pass the compositional filter that usually homogenizes
the magma system.

In addition, El Misti contains minor deposits of
evolved compositions, such as the rhyolitic Chiguata
Surge (Thouret et al., 2001). The most recent eruption of
the plug in the present crater and the distinct zonation
patterns of its phenocrysts also argue for the additional
existence of small crystal-poor magma pockets. The
production of such batches of crystal-poor melts can be
explained by filter-pressing (Sisson and Bacon, 1999) or
crystal compaction within a mush (Bachmann and
Bergantz, 2004) that allows extracting high-silica melts
from a high crystalline magma. Since both, the plug and
the rhyolitic surge were erupted from the central crater,
this observation suggests that small volumes may de-
velop independently and can bypass or segregate from
the large magma system. Whether or not this can happen
depends on the longer-term temperature evolution of the
system and could depend on the changing recharge rates
with time.

7. Conclusions

We have investigated an extensive suite of volcanic
rocks from EI Misti volcano and the AVF. Samples
cover the entire 112 kyrs of activity of El Misti volcano
and in case of the AVF are representative for the mo-

nogenetic cinder cones in Andahua Valley. Our ap-
proach is based on plagioclase zonation patterns and
trace element distributions within the plagioclase phe-
nocrysts. Plagioclase phenocrysts of El Misti volcanics
show large variations in their zonation patterns. Based
on An—Fe we can distinguish between (a) “thermal
mixing” (self-mixing) with a cryptical component of
magma replenishment and (b) “compositional mixing”,
in which chemically distinct batches mingle and hy-
bridize. Compositional mixing characterizes the early
stage of evolution (e.g. MIS-02-102). Samples from
younger stratigraphic units representing the mature
stage of stratocone building mostly show horizontal
trends in An—Fe space. The system is chemically buf-
fered by the large volume of resident magma. Only
occasionally subordinate compositional mixing is pre-
sent in younger samples.

The small ElI Misti plug and AVF monogenetic
centres are very different in their plagioclase zonation
patterns in having steep An—Fe correlations, which
reflect compositional mixing. In these small systems,
the mixing event always appears to have directly trig-
gered the eruption.

Evidence presented here for a thermally maturing
magma system has obvious implications for assessing
the conditions within reservoirs feeding large stratovol-
canoes and the hazard assessment of such systems.

Recharge events are not the dominant trigger for
volcanic eruption for the large system. The frequency of
resorption events and crystal growth rates reveals that
mixing (both thermal and chemical) as well as
decompression-stagnation episodes occur more fre-
quently in the system than eruptions. For fast crystal
growth rates, which are more consistent with evidence
for short residence times, plagioclase crystals record
many mixing events. This indicates that the time scale of
crystallisation is much longer than the time scale of
mixing and decompression within the magma system.
Crystals thus “survive” many mixing, decompression,
recharge and eruption events before they are eventually
erupted. If mixing and/or decompression occurs more
frequently than eruptions, then recharge cannot be the
(only) eruption trigger. Whereas the common presence of
mafic enclaves have been cited as arguments for magma
mingling triggering eruptions, our detailed studies now
demonstrate that mixing may be far more frequent than
eruptions. This casts some doubt on magma mixing as
the “standard” eruption trigger for large mature strato-
volcanoes. Several other parameters may play a role that
determine whether or not recharge leads to eruption: (1)
recharge volume, (2) recharge volatile content, (3)
recharge rate.
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