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Active volcanoes are typically fed by magmatic reservoirs situated within the upper crust. The
development of thermal and/or compositional gradients in such magma chambers may lead to vigorous
convection as inferred from theoretical models and evidence for magma mixing recorded in volcanic
rocks. Bi-directional flow is also inferred to prevail in the conduits of numerous persistently-active
volcanoes based on observed gas and thermal emissions at the surface, as well as experiments with
analogue models. However, more direct evidence for such exchange flows has hitherto been lacking.

Keywords: Here, we analyse the remarkable oscillatory zoning of anorthoclase feldspar megacrystals erupted from
convection the lava lake of Erebus volcano, Antarctica. A comprehensive approach, combining phase equilibria,
bi-directional flow solubility experiments and melt inclusion and textural analyses shows that the chemical profiles are best
megacrystal explained as a result of multiple episodes of magma transport between a deeper reservoir and the lava

anorthoclase
crystal zoning
melt inclusion

lake at the surface. Individual crystals have repeatedly travelled up-and-down the plumbing system, over
distances of up to several kilometers, presumably as a consequence of entrainment in the bulk magma
flow. Our findings thus corroborate the model of bi-directional flow in magmatic conduits. They also
imply contrasting flow regimes in reservoir and conduit, with vigorous convection in the former (regular
convective cycles of ~150 days at a speed of ~0.5 mms~') and more complex cycles of exchange flow
and re-entrainment in the latter. We estimate that typical, 1-cm-wide crystals should be at least 14 years
old, and can record several (from 1 to 3) complete cycles between the reservoir and the lava lake via the
conduit. This persistent recycling of phonolitic magma is likely sustained by CO; fluxing, suggesting that
accumulation of mafic magma in the lower crust is volumetrically more significant than that of evolved

magma within the edifice.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

tween two fluids of contrasting density and viscosity (Kazahaya
et al., 1994; Stevenson and Blake, 1998; Huppert and Hallworth,
2007; Beckett et al, 2011). These studies suggest that a sta-
ble bi-directional flow can develop in volcanic conduits, and re-
inforce interpretations of the magma dynamics of a number of
persistently degassing volcanoes (e.g., Oppenheimer et al., 2009;
Shinohara and Tanaka, 2012). Conduit convection suggests sub-
stantial endogenous growth of volcanoes (Francis et al., 1993;
Allard, 1997) and may explain melt inclusion trends associated

1. Introduction

Many volcanoes, such as Etna and Stromboli in Italy, persis-
tently emit prodigious quantities of gas and heat at the surface
without significant accompanying lava flows or tephra production
(Francis et al., 1993). The decoupling of gas and thermal energy
from the magma efflux has been investigated in several theoreti-
cal and experimental treatments that consider exchange flow be-

* Corresponding author at: ISTO, 7327 Université d’Orléans-CNRS-BRGM, 1A rue
de la Férollerie, 45071 Orléans cedex 2, France.
E-mail address: yves.moussallam@cnrs-orleans.fr (Y. Moussallam).
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with degassing volcanoes (Witham, 2011). While the conclusion
that magma convects in conduits feeding many open vent volca-
noes seems inescapable, direct evidence has been lacking.

0012-821X/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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The potential of zoned crystals to record chemical and physical
changes experienced by their host magma has long been recog-
nised (see review by Ginibre et al., 2007). Oscillatory zoning in
feldspar is a common phenomenon with several inferred origins.
Two main schools of thought have prevailed, originating from stud-
ies in the 1920s, and broadly evoke either extrinsic (Bowen, 1928)
or intrinsic (Harloff, 1927) mechanisms. The extrinsic school ar-
gues that zonation reflects changing pressure, temperature, com-
position and volatile content of the melt surrounding the crystal
via processes such as convection (e.g., Singer et al., 1995) and
episodic fluctuations in magma supply. The intrinsic school points
to the widely-observed lack of correlation of oscillatory layers be-
tween crystals (e.g., Wiebe, 1968; Shore and Fowler, 1996) and
argues instead that kinetic processes at the crystal-melt interface
are responsible for zonation (e.g., Allegre et al., 1981; L'Heureux
and Fowler, 1996). The kinetic models imply high degrees of un-
dercooling at the boundary layer and reproduce the typical saw-
tooth patterns revealed in electron microprobe (EMP) traverses of
oscillatory-zoned feldspar crystals. However, these intrinsic models
cannot reproduce low amplitude variations. Nor do they explain
multiple resorption episodes, evident in many oscillatory-zoned
crystals. Recent studies have highlighted how both mechanisms for
generating oscillatory zoning can be manifested in single crystals
(e.g. Viccaro et al, 2010), and have used mineral compositional
zoning to identify a variety of magmatic processes such as magma
recharge, mixing and degassing (e.g., Humphreys et al., 2006;
Charlier et al., 2008; Kahl et al., 2013).

Erebus volcano (Antarctica) is renowned for its long-lived
phonolitic lava lake, whose behaviour has been explained in terms
of the conduit exchange-flow model (Oppenheimer et al., 2009).
It is also remarkable for the impressive size to which its most
abundant mineral phase, anorthoclase feldspar, grows (Kyle, 1977;
Dunbar et al, 1994). These anorthoclase megacrystals (up to
10-cm-long) display exceptional oscillatory zoning and large (up to
600-um-diameter) melt inclusions (Fig. 1). In this study, we anal-
yse the major element composition of natural anorthoclase crystals
and major element and volatile compositions of enclosed melt in-
clusions, and compare them to anorthoclase crystals and associated
melts derived by phase equilibrium and solubility experiments. The
experimental data provide a tightly-constrained framework with
which to interpret the natural zoning and to retrace the growth
history of individual anorthoclase megacrystals.

We start with a brief overview of the Erebus phonolite phase
assemblage, including a description of the natural anorthoclase
megacrystals, and then describe the different experimental and
analytical methods used in this study. We present the results of
phase equilibrium experiments, and compare the chemistry of syn-
thetic and natural anorthoclase. We then describe solubility exper-
iments and their relation to analyses of melt inclusions and their
host zone within natural crystals. Lastly, we link the chemical zon-
ing in natural anorthoclase to the timescales of magma ascent and
descent.

2. Background information
2.1. Mineral assemblage

Erebus volcano (3794 m, 77.58°S, 161.17°E), hosts the world’s
only phonolitic lava lake. This lava lake appears to have been per-
sistently degassing since the volcano was first observed by James
Ross in 1841. This current passive activity is sporadically inter-
rupted by Strombolian explosions that eject fresh bombs on to the
crater rim. All bombs analysed since 1972 are virtually identical
in terms of mineral assemblage (with one exception) and whole
rock and matrix glass major, minor and trace elements (Kelly et al.,
2008). This chemical stability extends to older lava flows, such that

all lavas erupted from Erebus in the last 20 ka have the same com-
position (Kelly et al., 2008) making the volcano an ideal system to
investigate using experimental petrology tools at equilibrium con-
ditions.

Phonolite bombs are composed chiefly of vesicular matrix
glass (~67 vol%; fragile, easily disintegrated and microlite-free)
and anorthoclase feldspar (~30 vol%) with minor amounts of
titanomagnetite (~1.1 vol%), olivine (~0.8 vol%), clinopyroxene
(~0.6 vol%) and fluorapatite (~0.5 vol%), and lesser quantities of
pyrrhotite blebs (Kyle et al., 1992; Kelly et al., 2008). Of all mineral
phases (described in detailed by Kelly et al., 2008) anorthoclase is
the only mineral with compositional zoning.

2.2. Anorthoclase megacrystals

Euhedral anorthoclase feldspar in phonolite bombs are zoned
with respect to major (Fig. 1) and trace (Sumner, 2007) elements.
The compositional zoning occurs at a variety of scales: the lowest
frequency variations shown by some crystals (Fig. 2) have wave-
lengths of ~5 mm and amplitude of ~7 mol% (Or) while higher-
frequency variations have a typical wavelength of <800 pm and
amplitude of <4 mol%p,. Inter-zone variations are in the range
of Abgi_gs, Anyi_19, and Orqg_ps (with Ab, An and Or referring
to the albite, anorthite and orthoclase end members respectively;
Fig. 2). Small-scale elemental maps (Fig. 1) reveal embayment
at some zone boundaries, indicating resorption episodes. Hosted
in the anorthoclase crystals are large (usually <600 pm across)
phonolitic melt inclusions, typically trapped in single growth lay-
ers of the anorthoclase (Fig. 1). Natural anorthoclase megacrystals
presented in this study were manually separated from phonolitic
bombs erupted in 1984 and 2005 (Fig. S1; Table S1).

3. Methods
3.1. Phase equilibria and solubility experiments

The starting material (ERE 97018) used in all experiments is a
phonolitic bomb erupted in 1997 and collected at the crater rim
(described in Moussallam et al., 2013). All phase equilibria exper-
iments are described in Moussallam et al. (2013) and the present
study uses a subset of those experiments whose conditions closely
reproduced the natural mineral assemblage.

Water- and CO;-solubility experiments were conducted across a
range of pressures (50, 100, 200, and 300 MPa), temperatures (950
and 1000 °C), and Xn,o (mole fraction of water in the fluid phase,
from near 0 to 1) under reduced conditions (fO; ~ QFM or be-
low; with QFM being the quartz-fayalite-magnetite redox buffer).
We used internally-heated pressure vessels at the ISTO laboratory
in Orléans, which can reach pressures of up to 400 MPa under
controlled temperatures (up to 1200°C) and oxygen fugacity con-
ditions. The vessel was pressurised using an argon-hydrogen gas
mixture as the pressure medium to control redox state (Scaillet et
al., 1992). Heating was applied by a double-wound molybdenum
furnace creating a stable “hot-spot” zone. Two S-type thermocou-
ples located on either side of this 5-cm-long “hot-spot” permitted
precise control of the heating resistances thus preventing the es-
tablishment of thermal gradients.

Experimental charges consisted of natural anhydrous sample
powder (30 mg) with Xy,0j0aded [= mole fraction of H,O added
to the capsule, H,O/(H0+CO3)] varying from O to 1 (i.e. pure
CO, to pure H;0) and loaded in gold capsules (2 cm in length,
with 2.5 mm inner diameter and 2.9 mm outer diameter). The
capsules were wrapped in liquid nitrogen-soaked tissue to pre-
vent water loss and welded shut. For each experiment, six capsules
were placed in a sample holder hung by a thin Pt wire. The tem-
perature gradient along the “hot-spot” zone where the capsules
were located was always <2 °C. Rapid quenching was assured by
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Fig. 1. Upper panel: Potassium X-ray maps of a sectioned anorthoclase crystal (sample eb05027a2) showing remarkable oscillatory zoning. Irregularly-shaped melt inclusions
are clearly visible as brighter (K-rich) areas. Central panel: EMP transect reported in terms of orthoclase end member content (in %). The location of the transect in shown on
the X-ray map; the white circles show corresponding points between the analysis and the crystal. The starting point of the transect is the upper right portion of the crystal.
Gaps in the transect indicate the presence of melt inclusions. Lower panel: left hand side: Close-up potassium X-ray maps of area (a), the location of which is shown on
upper panel map. Notice the patchiness of the central zones (labelled ptch) and the embayed zone boundaries (labelled emb), both textures indicative of out of equilibrium,
resorption events. Right hand side: Close-up potassium X-ray maps of area (b), the location of which is shown on upper panel map. This map shows the strong contrast
between the last two zones closest to the rim of the crystal, the relatively straight boundary and gradual change of composition.

passing an electrical current to the holding Pt wire (Di Carlo et al.,
2006), such that the sample dropped into the cold part of the ves-
sel, providing a cooling rate of >100°Cs~!. After each experiment,
capsules were weighed to verify that no leakage had occurred.
They were then opened and part of the charge (as a single frag-
ment) was embedded in an epoxy resin and polished for SEM,
secondary ion mass spectrometry (SIMS) and electron microprobe
analyses (see Section 3.3 below).

3.2. Micro-tomography

X-ray micro-tomography (u1-CT) analyses of individual anortho-
clase crystals were performed with a Phoenix Nanotom 180 at ISTO

in Orléans in order to confirm whether or not the melt inclusions
they hosted were isolated from each other. We used a molybde-
num target, tungsten filament, operating voltage of 100 kV, fil-
ament current of 80 pA, and 2 s exposure time. Whole crystals
(from 1 to 5 cm in length) were mounted on to carbon fibre
rods using Araldite epoxy resin. The samples were rotated through
360° during exposure. About 2300 images were collected during
each analysis, each of them being an average of four raw images
taken at 2 s intervals. Reconstruction of these images into a stack
of greyscale images representing different phases was performed
with a PC micro-cluster running commercial software. The voxel
edge length for most scans was 6-11 pum. This was sufficient to
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Fig. 2. EMP transect reported in terms of orthoclase content (in %) for crystals (from top to bottom): Ere_1984_03_S2, Ere_1984_XC_06_S2, eb05027a2 and eb05042b2. Gaps

are due to melt inclusions.

resolve the geometry of most melt inclusions; however, inclusions
smaller than 11 pm could not be imaged.

Image processing was handled using the Image] freeware
(http://rsbweb.nih.gov/ij/). Original images were converted to 8 bits
and a median filter was applied to reduce noise. Image con-
trast was enhanced using a fuzzy contrast enhancement algorithm
tuned to highlight the inclusions. Images were then converted to
binary; outlier pixels were removed; and a second median filter
was applied. This thresholded image set was combined with an-
other set of images thresholded so as to characterise the melt
outside the crystal. This enabled a particle analyser algorithm to
identify any melt inclusions that were connected with the glass
surrounding the crystal. The algorithm was also used to identify
any interconnected inclusions. Final image sets were handled using
the VGStudio MAX software to obtain 3D image representations.

3.3. Analytical techniques (SIMS and EMPA)

Electron microprobe analyses of synthetic anorthoclase crystals,
and natural melt inclusions and their host crystal zones were per-
formed on a Cameca SX-100 at the Department of Earth Sciences,
University of Cambridge, and on a Cameca SX-100 at New Mex-

ico Institute of Mining and Technology. Rim-to-rim and core-to-rim
profiles were acquired at 10 pm step spacing along 7000-8000 pum
distances. For glass analyses, we used an accelerating voltage of
15 kV, a beam current of 2 nA and a defocused beam of 10 pm
to measure Si, Ti, Al, Fe, Mn, Mg, Ca, Na and K. For synthetic min-
eral phases, the same elements were analysed with an accelerating
voltage of 10 kV, a beam current of 6 nA and a focused beam at
1 pm. X-ray maps were acquired using a 100 nA beam current and
15 kV accelerating voltage with a 10-13 pm step size and 12 ms
dwell time. Na and K were analysed first in order to minimise al-
kali loss during analysis.

SIMS analyses of volatiles (CO, and H,0) in natural melt in-
clusions and synthetic melts produced by solubility experiments
were performed on a Cameca ims-4f and a Cameca ims-1280 at
the NERC Ion Microprobe Facility at the University of Edinburgh.
On the Cameca ims-4f, measurements were made using a primary
O~ ion beam with an accelerating voltage of 15 kV and a beam
current of 5 nA, a secondary accelerating voltage of 4500 V minus
a 50 V offset, and a 25 pm image field. On the Cameca ims-1280,
measurements were made using a primary O~ ion beam with an
accelerating voltage of 10 kV and a beam current of 5 nA. On
both instruments, the ion beam was rastered over an area of ap-
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proximately 40 pm? for >60 s prior to analysis to remove surface
contamination. A 10 pm x 10 pm beam, centred in the middle
of the rastered area was then used for measurements. The fol-
lowing isotopes were measured for 15 cycles on the ims-4f, with
counting times in seconds in parentheses: 'Ht (5), 24Mg?* (5),
12¢ (10), 170 (2) and 39Si (2). Only counts from the final 10 cycles,
when count rates reach an asymptote and the effects of surface
contamination are minimal, were retained to calculate O and C
concentrations. On the ims-1280, the following isotopes were mea-
sured for 10 cycles with counting times in seconds in parentheses:
1H+ (5)‘ 24Mg2+ (2)' 12C (6)v 160 (2)' 170 (4)‘ 19F (6), 3OSi (2),
325 (6), 3>Cl (6). Precision at 1o was estimated as 10% using re-
peat analyses of samples.

4. Results
4.1. Comparing synthetic and natural feldspar compositions

We analysed the composition of synthetic anorthoclase pro-
duced in crystallisation experiments by Moussallam et al. (2013)
(see Methods therein) over pressure and temperature ranges of
0.1-100 MPa and 900-1000°C, respectively, with varying fluid
composition. The original experiments constrained the stability
field of the Erebus phonolite assemblage (i.e. the conditions within
which the natural erupting assemblage is experimentally repro-
duced) to pressures less than 200 MPa, temperature of 950+ 25 °C,
H,0 content less than 0.2 wt% and fO, of QFM to QFM-1.

The bulk composition of the natural anorthoclase is Abgss,
Aniga, Ory7g. Inter-zone variations are in the range of Abgi_gs,
Anyq_10, and Orq4_2g (Fig. 2). The effects of pressure and tempera-
ture on the composition of the crystallising synthetic anorthoclase
are shown in Fig. 3 (see also Table S2). While chemical varia-
tions cannot be linked confidently to the modal abundance (or
composition) of a single phase, temperature variations alone can-
not account for the range of compositions observed in the natu-
ral anorthoclase feldspar at a fixed growth pressure. The possible
temperature range of the natural system is narrow and well estab-
lished: it cannot be colder than 925°C or biotite, a phase never
observed in Erebus lavas, would crystallise. Conversely, it cannot
be hotter than 975 °C because the observed anorthoclase crystals
would resorb. This narrow range limits the possible feldspar com-
position such that not all observed compositions can be achieved
at a given pressure. If, for instance, all feldspar growth were tak-
ing place in the lava lake, the lowest Or and highest An contents
in the natural feldspar could not be reproduced.

As with temperature, variations in water content cannot play a
significant role in generating the compositional diversity, since Ere-
bus phonolite has very low water abundance (H,0 < 0.2 wt%; see
also Section 4.2). In contrast, pressure variations alone are seem-
ingly able to reproduce the range in composition observed in natu-
ral feldspar (extrapolating to pressures greater than 100 MPa), sug-
gesting that the observed oscillatory zoning must, at least partly,
reflect crystal growth at different depths in the magma plumbing
system. As we show below, analyses of melt volatile contents pro-
vide another line of evidence that changes in pressure rather than
in temperature are dominant in the Erebus magmatic system.

4.2. Comparing synthetic and natural volatile melt contents

In order to relate the melt inclusion volatile contents to their
entrapment depth, we performed a series of CO,-H,0 solubility
experiments on the Erebus phonolite composition (Fig. 4). This
set of experiments describes the solubility behaviour of CO,-H,0
species in the fluid-saturated Erebus phonolite melt. Given that
the natural phonolite HO content in glass and MI is lower than
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Fig. 3. Temperature vs. pressure plot showing anorthoclase composition in terms of
end members within Erebus phonolite under dry conditions and log(f0;) near QFM
to QFM-1. Filled black circles represent P-T conditions of individual experimental
charges. Dashed areas represent conditions outside the stability field of the Ere-
bus phonolitic assemblage. The blue, red and green lines represent albite, anorthite
and orthoclase isopleths, with labels in regular, bold and italic font respectively.
The numerical values of the labels cover the range of natural composition (Abgi-66,
Anyi-10, Oris-38). (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)

0.2 wt%, we estimated the solubility law of CO, under dry con-
ditions (pure CO;) in order to estimate the entrapment pressure
of the analysed melt inclusions based on their CO, contents (see
inset in Fig. 4).

4.3. Melt inclusions in natural feldspar

To untangle the effects of pressure and temperature changes
on the anorthoclase composition, we analysed melt inclusions (MI)
hosted by the natural anorthoclase crystals. Inclusions are very
large (up to 600-pm-across) and tend to be elongated perpendic-
ular to the crystal-growth direction such that they are entrapped
in relatively distinct (with respect to composition) growth zones.
Melt inclusions rarely contain bubbles but some of the largest MI
do. Whether these bubbles are formed by contraction during cool-
ing of the MI or represent gas entrapped at depth is unclear, as
bubbles were not analysed. Melt inclusions from five crystals were
imaged by X-ray p-CT (see Methods in Section 2) to ensure their
isolation from each other and from the crystal margins (see accom-
panying video showing the 3D imaging). Fifty-two melt inclusions
from four crystals (three of which were imaged by X-ray p-CT)
were then analysed for major elements by EMP analysis, and for
volatile contents (CO, and H,0) by SIMS (Table 1; see Methods
in Section 2). The major element chemistry of all melt inclusions
analysed is fairly uniform. Given the size of the inclusions, and the
absence of secondary minerals or any chemical difference with the



Table 1
Volatile contents in melt inclusions determined by SIMS and EMP analysis of melt inclusions. See Table S7 for associated errors.

Crystal Melt inclusion CO, H,0 Entrapment Si0y TiO; Al 03 FeO MnO MgO Ca0 Na,0 K,0  Total Host zone Image
(ppm) (wt%) pressure Ab An___ Or greyscale”
(MPa)?

Ere_1984_03_S2 Ere_1984_03_S2_02 82 0.10 12 56.47 1.05 19.51 523 0.26 0.81 1.78 8.34 6.71 100.15 66.4 13.5 20.0
Ere_1984_03_S2_02b 68 0.11 9 56.66 1.02 19.51 511 0.25 0.78 1.74 8.29 6.91 100.28 66.2 14.0 19.9
Ere_1984_03_S2_03 113 0.09 18 56.19 1.03 19.77 518 0.25 0.82 1.89 8.28 6.57 99.98 65.6 172 171
Ere_1984_03_S2_04 132 0.11 21 56.01 0.99 19.85 5.00 0.28 0.80 1.81 8.40 6.85 99.98 65.9 17.0 17.2
Ere_1984_03_S2_07 221 0.12 41 56.44 0.98 20.03 5.26 0.28 0.83 1.85 8.36 6.64 100.67 65.9 17.6 16.5
Ere_1984_03_S2_11 93 0.12 14 56.15 1.02 19.16 5.30 0.30 0.80 173 8.57 715 100.18 65.5 13.0 215
Ere_1984_03_S2_12 277 0.10 55 56.49 1.01 19.60 5.23 0.24 0.81 1.82 8.47 6.91 100.60 66.1 17.8 16.1
Ere_1984_03_S2_12b 196 0.10 35 55.77 1.06 19.38 531 0.24 0.84 114 9.03 710 99.87 66.0 15.7 183
Ere_1984_03_S2_13 137 0.05 22 55.72 1.03 19.66 533 0.31 0.83 144 8.94 7.02 100.28 65.9 15.6 184
Ere_1984_03_S2_14 165 0.10 28 56.36 0.97 19.96 5.26 0.28 0.83 1.88 8.32 6.42 100.27 65.9 18.2 16.0
Ere_1984_03_S2_15 174 0.09 30 56.08 0.98 19.81 5.20 0.21 0.80 1.82 8.56 6.68 100.14 66.1 174 16.5
Ere_1984_03_S2_16 180 0.12 32 56.13 0.99 19.91 524 0.23 0.82 1.87 8.26 6.76 100.20 66.2 16.0 17.8
Ere_1984_03_S2_1b 199 0.10 36 56.51 1.00 19.46 4.99 0.33 0.77 173 8.35 6.97 100.11 66.1 15.2 18.7

Ere_1984_XC_06_S2 Ere_1984_XC_06_S2_01d 289 0.13 58 55.93 1.01 19.35 517 0.32 0.83 1.93 8.02 6.03 98.58 66.5 15.2 183
Ere_1984_XC_06_S2_02 405 0.15 88 56.91 0.99 20.35 497 0.26 0.78 1.79 8.26 6.37 100.69 66.2 184 154
Ere_1984_XC_06_S2_04 447 0.12 100 57.20 1.01 19.69 5.22 0.22 0.82 191 8.05 6.05 100.18 65.9 144 19.7
Ere_1984_XC_06_S2_07 431 0.13 96 56.73 1.01 20.05 517 0.29 0.80 1.88 7.99 6.21 100.13 66.2 16.7 171
Ere_1984_XC_06_S2_09 282 0.12 56 57.26 1.01 19.67 5.23 0.26 0.80 1.83 8.15 6.30 100.51 66.2 13.7 20.1

Ere_2005_042_01_S3 Ere_2005_042_01_S3_01 232 0.10 43 56.69 0.97 19.96 5.07 0.30 0.80 1.88 8.68 6.36 100.72 66.5 16.9 16.6 817
Ere_2005_042_01_S3_02 274 0.11 54 56.66 0.97 19.88 5.09 0.24 0.82 1.93 8.49 6.38 100.45 66.2 171 16.7 758
Ere_2005_042_01_S3_03 201 0.15 36 56.43 0.96 19.78 5.26 0.28 0.79 1.95 8.48 6.59 100.51 66.5 175 15.9 760
Ere_2005_042_01_S3_06 293 0.12 59 56.71 0.97 19.72 5.28 0.27 0.83 1.99 8.45 6.36 100.59 66.7 16.4 16.9
Ere_2005_042_01_S3_07 241 012 46 56.49 0.96 19.78 5.05 0.29 0.78 1.87 8.62 6.71 100.54 66.6 15.7 17.8 826
Ere_2005_042_01_S3_08 279 0.11 55 56.49 1.00 19.58 517 0.28 0.84 2.04 8.38 6.38 100.16 66.3 175 16.2 764
Ere_2005_042_01_S3_12 242 0.11 46 56.77 1.00 19.70 522 0.26 0.79 1.76 8.47 6.58 100.54 66.5 16.5 17.0 719
Ere_2005_042_01_S3_15 277 0.12 55 56.67 0.99 19.68 5.10 0.27 0.80 2.00 8.39 6.38 100.27 66.9 173 15.9 707
Ere_2005_042_01_S3_16 230 013 43 56.61 1.01 19.87 534 0.30 0.77 1.98 8.50 6.21 100.59 66.3 175 16.2 732
Ere_2005_042_01_S3_21 249 0.11 48 56.38 1.01 19.84 5.36 0.29 0.84 2.01 8.27 6.15 100.16 66.0 16.9 171
Ere_2005_042_01_S3_22 215 0.12 40 56.39 0.99 19.91 5.29 0.23 0.79 1.91 837 6.58 100.46 66.3 16.9 16.8 728
Ere_2005_042_01_S3_23 172 0.10 30 56.45 0.97 19.72 5.23 0.27 0.80 1.98 8.14 6.41 99.96 66.3 173 16.4 833
Ere_2005_042_01_S3_24 363 013 77 56.67 0.95 19.78 516 0.29 0.88 1.99 845 6.35 100.53 66.5 175 16.0
Ere_2005_042_01_S3_25 310 0.11 63 56.65 1.00 19.92 516 0.23 0.77 1.87 8.63 6.66 100.88 66.7 16.1 17.2 710
Ere_2005_042_01_S3_26 241 013 46 56.63 0.99 19.69 515 0.26 0.81 1.96 8.36 6.47 100.34 66.4 173 16.3

eb05027a2 eb05027a2_01 251 0.14 48 56.46 1.00 20.31 522 0.26 0.78 1.84 7.96 6.21 100.05 65.3 16.8 17.9 65.20
eb05027a2_02 232 0.12 44 56.24 0.98 20.35 5.05 0.24 0.79 191 8.12 6.10 99.79 65.0 173 17.8 63.60
eb05027a2_03 270 0.14 53 56.22 1.04 19.99 5.07 0.31 0.86 1.93 7.85 6.25 99.53 65.0 15.5 19.5 68.80
eb05027a2_04 231 0.13 43 56.43 0.96 20.14 513 0.24 0.83 194 7.98 6.05 99.68 65.7 14.6 19.7 71.16
eb05027a2_05 232 013 44 56.19 0.99 20.02 5.22 0.28 0.85 1.93 791 6.13 99.51 65.8 15.7 185 67.10
eb05027a2_06 204 0.12 37 56.19 1.02 20.13 516 0.31 0.83 194 8.00 6.16 99.73 65.4 15.5 191 65.00
eb05027a2_07 266 0.12 52 56.57 0.95 20.30 4.83 0.22 0.80 1.81 8.03 6.34 99.85 65.6 171 17.3 64.00
eb05027a2_09 294 0.15 59 56.27 1.06 20.02 524 0.31 0.84 1.97 8.08 6.16 99.94 65.6 15.8 18.6 66.40
eb05027a2_10 239 013 45 56.39 1.00 20.15 4.97 0.21 0.81 1.89 7.60 6.31 99.34 65.2 13.7 211 73.50
eb05027a2_11 175 0.11 30 56.30 0.94 20.24 491 0.24 0.79 1.88 8.00 6.29 99.57 65.1 15.1 19.8 70.00
eb05027a2_12 216 0.11 40 56.39 0.93 20.21 5.02 0.33 0.83 1.90 8.01 6.25 99.86 65.6 15.0 194 70.00
eb05027a2_13 261 0.11 51 56.26 0.96 20.07 4.98 0.32 0.82 1.82 8.04 6.13 99.40 65.2 13.8 21.0 73.05
eb05027a2_14 248 0.12 47 56.43 1.03 20.10 524 0.28 0.79 1.91 7.93 6.19 99.91 65.2 14.3 20.5 71.10
eb05027a2_15 153 012 26 56.30 0.98 20.13 5.00 0.25 0.80 1.95 773 6.34 99.49 65.4 143 20.3 75.70
eb05027a2_18 436 0.15 97 56.14 1.01 20.27 5.26 0.25 0.82 1.87 8.34 6.19 100.16 65.6 17.0 175 64.00
eb05027a2_19 292 012 58 55.81 1.07 20.37 5.30 0.24 0.86 1.80 8.08 6.29 99.81 65.4 16.6 18.0 62.60
eb05027a2_20 290 0.12 58 56.24 0.93 20.43 497 0.21 0.80 1.76 8.08 6.19 99.61 65.9 16.1 18.0 65.80
eb05027a2_22 217 0.11 40 55.97 1.01 20.37 511 0.32 0.86 1.99 8.26 6.37 100.25 65.7 16.0 183 67.70
eb05027a2_24 217 0.11 40 56.40 1.09 19.66 5.56 0.27 0.89 1.94 7.84 6.13 99.78 65.4 134 21.2 80.7

eb05027a2 eb05027a2_GL01 96 0.05 14 5718 1.04 19.69 529 0.28 0.85 192 8.28 6.03 100.57 64.2 117 241 86.00
eb05027a2_GL02 52 0.07 7 57.24 0.97 19.95 5.20 0.27 0.77 1.78 7.98 6.30 100.46 64.9 12.8 22.3 88.00
eb05027a2_GL03 29 0.07 3 56.63 1.01 19.72 5.29 0.29 0.82 1.83 8.02 6.17 99.77 64.5 113 24.2 88.00

@ Pressure calculated using equation from Fig. 4. The relative error on the entrapment pressure is 6.3% if calculated from a 5% relative error on the CO, measurement. While error associated with the equation from Fig. 4 cannot
be quantified, the error on the pre-power term would have no effect and a 15% error on the exponent value would affect the entrapment pressure’s relative error by 1%.

b Undetermined greyscale values for crystal Ere_2005_042_01_S3 are due to uneven sample thickness skewing the image brightness.
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Fig. 4. Results of solubility experiments from Erebus phonolite between 50 and 300 MPa. Volatile contents of all melt inclusion from anorthoclase crystals analysed in this
study (and additional unpublished data) are also plotted. Error from SIMS analysis is estimated at 15%. Inset: CO, solubility in Erebus phonolite estimated for H,O = 0 wt%.

The best fit line (R? = 0.98) has the following equation: Pyp,) = 0.0433(C0O;,)"26%.

matrix glass, we did not attempt corrections for post-entrapment
processes.

The composition of the host zone was characterized in two
ways: (i) from the average greyscale value of the pixels surround-
ing the inclusion in potassium X-ray maps (Fig. 1), providing a
qualitative estimate of the variation in Or content; and (ii) by aver-
aging three EMP analyses of the natural anorthoclase directly sur-
rounding each inclusion (Fig. 5). Both approaches identify a rela-
tionship between entrapment depth of a given melt inclusion and
the chemistry of its host zone: inclusions entrapped at higher pres-
sure (i.e., higher CO, content) tend to be located within compar-
atively orthoclase-poor zones (darker zones with lower greyscale
values in the X-ray maps).

While the melt inclusion data tend to follow the experimen-
tal isothermal trends, some scatter is apparent, suggesting that the
temperature of the natural system might vary slightly between 950
and 975°C (Fig. 5). To a first order, these findings corroborate the
experimental results in defining a relationship between the chem-
istry of a crystal zone and its growth pressure, and preclude the
explanation that the oscillatory zoning in the natural anorthoclase
might arise from boundary layer processes. Moreover, the MgO
content of the melt is a function of the temperature as determined
by experiments (Moussallam et al., 2013; Fig. 6, and Fig. S2 in
Supplementary Information). The absence of correlation between
an inclusion’s MgO content and the chemistry of its host zone,
and indeed the absence of any variation in the inclusions’ MgO
and FeO content, strongly argues against large temperature varia-
tions or episodic mafic input affecting the system. All the analysed
natural feldspars essentially grew from the same, near isothermal,
phonolitic melt.

In summary, glass and melt inclusions hosted in anorthoclase
zones of variable composition (16-24% Or), show (i) little varia-
tion in water content (0.05-0.15 wt%), (ii) little variation in major
element chemistry (e.g. MgO, 0.77-0.89 wt%), but (iii) variation
in CO, content (30-450 ppm) corresponding to a wide range of
entrapment pressure (3-100 MPa). The correspondence between

the host-zone chemistry and melt inclusion-entrapment pressure,
together with the lack of correlation between the host-zone chem-
istry with either MgO or H,O contents, argues that the natural
anorthoclase chemical zoning is best interpreted as a record of
growth at variable pressure (i.e. depth).

4.4. Tracking magma motion and speed

Using the experimentally-determined synthetic feldspar chem-
istry relationship at 950°C and 975°C (Fig. 5), we computed the
expected relationship at 962 °C, the temperature that best repro-
duces the natural system (Fig. S3 in Supplementary Information).
We then converted rim-to-rim and core-to-rim transects of ortho-
clase content of the natural anorthoclase crystals (Figs. 1 and 2)
to temporal profiles of the pressure (i.e. depth) of crystal growth
(Fig. 7). Further transects are shown in Fig. 8 and suggest that,
at greater depths, crystals are subjected to depth oscillations of
large amplitude and high frequency, whereas closer to the surface,
the depth variations are of lesser amplitude and are more irreg-
ular in time. This may reflect contrasting fluid dynamics in the
magma reservoir compared with the exchange flow prevailing in
the conduit. Based on these contrasting regimes, we assigned the
first 20 MPa to represent the conduit (a length of ~750 m) and
lava lake (depth of a few tens of meter), and a magmatic reservoir
with distinct geometry and/or dynamic regime at higher pressure
(20-200 MPa). This magma plumbing geometry is broadly con-
sistent with the failure of seismological techniques to detect any
sizeable magmatic reservoir in the first kilometer below the sum-
mit (Zandomeneghi et al., 2013).

With this conceptual model in mind, Fig. 7 retraces the growth
history of a natural anorthoclase crystal, and the multiple jour-
neys it made on the “magma conduit elevator” between a putative
magma reservoir and the lava lake, until it was eventually expelled
in a lava bomb by an explosion in 2005. Other profiled natural
anorthoclase crystals (Fig. 8) provide additional records of crys-
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(Moussallam et al., 2013) and MgO content of MI analysed. Note the absence of re-
lationship between the MI MgO contents and the chemistry of the zone in which
the inclusions are entrapped.

tal ascent and descent consistent with a bi-directional flow regime
(Huppert and Hallworth, 2007; Oppenheimer et al., 2009).

The mean density of the anorthoclase crystals can be estimated
at 2524 kgm~3 (using measured value of 2590 kgm~3 at room

temperature and calculated at 962 °C using the volumetric thermal
expansion coefficient from Hovis et al., 2010), while the phonolite
melt density is estimated at 2333 kgm™> (calculated at 962 °C us-
ing partial molar volumes from Bottinga and Weill, 1970). Given
the density contrast between the anorthoclase crystals and the
phonolitic melt, settling of the anorthoclase crystals is expected
(Molina et al., 2012). Multiple lines of evidence however, suggest
otherwise. Firstly, the uniform chemistry of the lava erupted over
the last ~20 ka and the constant proportion of anorthoclase crys-
tals (~30 vol%) in these lava (Kelly et al., 2008) argues against
removal of anorthoclase over time. Secondly, anorthoclase crystal
size distributions in volcanic bombs show a linear relationship be-
tween the natural logarithm of the crystal number density (as a
function of linear crystal size) and crystal width, and no accumula-
tion in the larger size classes. This suggests that crystallisation has
been continuous through time and that accumulation of anortho-
clase crystals has not been an important factor in generating Ere-
bus lavas (Dunbar et al., 1994).

We also note that the anorthoclase crystals cannot be derived
from a mush layer since any concentration of crystals greater than
30 vol% modal is only stable below 925°C, in equilibrium with
biotite (a phase never observed in any Erebus lava). Finally, the
upper two profiles in Fig. 8 show very similar growth history and
are from two anorthoclase crystals taken from the same bomb
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(erupted in 1984, the other two profiles are from crystals in two
different bombs erupted in 2005). This similarity suggests that
the two crystals have been travelling within the same coherent
batch of magma for an extended period of time spanning numer-
ous up-and-down cycles. Thus the anorthoclase crystals do appear
to travel with the magma and track its motion through time, sug-
gesting convection rates and effective viscosities sufficient to keep
them in suspension. Le Losq et al. (2015) have computed a viscos-
ity of the order of 10° Pas for Erebus phonolite at 950°C (i.e.,
orders of magnitude higher than viscosities of mafic lava lakes
such as found at Kilauea volcano, Hawaii). Such high viscosity will
hinder separation of crystals from melt.

We can estimate growth rates of anorthoclase crystals as a
function of pressure and temperature from our experimental data
(Fig. S6 in Supplementary Information), since the experiment du-
rations are known and the synthetic feldspar crystal size can be
measured from SEM images. Crystal growth rates depend largely,
for low viscosity melts, on the degree of undercooling of the liquid
(Pupier et al., 2008), and we therefore stress that our values can
only represent maximum rates. Given that temperature variations
are likely to be small, we fix the melt temperature at 962 °C so
as to convert zone widths to timescales (Fig. 9). This suggests that
vertical speeds within the magma chamber (about 0.3-1 mms~!)
are up to an order of magnitude greater than in the conduit (where
they are about 0.1-0.2 mms~'). The vertical speed in the magma
chamber suggests a Rayleigh number, Ra, of order 10'7 (based on
an average ascent speed of 0.5 mms~! and a 1-km-deep chamber,
and using Eq. (8) in Snyder (2000), and the relevant parameters
given in Table S9 in the Supplementary Information). The cor-
responding period of the up-and-down convection cycles in the
reservoir is approximately 100-200 days. Such vigorous convec-
tion should maintain geochemical homogeneity in the magmatic
system, consistent with absence of compositional changes in lavas
erupted at Erebus over the last 20 ka (Kelly et al., 2008). Huber
et al. (2009) estimated that a minimum of 5-10 overturns are

required to achieve reservoir homogenisation in systems of com-
parable rheology.

The growth rate model also suggests that crystal ages must ex-
ceed a few years for the smallest crystals and a hundred years
for the largest ones. The relatively small crystal shown in Fig. 1,
for instance, must be at least 11 years old. These estimates of
crystal ages, based on experimentally-determined growth rates of
synthetic feldspar, neglect resorption episodes, which are evident
in the crystals. Resorption can arise via two processes: (i) ex-
trinsic changes that move the system outside the experimentally-
determined stability field, such as a heating episode that increases
temperature above 975°C; and (ii) Ostwald ripening, in which
growth of one crystal occurs at the expense of another. Lacking
constraints on the durations of episodic resorption, we cannot con-
strain upper bounds of crystal ages.

5. Discussion

A prior study (Sumner, 2007), which was based on diffusion
modelling and measured Sr and Ba profiles in five natural anortho-
clase crystals from Erebus (one of which we have examined here),
suggested an average growth rate of 1.4x 10~° cms~!. This is sim-
ilar to the one we compute for growth of anorthoclase at 962.5°C
and very low pressure (1 MPa). However, the Sr-Ba based esti-
mate is biased by a single outlier, which, if removed, drops the
growth rate to 2.1 x 10~1% cms~'. This is in turn comparable to
our estimated growth rate at 100 MPa and to estimates of plagio-
clase growth rate in other igneous systems (Cashman, 1990). While
this does not provide a firm validation of our experimental mea-
surements, the general agreement between rates computed from
two independent methods does lend confidence to the conclusions
drawn. We also note that, in Fig. 9, crystal eb05027a2 from a lava
bomb erupted on 24 December 2005 appears to have spent its fi-
nal three months or so in the lava lake. This estimate is compatible
with an 80-day-degassing period estimated from U-, Th-series dis-
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equilibria measured for another phonolitic bomb erupted from the
lava lake eight days earlier (Sims et al., 2012).

Conduit convection associated with passive degassing and neg-
ligible net eruption of lava or tephra beyond the lava lake has
been argued to imply that degassed magma is ultimately stored
within the crust (Francis et al., 1993; Allard, 1997). This interpre-
tation is only valid, however, if the descending magma remains
degassed. At Erebus, the crystal record provides evidence that the
magma undergoes multiple journeys back-and-forth between the
magma chamber and the near surface. Degassed magma therefore
has the opportunity to remix at depth and carry a new batch of
volatiles (essentially CO,, but some H;0 also) back to the surface.
This process is driven by the sustained CO, flux originating from

the deeper basanitic reservoir in contact with the mantle source
region (Oppenheimer et al, 2011; Moussallam et al., 2013). The
ubiquitously dry nature of Erebus phonolitic magma (<0.2 wt%),
very close to its degassed value in the lava lake (~0.05 wt%) and
much lower than the parental basanite (~1-2 wt%; Eschenbacher,
1998), suggests that it is the CO, fluxing that sustains convection
of the phonolitic system by allowing the degassed, sinking magma
to recharge with volatiles and deliver them to the surface.

The continuous degassing of not only CO, but also signifi-
cant amounts of H,O results in the progressive dehydration of the
phonolitic magma. We suggest that such a magma plumbing ar-
chitecture can maintain an effective pathway for deep volatiles
to reach the surface without requiring crustal accumulation of
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magma. Emplacement of mafic magma in the lower crust is there-
fore likely to be more significant volumetrically than endogenous
growth of the volcanic edifice (Francis et al., 1993).

6. Conclusions

We have investigated the origin of oscillatory zoning in anortho-
clase megacrystals from Erebus volcano by means of phase equi-
librium, solubility experiments and an analysis of melt inclusion
data. We have found that the chemical profiles are best explained
by growth at variable pressure (i.e. depth). The key conclusions we
draw from our findings are:

i. Anorthoclase crystals track substantial magma transport be-
tween the surface lava lake and reservoir via the conduit. This
finding corroborates the idea of conduit convection, supported
by laboratory analogue models that reproduce bi-directional
flow, and interpretation of gas, thermal and cosmic-ray muon
radiography observations (Shinohara et al., 1995; Huppert and
Hallworth, 2007; Beckett et al., 2011; Oppenheimer et al.,
2011; Shinohara and Tanaka, 2012) made at a number of qui-
escently degassing (‘open-vent’) volcanoes.

. The large amplitude and high frequency cyclic oscillations (pe-
riodicity of ~150 days) recorded by the crystals at depth argue
for a vertically extensive (several kilometers) and vigorously
convecting reservoir. Crystals appear to have spent longer time
intervals in the reservoir than in the conduit and lava lake
where vertical motion is more complex due to the proxim-
ity of upwelling and downwelling flows and the potential for
recurrent re-entrainment into the opposing flow.

A typical crystal, 1-cm-across may be at least 14 years old

and may have made several (~1-3) complete journeys up

and down the conduit. This suggests that magma reaching the
lava lake will degas and sink, but eventually (and it is not
clear how fast) re-incorporate volatiles, to the point of rising
again and repeating the cycle. This continuous motion may

be sustained by the constant fluxing of CO, sourced from a

deeper basanitic reservoir, degassing over time and accumulat-

ing within the lower crust, while the upper phonolitic magma
is constantly recycled, kept in motion and progressively dehy-
drated.
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