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Melt (hot) Glass (cold)

Scoria
(E Hughes)

Magma is a multiphase material (melt/glass, crystals, gas)
chemical + physical properties = eruption style



Eruption style
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Low Gas content: driver for eruption High
Low  Viscosity: how easily it flows  High

Controlled by: SiO,, T, /

crystal/gas content, fO,,
melt composition
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low temperature: framework order

* Main component of
magma = silicate
melt/glass

 Si (and Al) tetrahedra are
isolated or form chains

e Plus cations which are
network formers or
modifiers

Henderson et al. (2006) Elem. 2(5):269-273



Magma composition
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Oxygen fugacity (fO,)
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https://en.wikipedia.org/wiki/Mineral redox buffer

e Equivalent to the partial
pressure of O in the
system

* fO, is a control on the
physical and chemical
properties of the melt

* Effects: phase equilibria,
viscosity, gas composition,
volatile solubility, etc.

* Controlled by: source and
processes


https://en.wikipedia.org/wiki/Mineral_redox_buffer

Estimate fO, by measuring Fe or S oxidation state in glass
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Sampling magmas
using melt
inclusions (Mls)

* Mls: tiny pockets of
melt, trapped by
crystals as they grow
from the magma

* Bought to the surface
during eruption, Ml
qguenches to a glass
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Different microanalytical
techniques for measuring
Fe or S oxidation state in
silicate glass at high spatial
resolution (1-100 pm)

I Key
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EELS (nm)

b) Wilke et al. (2011)

c) Jugo et al. (2010)

d) Hughes et al. (2018)

e) Cottrell et al. (2009)
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g) Di Genova et al. (2016)
h) Burgess et al. (2016)
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Glass is unstable
and can be
damaged during
analysis

Can generate
incorrect data and
Interpretations



* Experimental observations
* Mechanisms

Techniqgue Fe S

EPMA Y Y
XANES Y Y
EELS Y
Raman Y N
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1. Mobile elements migrate



WDS data

EPMA damage Mobile elements decrease in concentration
during analysis, immobile elements increase
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. _ Raman data
EPMA damage Decrease in H,O concentration
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EPMA damage Mobile elements migrate down into the sample
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FTIR data
XANES damage H,0 migrates away

Cottrell et al. (2018) Am. Min. 103: 489-501



HAADF (left) & EDS (right) data
EELS damage Density and composition changes,

most elements migrate away

Burgess et al. (2016) Am. Min. 101(12): 2677-2688



1. Mobile elements migrate
2. Fe oxidises and reduces depending on glass
composition and analytical conditions



WDS data
EPMA damage Reduction and oxidation of Fe
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WDS data

EPMA damage Change in oxidation state is exponential

Composition
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Beam size

WDS data

EPMA damage Increase beam density (decrease beam size,
increase beam current, and decrease

accelerating voltage) increases rate of change
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WDS data
EPMA damage CompOSItlon Anhydrous basalts reduce
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WDS data
EPMA damage Composition Hydrous basalts oxidise
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XANES damage

Fe content

Low Fe glasses
reduce

Same absolute
amount of Fe
reduces but
smaller effect
on oxidation
state at higher
Fe
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_ . XANES data
XANES damage Reduction does not occur/is reversed at

high temperature
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XANES damage
Composition

XANES data

High Fe glass (5 wt% FeQ): anhydrous
basalts are stable, hydrous basalts oxidise
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_ . _ o XANES data
XANES damage Oxidation is exponential, increase photon

flux increases rate of change, increased

Flux
rate with decreased temperature
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XANES data
XANES damage  Increased rate of oxidation with increased

Composition H,O or reduced Fe concentration
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EELS data

EELS damage AR ANDS
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1. Mobile elements migrate

2. Fe oxidises and reduces depending on
composition and analytical conditions

3. ..asdoesS




WDS data

EPMA dzf\r.nage More oxidation in low Fe glass, faster
Composition: Fe content, $°*/S; oxidation in initially reduced glass

1.0 1.0

A

a]:BasaI'é | | !|"=|}.'1-I'-.::l. +E-1.1|}I I:u}Su::l:Ia Iin"lle Ellas-ls | "'{; Q
R? = 0.54 " X
| o
M E .
0.8 : - BF g
I
I
i 5! o 2700 ppm S -
;e E =
Bn =1 e 1600 ppm S %
0.4 =
|
| y =0.45x +6.28
| R* =0.81 SEES, XANES
0.2F | é
: - 0.57 c
-« (.00 g
o
0.0 | 1 1 1 1 1 | 1 1 1 1 1 1 1 1 y 5
0 10 20 30 40 50 60 0 40 80 120 160

time (min) time (s)

Wilke et al. (2011) RiMG 73(1): 41-78, Rowe et al. (2007) Chem. Geo. 236(3-4):303-322



XANES data
EPMA damage
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XANES data
XANES damage
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XANES data
XANES damage Reduction proceeds by S* formation
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1. Mobile elements migrate
2. Fe oxidises and reduces depending on
composition and analytical conditions

3. ..asdoesS
4. Fe nanoparticles precipitate




Raman data

EPMA damage Quantity of nanolites of magnetite (and
haematite) increases with increasing beam
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Mobile elements migrate

Fe oxidises and reduces depending on
composition and analytical conditions
..as does S

Fe nanoparticles precipitate

Surface morphology changes




SEM-SE data
EPMA damage Likely oxygen bubbles leaving the sample
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Fe redox changes
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Mechanisms



Pre-irradiation

Transmission techniques
therefore thin samples

thick sample, carbon
coated
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. EPMA: glass is an insulator so
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EELS: thin sample so significant 2 & emission generates

iti Jiang (2013)
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Beam on

2° e- emission generates
positive charge} Jiang (2013)
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EPMA: stable if already reduced, reduction always

Fe reduction . rring but sometimes overtaken by oxidation
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EELS: semiconductive-

Fe reduction e hop between Fe?* & Fe3*

nature allows electron Burgess et al. (2016) Am. Min. 101(12): 2677-2688
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XANES: defects relax at
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Migration \,.ind which can outgas
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most elements migrate away

Migration from positive charge
Burgess et al. (2016) Am. Min. 101(12): 2677-2688
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Fe oxidation
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Fe oxidation
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Conclusions

* Fe (and S) redox changes are a common feature of electron (EPMA, EELS)
and photon (XANES, Raman) beams

* Direction and rate of redox change depends on beam-type, glass
composition, and analytical conditions

* More data needed to understand Fe redox changes in EELS and S redox
changes in EPMA and XANES

* Lower dose helps to reduce damage BUT sacrifices spatial resolution



