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The Redox Behavior of Rare Earth Elements

Maria Rita Cicconi1, Charles Le Losq2, Grant S. Henderson3, and Daniel R. Neuville1

ABSTRACT

Elements in the lanthanides series are usually known under the name of rare earth elements (REE). In past dec-
ades, the use of these elements in industrial processes has increased exponentially with the development of novel
technologies and applications. In addition to such growing industrial importance, and despite their relatively low
concentrations in the Earth system, REE are sensitive markers of crystal-melt equilibria in geological systems. As
a result, the study of lanthanides in materials, either as whole group or as single species, has become an important
point of focus in both Geo- and Materials Sciences.
AmongREE,Ce andEu are stable inmany geological environments, with twodifferent oxidation states (Ce3+/Ce4+

and Eu2+/Eu3+), hence, these two redox couples have been proposed as proxies for oxygen fugacity (fO2) in different
environments (oxybarometer). However, it is essential to understand the factors influencing redox mechanisms in
order to use Ce/Eu distribution as fO2 sensors.
In this chapter, we present an overview of REE properties in minerals, melts, and glasses, and illustrate their

importance through examples of applications in the fields of geochemistry, petrology, and mineralogy.

OVERVIEW

“The rare earths perplex us in our researches, baffle us in
our speculations, and haunt us in our very dreams. They
stretch like an unknown sea before us, mocking, mystifying
and murmuring strange revelations and possibilities” (state-
ment attributed to Sir William Crookes, 1902).
The study of trace elements in silicate glasses is a key to

understanding the influence of the chemical composition
of glasses on the chemical, physical, and rheological

properties of a magma. Since the paper of McIntire
(1963), trace elements have been widely used as monitors
of magmatic processes. But, despite the huge experimen-
tal effort devoted to the comprehension of the distribution
and behavior of many trace elements in natural systems,
our limited knowledge on this topic prevents prediction of
magmatic differentiation in most cases.
REE are particularly important in Geosciences and are

the most widely used trace elements in geochemical stud-
ies of magma genesis. Their distribution in silicate melts/
crystals may be used as an indicator of the genetic history
of the magma. Indeed, the geochemistry of these trace ele-
ments in rocks, glasses, and aquatic systems has been a
major research topic for several years, and the REE distri-
bution in these geological settings (on Earth, but not
exclusively) has been of great utility in enhancing our
understanding of a variety of geological, geochemical,
and cosmochemical processes.
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19.1. INTRODUCTION

19.1.1. Trace Elements

A trace element may be defined as an element that is
present in a rock at concentration less than 0.1 wt%. Trace
elements can form mineral species on their own, but most
commonly substitute for major cations in rock-forming
minerals. These elements constitute only a small fraction
of the system of interest; nevertheless, they provide impor-
tant geochemical and geological information (Shaw,
2006; White, 2013). This is because:
1. relative variations in the concentrations of many

trace elements are much larger than variations in the con-
centrations of major components;
2. in any system there are far more trace elements than

major elements. Each element has chemical properties
that are to some degree unique, hence there is unique geo-
chemical information contained in the concentration var-
iation for each element;
3. the range in behavior of trace elements is large, mak-

ing them sensitive to processes to which major elements
are insensitive;
4. trace elements obey Henry’s Law, thus their behavior

is almost always simpler than that of major elements
(White, 2013).
The partition coefficient (D) is the ratio of the concen-

tration of a trace element in a solid phase with respect to

that in a liquid at equilibrium, and it is one of the most
useful tools to describe magmatic processes (e.g., Bédard,
2006; O’Hara, 1995). The partition coefficient allows dis-
tinguishing between compatible and incompatible ele-
ments. Incompatible elements are those with D << 1
and prefer the melt phase, whereas compatible elements
are those with D ≥ 1 and prefer the mineral phase. Treuil
and coworkers (e.g., Treuil & Varet, 1973; Treuil & Joron,
1975; Treuil et al., 1979) proposed another term to further
differentiate incompatible elements, and coined the term
hydromagmatophile to describe those elements having
the highest affinity for the melt phase (Th, U, Zr, Hf,
Nb, Ta, REE). The partition coefficient for a given ele-
ment will vary considerably between different crystalline
phases and can be less than one for one phase and greater
than one for another. Hence, the terms compatible and
incompatible have meaning only when the mineral phases
are known. REE are not readily accepted by most silicate
minerals, thus they belong to the incompatible ele-
ments group.
Incompatible and compatible elements can be divided

on the basis of their charge (Z) and size (Figure 19.1a),
or in terms of ionic potential (the ratio between charge
and ionic ratio). Another parameter was proposed by
Dietzel (1948): the Cation Field Strength CFS = Z/
(rc+rO)

2, where Z is the charge of the cations and the
denominator represents the cation- oxygen distance (here
considered oxygen ionic radius =1.35 Å) (Figure 19.1b).
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Figure 19.1 (a) Plot of ionic radius (data from Shannon, 1976) vs. ionic charge for trace elements of geological
interest. Red diamonds refer to four-fold coordinated cations (modified after Rollinson, 1993). (b) Dietzel’s field
strength parameter for several cations (stars refer to four-fold coordinated cations).
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Figure 19.1a shows a plot of ionic radii against charge
for several trace elements, here considered six-fold coordi-
nated. Small highly charged cations are known as high field
strength (HFS) cations (e.g., Hf4+, Th4+, Ce4+, Ta5+, U6+)
and large cations of small charge are referred as low field
strength (LFS) cations (Ba2+, Eu2+, Sr2+, Pb2+, K+).
LFS cations are also known as large ion lithophile elements
(LILE). Elements with small ionic radius and a relatively
lower charge tend to be compatible, and the most common
four-fold coordinated network-forming cations are
reported as red diamonds (Figure 19.1a). Figure 19.1b
shows the relationship between the Dietzel’s field strength
and the ionic radii (six-fold coordinated cations) for several
elements. It is similar to the charge vs. ionic radii plot, but it
further shows the grouping of cations based on their struc-
tural role. Indeed, according to Dietzel (1948), the field
strength is a critical parameter for glass formation, with
network-forming cations having high field strength values
(> 1.3–1.4), whereas network modifiers have low field
strengths (< 0.5).
The two plots in Figure 19.1 highlight the main group-

ings of trace elements and emphasises the similarity in
ionic size and charge between some elements/groups.
Elements with the same ionic charge and size are
expected to show very similar geochemical behaviour
(Rollinson, 1993).

19.1.2. Lanthanides

The lanthanide series includes 15 elements of the peri-
odic table (from Lanthanum to Lutetium), and they are
also called rare earth elements (REE). However, often
“rare earth” has been applied in a more unrestricted
way, thus including Sc and Y.
Lanthanides have a 5d1 6s2 outer electron orbital

arrangement. With increasing atomic number, the inner
4f shell is filled before the second 5d electron shell get filled
(thus lanthanides belong to the 3B group of the periodic
table) and the similarity in their chemical properties is
the result of their atomic structure. Lanthanides might
be considered as a separated group from the rest of the
periodic table, if the main interest is related to the proper-
ties that depend on the occupancy of the 4f electron shell,
from 0 (La) to 14 (Lu) (Figure 19.2).
Figure 19.2 shows the dependence of the six-fold coor-

dinated [6]REE3+ ionic radii in going from La to Lu (data
from Shannon, 1976).Moving from left to right across the
periodic table (increasing atomic number), the radius of
each lanthanide 3+ ion gradually decreases, and this is
referred to as “the lanthanide contraction” and it is caused
by the poor screening of the 4f electrons. Beside the values
for trivalent lanthanides, the ionic radii for Ce and Eu in
different oxidation states are also reported in Figure 19.2.
Indeed, those elements are multivalent, and their

electronic state in melts and minerals is determined by
temperature as well as the redox state of the system1.Mul-
tivalent REE are stable in the trivalent state over a wide
range of oxygen partial pressures. Nevertheless, at the
oxygen fugacity (fO2) of the Earth’s surface Ce can be sta-
bilized partly or entirely in the tetravalent state and Eu
can be partly stabilized in the divalent state at lower oxy-
gen fugacities (e.g., Earth’s interior) (White, 2013).
REE are divided into light and heavy groups based on

their atomic weight. The light rare earth elements (LREE)
are, usually, from La to Gd, whereas the heavy rare earth
elements (HREE) are from Tb to Lu. Because of their rel-
ative high charge and large ionic radius, the lightest REE
are considered highly incompatible (Figure 19.1), whereas
the heavy REE have appropriately small radii and might
be accommodated in many common minerals (e.g., gar-
nets in Figure 19.3).
The REE are typically not readily accepted bymost pet-

rogenetically important silicate minerals but can be com-
patible in a few major minerals. According to McKay
(1989) the importance of REE for petrogenetic modeling
mainly arises from four factors:
1. Their ionic radii vary systematically with atomic

number. Hence, because of the strong influence of size
on partitioning, REE partition coefficients also vary
smoothly with atomic number. On the other hand, the
shapes of the partition coefficient patterns (plots of distri-
bution coefficient versus atomic number) are very differ-
ent from one mineral to another.
2. The systematic variation of the REE partition coeffi-

cients with atomic number sometimes presents spikes
related to the so-called Eu-(Ce) anomalies. Indeed, beside
the trivalent state typical of REE, Ce can be partly or
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Figure 19.2 Ionic radii for six-fold coordinated REE3+. (Radius
values from Shannon, 1976).

1 In this chapter, we use oxygen fugacity, fO2, as equivalent of the
partial pressure of oxygen.
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entirely stabilized in the oxidized form (Ce4+) and Eu can
be partly stabilized in the reduced form (Eu2+)
(Figure 19.2). The latter especially has been considered
strongly diagnostic of the involvement of certain minerals
in petrogenetic processes.
3. Since REE are highly refractory elements, their rela-

tive abundances, in most undifferentiated materials, are
generally assumed to be proportional to their relative
abundances in the sun and in chondritic meteorites. Thus,
they minimize one of the free parameters in most petroge-
netic models: the relative elemental abundances in the
starting material (cf. McKay, 1989).
4. There are three important isotopic systems that pro-

vided a major contribution in the understanding of plan-
etary evolution processes: Sm-Nd, Lu-Hf, and La-Ce.

19.2. GEOCHEMISTRY OF RARE EARTH
ELEMENTS

The determination of the partition coefficient between
coexisting phases (i.e., mineral/melt) is essential for using
REE partition coefficient patterns in the understanding of
magmatic differentiation. REE abundance, in natural
minerals and magmas follows the Oddo-Harkins rule: a
lanthanide with even atomic number is more abundant
than its neighboring lanthanides with odd atomic num-
bers. Normalizing the REE abundances to those in chon-
dritic meteorites is usually performed as it eliminates
effects related to nuclear stability and nucleosynthesis,
and further produces a smooth pattern (White, 2013).

CI chondrites are a class of meteorites that are taken to
be the best representative of the average concentrations
of non-volatile elements in the solar system.
The mineral/melt REE partition coefficient patterns in

the major minerals involved in basaltic magma petrogen-
esis are reported in Figure 19.3a. The partition coefficient
patterns are similar in basaltic, andesitic, and rhyolitic
liquids. However, differences of one to several orders of
magnitude, in the absolute values, can be observed. Even
when comparing the mineral/melt REE partition coeffi-
cient data for a synthetic lunar mare basalt (e.g., Lipin &
McKay, 1989) it is possible to observe comparable trends.
Hence, there is a strong chemical control on the REE par-
titioning. Olivine (Ol in Figure 19.3a) produces little REE
fractionation in partial melts, and the pattern increases
from LREE to HREE. For garnet/melt partition coeffi-
cient the pattern slopes upward as well, as HREEs enter
into Al sites in garnets.
Comparing partition coefficient values for pyroxenes

reported in the literature is quite challenging because they
vary between published sources, indicating that pyroxene
patterns are strongly dependent on composition. For
example, McKay (1989) reported that a low-Ca (pigeo-
nite) and a high-Ca pyroxene (augite) present quite differ-
ent trends. Furthermore, Gaetani and Grove (1995)
observed that the proportion of Al entering a pyroxene
influences the Ce and Yb partition coefficients between
clinopyroxene and melt.
The plagioclase/melt REE partition coefficients form a

pattern quite different compared to that of the other
minerals (Figure 19.3a). The pattern decreases from
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LREE to HREE and the value of REE partition coeffi-
cients are generally low, with one exception: Eu. Indeed,
the partition coefficient for Eu in plagioclase (DEu) is
anomalously higher compared to the other REE. This
exception is referred to as the “Eu-anomaly,” and greater
values of DEu are called positive anomalies. The positive
Eu-anomaly in the plagioclase/melt partition coefficients
means that a significant proportion of europium is enter-
ing in the crystal. Indeed, the reduced species Eu2+ enters
the large alkali/alkali-earth site in the plagioclase struc-
ture. Figure 19.3b shows the plagioclase/melt partition
coefficients for the REE vs. atomic number, respectively
for basaltic, andesitic, and rhyolitic compositions. In
addition to the mineral phase, the composition of the melt
influences REE partition coefficient patterns. By increas-
ing the silica content (and polymerization) of the melt,
there is a clear increase in the REE partition coefficients,
with almost one order of magnitude difference between
basalt and rhyolite melts (Figure 19.3b).
The ionic radius of reduced europium ([6]Eu2+ = 1.17 Å)

is much larger than that for trivalent europium ([6]Eu3+ =
0.947 Å; ionic radii from Shannon, 1976) (Figure 19.2).
Combined with the difference in charge, this produces
large variations between Eu divalent and trivalent parti-
tion coefficients in many minerals.
Based on Figure 19.1, a strong correlation between coor-

dination and ionic radius is clear, and larger cations likely
will occupy larger sites in minerals, and vice versa. Onuma
et al. (1968) noted that for any particular mineral, partition
coefficient values, when plotted with respect to the cation
ionic radii, tend to lie along convex-upwards curves, with
a different curve for each valence. Furthermore, each curve
tends to parallel those for ions of different valences, with
the maximum occurring at the same ionic radius for each
valence. Based on these observations, Onuma et al.
(1968) concluded that (i) trace elements preferentially
occupy lattice sites rather than occurring as defects or as
inclusions; (ii) for trace elements of the same charge, the dif-
ference between the ionic radius of the trace ion and that of
the major element being substituted for, exercises the dom-
inant control on the partition coefficient; and (iii) the effect
of ionic charge on partition coefficients appears to be inde-
pendent of the effect of ionic radius.
One can note that REE3+ partitioning could be well

predicted by using a valence versus ionic radii plot, as
shown in Figure 19.1a.

19.3. MULTIVALENT RARE EARTH ELEMENTS

19.3.1. Europium

Considering that the charge of trace cations influences
their ionic radius, changes in their oxidation state can

produce marked variations in partitioning behavior.
Among the REE, Eu is the only element for which a sig-
nificant proportion of the ions, in igneous systems, are
likely to be present in valences other than trivalent. This
leads to “anomalous” concentrations of Eu in many igne-
ous systems. As reported, plagioclase is often anoma-
lously rich in Eu compared to the other rare earths and
this leads to pronounced positive Eu-anomalies in plagio-
clase/melt partition coefficient patterns (Figure 19.3b).
Since the proportion of Eu2+ and Eu3+ are influenced

by the prevailing oxygen fugacity (fO2) conditions, the
presence of positive (or negative) Eu anomalies has been
considered strongly diagnostic for the understanding of
the evolution of petrogenetic processes (McKay, 1989).
Thus, understanding the factors influencing europium
redox mechanisms is very important, especially when con-
sidering using Eu geochemical behavior as a proxy for the
oxygen fugacity of the environment (e.g., Papike et al.,
2005; Wadhwa, 2008). Consequently, several experimen-
tal studies have been carried out on the effect of Eu parti-
tioning as a function of fO2 (e.g., Drake & Weill, 1975;
Philpotts, 1970; Schnetzler & Philpotts, 1970; Weill &
Drake, 1973). However, it has been demonstrated
that chemistry also plays a key role in influencing the
Eu2+/(Eu2+ + Eu3+) redox ratio in geological materials
(e.g., Cicconi et al., 2012; Lauer &Morris, 1977;Müller &
Muecke, 1984; Morris & Haskin, 1974).
In the following, we will review the parameters mostly

affecting Eu redox state: bulk chemistry, temperature,
and fO2.
As Eu2+ and Sr2+ cations have identical charge and

almost identical ionic radii, Philpotts (1970) suggested
that the partitioning of Sr would be equivalent to that
of divalent Eu (DEu

2+), whereas to obtain the Eu3+ parti-
tion coefficient (DEu

3+) the value could be interpolated
from the values of neighbour Sm and Gd. Based on these
assumptions, Philpotts (1970) estimated the Eu2+/Eu3+

redox ratio in several phases, and proposed Eu partition-
ing to be used as an oxygen fugacity barometer. Following
the approach of Philpotts (1970), the mineral/melt parti-
tioning of Eu under different redox conditions has been
studied, for instance, for plagioclases (e.g., Drake&Weill,
1975;Weill &Drake, 1973;Wilke & Behrens, 1999), diop-
side (Grutzeck et al.1974), and pyroxenes (Ching-oh et al.,
1974; Shearer et al., 2006), either in terrestrial, meteorites,
or lunar materials. For example, Drake (1975) experimen-
tally studied the partitioning of Eu between plagioclase
and magmatic liquid of basaltic and andesitic composi-
tions as a function of temperature and oxygen fugacity
conditions. By using the approach of Philpotts (1970),
the ratios of divalent and trivalent europium were esti-
mated both in plagioclase minerals and coexisting mag-
matic liquids. The author showed that the Eu anomaly
(Figure 19.4) increases as fO2 decreases, suggesting that
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the Eu-anomalies, and in turn, the Eu2+/Eu3+ redox ratios
in rock-forming minerals, might be used to estimate oxy-
gen fugacity conditions.
The europium redox equilibrium can be expressed as

4Eu3 +
melt + 2O2−

melt 4Eu2 +
melt + O2, (19.1)

where the oxidized Eu3+ and reduced Eu2+ species and the
physically dissolved oxygen of the melt, are in equilib-
rium. The equilibrium constant K is given by:

K =
a Eu2 +

melt
4∗a O2

a Eu3 +
melt

4∗a O2−
melt

2 , (19.2)

whereK is controlled by oxygen fugacity and the activities
(a) of oxygen and europium ions in the melt. Assuming
that ionic activities are equal to 1, Equation 19.2 can then
be rewritten as

− log fO2 = 4 log
Eu2 +

Eu3 + + b, (19.3)

where the square brackets [] denote activity and f denotes
fugacity (log is to base 10). b is a term that incorporates all
quantities that are function of temperature and bulk
chemistry (cf. Schreiber, 1987). Equation 19.1 implies
the release of 4 electrons during the oxidation of Eu2+,
explaining the coefficient 4 visible in Equation 19.3. As
a result, a plot of –log(fO2) against log [Eu

2+/Eu3+] should
provide a slope of 4/1 (for one-electron couples), when
samples have the same composition and are produced
at the same temperature. However, deviations from the
ideal slope have been observed for Eu redox ratios
(Morris et al., 1974; Cicconi et al., 2012), as well as for
other multivalent elements (e.g., Paul & Douglas,
1965a, b; Schreiber et al., 1999; Cicconi et al., 2015).
A possible explanation for deviations from the ideal
values can be ascribed to non-equilibrium conditions
between liquid and equilibrating gases (Johnston, 1964;

Johnston, 1965). On the other hand, the chemical equilib-
rium reported above is a simplified form, because ions,
logically, occur in melt as solvated species coordinated
to oxygens within the silicate glass network (Schreiber,
1987). Ergo, the europium ions activities in the melt
may not be directly proportional to the concentration
redox ratio. In order to obtain the dependence of the
redox ratio to the bulk chemistry, Schreiber proposed
an alternate form of the chemical equation for redox
equilibria by taking into account the number of oxygen
associated with the oxidized redox ion in the melt
(coordination spheres). Thus, the cation coordination,
or more generically speaking, the cation speciation might
be a crucial point when studying redox equilibria.
We can summarize that the main parameters that must

be taken into account for determining the redox equilibria
in melts are:

• the oxygen partial pressure in the melt (i.e., oxygen
fugacity at ambient pressure);
• the thermodynamic equilibrium constant, which
depends on temperature and standard free energy of the
reaction;
• the activities (a) of ions in the melt.

Schreiber et al. (1994) described the dependence of the
redox equilibria for several multivalent elements (includ-
ing Eu and Ce) in simplified sodium silicate compositions,
reporting a good correlation with the basicity of the melt.
The optical basicity (Λ) concept was firstly introduced by
Duffy and Ingram (Duffy & Ingram, 1971, 1976; Duffy,
1993) and developed in the following years by, e.g.,
Lebouteiller and Courtine (1998), Moretti (2005), and
Ottonello et al. (2001). The optical basicity concept has
been developed for quantitative determination of the
acid–base properties of mixtures containing a large num-
ber of oxides, as for instance glasses, alloys, slags, and
molten salts. The optical basicity value is obtained from
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measurements involving the electron donor power of
probe oxides (such as Pb2+). The red shift in the optical
absorption band related to the electronic transition 6s

6p is correlated to the increases of covalency, therefore
providing the average electron density. For multicompo-
nent systems, such as glasses and melts, the theoretical
optical basicity can be calculated by using partialΛ values
of oxide components and their molar proportion (Duffy &
Ingram, 1976; Duffy, 1993; Lebouteiller & Courtine,
1998; see Le Losq et al., Chapter 12, this volume).
Many multivalent element redox equilibria follow the

general rule of redox controlled by melt basicity, with
the oxidation-reduction equilibrium shifting toward more
oxidized species with increasing basicity of the melt (i.e.,
by increasing the amount of network-modifying oxides).
Since a greater network-modifying ion activity results in
increasing melt depolymerization, this parameter can be
broadly related to the ratio of non-bridging oxygens
(NBO) per tetrahedral cations (T) in glasses and melts
(NBO/T parameter).
The dependence of the Eu2+/Eu3+ ratio on glass/magma

composition, temperature, and redox conditions has been
experimentally investigated by using several techniques:
Electron Paramagnetic Resonance (EPR), Voltammetry,
Optical Absorption and Luminescence Spectroscopy,
Mössbauer, and more recently X-Ray Absorption Spec-
troscopy (XAS).
EPR spectroscopy data (e.g., Lauer & Morris, 1977;

Morris & Haskin, 1974; Morris et al., 1974; Schreiber,
1987) confirmed that oxygen fugacity, temperature, and
composition are all important parameters that affect the
Eu2+/Eu3+ redox ratio in melts. This technique was exten-
sively used to evaluate the Eu redox ratios in glasses,
though its use is inadequate for natural samples since
the presence of iron overshadows/alters the signal related
to europium. In addition, the presence of titanium is also
problematic for EPR measurements, because the Ti3+

signal partially overlaps the Eu2+ signal (Lauer &
Morris, 1977).
Morris & Haskin (1974) investigated by EPR the

dependence of the concentration ratio of Eu2+ to Eu3+

on bulk chemistry in Ca-Mg-Al silicate melts. The authors
determined that Eu2+/Eu3+ redox ratio increases with the
[(Al+Si)/O] molar ratio, i.e., with decrease in NBO. In a
following study, Morris et al. (1974) studied the Eu2+

/Eu3+ redox ratio in Ca-Mg silicate and Ca-Al silicate
glasses depending on temperature and oxygen fugacity
conditions. The authors confirmed the endothermic
nature of the chemical equation for europium redox equi-
librium. For diopsidic and anorthitic compositions they
further reported deviations from the ideal slope of 4 (from
Equation 19.3) in the –log(fO2) vs. log [Eu2+/Eu3+] plot.
On the contrary, Virgo et al. (1981) reported a slope very
close to the ideal one for diopside glass composition.

Diopsidic composition was studied also via Linear Sweep
Voltammetry (LSV) by Colson et al. (1990). This tech-
nique was used to measure Eu redox potentials, providing
an enthalpy of reduction for Eu3+ of 31±5 kcal/mol.
Moreover, the authors determined the Eu diffusion rate
in diopsidic melt (1.5E-6 cm2/s at 1500 C).
Additional studies of Eu redox ratios have been

performed using Mössbauer spectroscopy (e.g.,
Concas et al., 1998; Virgo et al., 1981). This technique
is useful for the determination of Eu oxidation states
since the isomer shift differs significantly between Eu3+

and Eu2+. However, it does not allow a precise deter-
mination of the occupancy/mixing on the europium sites
(Harmening et al., 2010). Using Mössbauer, Virgo et al.
(1981) reported that the Eu2+/Eu3+ redox ratio decreases
by a factor of 4 upon replacement of alkali by alkaline-
earth elements in a diopside-like melt composition. Con-
cas et al. (1998) carried out Mössbauer investigations of
rare earth sites in europium-bearing glasses of different
compositions (phosphate, borate, and silicate). They
observed that there is a deviation of the Eu3+ sites from
cubic symmetry. Thus, the different glass networks influ-
ence the Eu3+ local environment.
Photoluminescence spectroscopy has been extensively

used to study Eu-bearing materials, and in particular the
effect of bulk composition on luminescence properties
(e.g., Cicconi et al., 2017; Wang et al., 2007). However,
most of these studies concern synthetic glasses, glass-
ceramics, and crystals for technological applications
(e.g., phosphors and LEDs). For geological materials,
the photoluminescence techniques have mainly been used
for detecting divalent and trivalent Eu in minerals (Gaft
et al, 2015). Even if this technique has a high sensitivity
(ideal to study trace elements), and is extremely sensitive
to variations in the surrounding ligands, it does not allow
for quantification of the Eu2+/(Eu2+ + Eu3+) ratios.
XAS has been used to quantify the Eu2+/Eu3+ redox

ratio in many minerals because of the high sensitivity
and spatial resolution of this technique (Brugger et al.,
2006; Rakovan et al., 2001; Shearer et al., 2011; Sutton
et al., 2005; Takahashi et al., 2005; Tanaka et al.,
1995). This technique has also been recently used on nat-
ural and synthetic glasses. Karner et al. (2010) studied the
partitioning of Eu between augite and melt, in analogues
of martian basalts, as a function of fO2 (from FMQ to
IW-1) 2. The REE partition coefficients patterns between
melt and pyroxenes represent well the different imposed
fugacities used for the experiments, with increasing
negative Eu anomalies (Karner et al., 2010). The quanti-
fication of the Eu2+/Eu3+ redox ratio either in residual
glass or mineral was obtained by analysis of the X-ray

2 respectively, Fayalite-Magnetite-Quartz and Iron-Wüstite buffer.
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Absorption Near Edge Structure (XANES) portion of the
XAS spectra. The authors reported that, at the FMQ
buffer, europium is mostly present in its oxidized form,
both in the melt and in the augite crystal, whereas under
more reduced conditions (IW-1) both phases are
extremely enriched in reduced europium (circles in
Figure 19.5).
Cicconi et al. (2012) synthetized six set of anhydrous

glasses with compositions spanning from simplified
(Na-silicate) to multicomponent ones resembling haplo-
basaltic (diopside-anorthite, DiAn) and haplogranitic
(HPG8) melts. The authors observed that in glasses
synthetized in air the Eu2+/(Eu2+ + Eu3+) redox ratio
markedly increased in going from basaltic to granitic
composition (respectively, squares and stars in Fig-
ure 19.5), varying from 0.0 up to 0.22 (±0.06). Moreover,
Cicconi and coauthors (2012) reported that, in three
basaltic compositions equilibrated at 1400 C under oxy-
gen fugacity conditions close to the FMQ buffer, the Eu
oxidation state has only slight variations, with Eu3+ still
being the predominant species. Only at more reducing
conditions (IW buffer), was there evidence of a significant
increase in divalent Eu in mafic compositions (squares in
Figure 19.5). These observations were in agreement with
the previous study of Karner et al. (2010). Felsic samples
(haplogranitic glasses; stars in Figure 19.5) always stabi-
lized higher amounts of divalent Eu species. Despite the
strong variation of the Eu redox ratio as a function of
the bulk melt chemistry, and the correlation between Eu
redox state and melt polymerization, Cicconi et al.
(2012) suggested that there is not a simple relationship
with simplified chemical parameters, such as the non-
bridging oxygen per tetrahedron (NBO/T) parameter,
the alkali content or the Na/(Na+K) molar ratio. Hence,

the dependence of the Eu2+/Eu3+ ratio on glass/magma
composition might be controlled by a combination of sev-
eral factors.
Burnham et al. (2015) extended the dataset previously

reported on Fe-free, alkali-free Ca-Mg aluminosilicate
melts with experiments covering a very wide range of
fO2 (from FMQ-13.7 to FMQ+6.3). Moreover, the
authors also reported the data for a synthetic Mid-Ocean
Ridge Basalt (MORB). Using this extended set of compo-
sitions and oxygen fugacities, the authors corroborate all
previous findings, with the Eu2+/(Eu2+ + Eu3+) redox
ratio varying systematically with imposed fO2 conditions
and synthesis temperatures, as well as with melt composi-
tion. In Figure 19.5, points related to two diopside-
anorthite compositions (AD and AD+qz, equilibrated
at 1400 C) from Burnham et al. (2015) are reported
(crosses in Figure 19.5) along the MORB glasses (blue
dashed line). Moreover, two compositions in the ternary
systems CAS and MAS (CaO-Al2O3-SiO2 and MgO-
Al2O3-SiO2, respectively) are shown as well (diamonds
in Figure 19.5). Interestingly, the values obtained by
Burnham and coauthors (2015) for the latter two compo-
sitions approach the trend reported by Cicconi et al.
(2012) for haplogranitic glasses.
All studies cited above agree on the strong influence of

bulk composition on the Eu redox ratio which could be
partially rationalized in terms of the influence of the
degrees of covalency of the cations building the glass
network.
The dependence of Eu redox ratio as described byMorris

and Haskin (1974) (on the dependence of Eu redox onmelt
polymerization and on the increases of the Eu2+/Eu3+ as
the radius of the network-modifying cation decreases)
has been interpreted by Fraser (1975) in terms of the
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Figure 19.5 Eu2+/(Eu2+ + Eu3+) redox ratio as determined by XANES vs. oxygen fugacity values, for different bulk
compositions. Solid lines represent the evolution of Eu redox ratio with fO2, extrapolated from data reported by
Karner et al. (2010) and Cicconi et al. (2012). Other compositions are haplogranitic glasses (stars; Cicconi et al.
2012) or CAS, MAS compositions (diamonds; Burnham et al., 2015). Crosses (and dotted lines) represent
modified diopside-anorthite compositions from Burnham et al. (2015) (AD and AD+qz). Blue dashed line
follows the trend of Eu redox in a synthetic MORB glass. See text for details.
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amphoteric character of europium oxides in silicate melts,
and the occurrence of different structural units. Thus,
Eu2O3 may be seen either as basic or acidic oxide, with
two possible reactions occurring in silicate melts
(Fraser 1975):

Eu2O3 melt + O2−
melt 2EuO−

2 melt (19.4)

Eu2O3 melt 2Eu3 +
melt + 3O2−

melt (19.5)

The formation of a structural unit, and the acidic or
basic nature of the oxide imply that O2- may occur either
as product or reactant (similarly to what observed for Fe-
S interaction in silicate melts; Moretti & Ottonello, 2003),
thus explaining the dependence on the oxide ion activity.
The structural unit EuO−

2 should have an independent
geometry site that does not implicate a different structural
role in the silicate network. Indeed, taking into account
the Dietzel’s Cation Field Strength parameter for divalent
and trivalent europium (see Figure 19.1b) it is unlikely for
Eu3+ to behave as a network-former cation. Experimental
evidence for the structural role of both trivalent and diva-
lent europium in silicate glasses of geological interest have
been provided by EXAFS (Extended X-Ray Absorption
Fine Structure) spectroscopy (Cicconi et al., 2012). This
study confirmed that Eu ions will behave as network-
modifying cations in silicate melts and that they are coor-
dinated with 6 to 9 oxygens (respectively for Eu3+ and Eu2
+), in agreement with the coordination suggested by Mor-
ris & Haskin, 1974, and field strength considerations.

19.3.2. Cerium

Cerium may be stabilized in glasses, melts, and rocks
either as Ce3+ or Ce4+, and Ce-anomalies (deviations to
the general trend) have been detected in several geological
systems (terrestrial and lunar rocks, meteorites, minerals,
seawater…) and proposed as a redox proxy (e.g., Ballard
et al., 2002; Elderfield & Greaves, 1981; Evensen et al.,
1978; Masuda et al., 1974; Takahashi et al., 2002; Toste-
vin et al., 2016; Trail et al., 2011). Indeed, as previously
reported for europium, and in general for many multiva-
lent elements (e.g., Cr, V; Papike et al., 2005) the element
partitioning between coexisting phases might reflect the
average oxygen fugacity conditions at the time of
crystallization.
Drake & Weill (1975) observed that the behavior of Ce

(as Ce3+ + Ce4+) does not differ significantly from the
value of Ce3+ obtained by linear interpolation between
the values of La3+ and Nd3+. This implies that the parti-
tion coefficient of the trivalent species (DCe

3+) approxi-
mates that of the tetravalent one (DCe

4+), resulting in
DCe

3+ ~ DCe
4+ in plagioclase/magmatic liquid systems.

More recently, Ballard et al. (2002) determined the
Ce4+/Ce3+ ratio in zircons and used it to infer the relative

oxidation state of calc-alkaline intrusions (associated with
porphyry copper mineralization) at the time of crystalliza-
tion. The authors’ method was based on the approach of
Philpotts (1970) for europium (see Section 19.3.1). Many
following studies were focused on the partitioning of Ce
(and on Ce oxidation state) into zircon (ZrSiO4) in order
to establish the prevailing redox conditions. Zircons are
widespread accessory minerals physically and chemically
stable, hence they are considered to preserve the original
chemistry (Ballard et al., 2002; Trail et al., 2011).
Ce4+ is highly compatible in ZrSiO4, much more than

Ce3+ (like Hf4+, Th4+; see Figure 19.1) such that its high
partitioning into the crystals could indicate highly oxidiz-
ing conditions in the melt at the time of crystallization.
The occurrence of Ce4+ in zircons is emphasised by the
positive Ce anomalies. However, as in the case of euro-
pium in plagioclase, it is important to obtain a quantita-
tive understanding of the influence of bulk composition,
fO2 conditions and synthesis temperatures on the cerium
redox ratio. In the following we report a brief review of the
experimental studies carried out in order to assess the
effect of several parameters (chemistry, temperature,
fO2) on the Ce redox state.
Earlier investigations used chemical titration for evalu-

ation of Ce redox ratio in glasses. Johnston (1965) esti-
mated the Ce3+/Cetot redox ratio to vary, in air, from
0.26 at 1000 C to 0.40 at 1300 C, from experiments
on Ce3+-Ce4+ oxidation- reduction equilibria in a binary
Na2Si2O5 melt. Moreover, the author studied the Ce
redox ratio in glasses synthetized at 1085 C under differ-
ent fO2 conditions, reporting the equilibrium dependence
of log [Ce3+/Ce4+] on -log(fO2) with values very close to
the theoretical slope of 4.
Paul & Douglas (1965a) also investigated the Ce3+-Ce4+

redox equilibria in air, in simple binary borate and alkali
silicate glasses. The main goal of this study was to under-
stand the influence of cerium content, alkali cation type,
and synthesis temperature on redox. The main results
obtained by Paul and Douglas for alkali silicate glasses,
synthetized in air, are shown in Figure 19.6, where it is pos-
sible to appreciate how the bulk composition affects the Ce
redox ratio. In going from Li to K (increasing cation ionic
radii), at equal amounts of alkali content, there is an
increase of the oxidized species. However, this trend is
not linear since the slope of the lines increases in the order
Li < Na~K. Similar changes in slope with different alkali
cation type were also reported for Fe and Cr redox pairs
(Paul & Douglas, 1965b). By increasing the amount of net-
work modifiers (increasing melt basicity) there is a marked
increase of the oxidized species for K- and Na-silicate
glasses and smaller increases for Li-silicate glasses
(Figure 19.6). Further observations by Paul and Douglas
(1965a) for alkali borate glasses regard the variation of
the Ce redox ratio with the total amount of cerium, and
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the increase of Ce4+ species with gradual increase of cerium
concentration. Finally, the effect of temperature was also
evaluated for Ce-bearing alkali borate glasses. When plot-
ting the log [Ce4+/Ce3+] vs. reciprocal temperature the
authors observed the expected linear correlation, but inter-
estingly they observed that the slope of the straight lines
(considered proportional to the thermodynamic standard
enthalpy of reduction3) was increasing as the glass basicity
increased (from 0.16 for Li up to 0.4 for K-glasses).
Schreiber and coauthors (Schreiber, 1980; Schreiber

et al., 1994; Schreiber et al., 1980) described the Ce4+-
Ce3+ equilibria in glasses with respect to bulk chemistry,
temperature, oxygen fugacity conditions, and Ce amount
(from 0.5 to 1.3wt%). The authors reported that the
dependence of the Ce equilibria with respect to the -log
(fO2) to be ~4, in Ca-Mg aluminosilicate glasses. However,
contrary to Paul andDouglas (1965a), Schreiber and coau-
thors observed no dependence of Ce redox ratio on the Ce
concentration.
Baucke and Duffy (1993) considered existing redox

equilibria in alkali silicate melts (at 1400 C, in air) and
report their correlation with the optical basicity Λ of
the melt for several multivalent elements. The authors
stated that it is possible to predict the redox equilibria
from the composition. By plotting the log [Ce3+/Ce4+]
against optical basicity values, they determined a relation-
ship from the straight line obtained, suggesting that it
would be feasible to express the ratio of ionic concentra-
tions merely in terms of the optical basicity (Baucke &
Duffy, 1993). For Ce equilibrium, the authors proposed
the following relationship:

log Ce3 +
Ce4 + = 5 4− 8 3Λ, (19.6)

More recently, Pinet et al. (2006) proposed a model
relating the Ce redox ratio to oxygen fugacity, tempera-
ture, and optical basicity in silicate glasses (suitable for
nuclear waste management). Moreover, the authors
report that cerium solubility is strongly affected by redox
state, and that Ce solubility is improved when incorpo-
rated in the reduced Ce3+ form. Pinet and coauthors
(2006) developed a general model (similar to the one used
for iron in the well-known Kress and Carmichael model;
Kress & Carmichael, 1991) applicable to various silicate
glass compositions (optical basicity values from 0.52 to
0.65) and temperatures in the range ~900–1240 C.
A few recent studies have been carried out, aiming

to understand the evolution of cerium redox state on
temperature, pressure, and bulk composition, by using
XAS (Burnham & Berry, 2014; Smythe & Brenan,
2015, 2016; Smythe et al., 2013). Interestingly, these stud-
ies report contradictory findings regarding the depend-
ence of the [Ce3+/Ce4+] redox ratio on melt/glass
polymerization. Indeed, Burnham and Berry’s (2014)
results corroborate findings from previous studies
(Schreiber et al., 1980; Baucke & Duffy, 1993; Pinet
et al., 2006), indicating that the content of reduced species
increases with increasing melt polymerization or temper-
ature. On the contrary, Smythe et al. (2013, 2015)
observed that the abundance of Ce4+ decreases with
decreasing polymerization.
Smythe and coauthors (2013, 2015) studied anhydrous

alkali-aluminosilicate glasses (synthetic basalt, andesite,
dacite, and rhyolite glasses; all sets include alkali and
TiO2, and are Fe-free) that contained ~1.0 wt% CeO2.
Other sets of hydrous glasses were prepared at
0.001GPa and 1GPa to assess the effect of water (hydrous
compositions favour the stabilization of reduced species).
[Ce3+/Ce4+] redox ratio assessment was carried out both
by potentiometric titration and XAS (M4,5-edges). Burn-
ham and Berry (2014) studied the influence of bulk com-
position on the oxidation state of cerium, for a larger
range of oxygen fugacity values (from FMQ-10 to
FMQ+11) in alkali-free and Fe-free aluminosilicate com-
positions (the same diopside-anorthite compositions
described above for Eu) doped with ~0.5 wt% CeO2. Both
authors report the possible occurrence of Ce redox mod-
ifications under the beam during XAS measurements.
From the available data, Smythe and Brenan (2015)

ascribed the contrasting effect of glass composition on
Ce redox ratio to the compositional differences. In the
studies from Smythe and coauthors (2013, 2015) the four
compositions span from basaltic to granitic, covering
wide ranges of SiO2 contents (from ~52 to ~78 mol%
SiO2) and (Si+Al)/alkali molar ratios (Smythe et al.,
2013; Smythe & Brenan, 2015). Nevertheless, only a
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Figure 19.6 Dependence of the Ce4+/Cetot redox ratio on alkali
content, and alkali cation type. Lines are only guide for the
eyes. Data from Paul and Douglas (1965) for synthesis in air, at
1400 C. Errors not provided.

3ΔH0, generally speaking, represents the energy required for the
reduction reaction.
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limited dataset is reported. On the other hand, Burnham
and Berry (2014) studied a much larger dataset (11 differ-
ent compositions), and a wider range of oxygen fugacity
conditions tested. However, all glasses in the diopside-
anorthite system have SiO2 < 65 mol%, extremely high
amounts of (CaO+MgO), and no alkalies. Another point
that could be source of the differences between the studies
lies in the experimental technique employed for the esti-
mation of the Ce3+/Ce4+ redox ratio. Both authors used
XAS spectroscopy even if at different edges (hence, by
looking at different electronic transitions). Smythe et al.
(2013) reported beam-damage and overestimation of the
Ce4+ compared to wet chemistry analyses, thus proposing
an empirical relation for correction of the Ce3+/Ce4+

redox ratios, based on the potentiometric data. Burnham
and Berry (2014) asserted that beam-induced changes
were observed only for samples prepared at high pres-
sures. The combination of XAS techniques with other
analytical methods could have provided more insights
on the effect of the X-ray beam on Ce redox ratio, how-
ever the authors did not report any further investigation.
For example, optical absorption (OA) and photol-
uminescence (PL) measurements or XPS analysis, before
and after the beam exposure, would have been useful to
understand to what extent the X-ray beam influenced
cerium ions.
More recently, Cicconi et al. (2017, 2020, 2021) inves-

tigated cerium speciation in alkali-silicate and aluminosil-
icate glasses and Ce-activated optical silica fibers. The
authors also used XAS to quantify the Ce redox ratio,
but also combined Raman and optical spectroscopy
(PL) techniques. Cicconi and coauthors (2017), in agree-
ment with Burnham and Berry (2014) and other previous
studies observed that Ce redox behavior, in Na-silicate
and aluminosilicate glasses, is linked to the optical basic-
ity of the glasses, and the substitution of Al for Na
strongly stabilizes reduced Ce species. However, for opti-
cal silica fibers Ce/Al codoped, the relationship bulk
chemistry/redox was found to be more complex. In fact,
in these glasses, the theoretical optical basicity parameter
cannot be used anymore to predict the Ce redox changes,
because the different Al structural role (coordinations) in
the silica fibers network induces modifications in the Ce3+

structural environment that the optical basicity concept
cannot predict (variations of the distance between Ce3+

and its ligands, a/o variations of the <Ce-O> bonds cov-
alency). Thus, Ce redox state is critically affected by the
nature of the cations present in the silica glass network
(Cicconi et al., 2017, 2021). Raman spectroscopy analyses
of Ce-bearing sodium-silicate and aluminosilicate glasses
highlight the structural variations occurring when cerium
is stabilized with different valences in the glass network.
These observation reported by Cicconi et al. (2017) could
explain the contradictory results of Smythe and coauthors

(Smythe et al., 2013; Smythe & Brenan, 2015) and empha-
size the need for understanding an element structural role,
rather than limiting studies to redox changes.
Raman spectroscopy is a powerful, complementary

technique that may be used in order to understand the
ion structural behavior. Parallel (VV) and cross-polarized
(VH) Raman spectra for Ce-free and Ce-bearing sodium-
disilicate glasses (NS2) are reported in Figure 19.7 (from
Cicconi et al., 2021). Silica vibrations related either to Si-
O-Si ring motions or Si-O stretching motions are highly
polarized bands (Hehlen & Neuville, 2015), thus their
intensity drastically decreases when collected as cross-
polarized (factor 1:9 in Figure 19.7). For example, the
bands in the high frequency portion of the Raman spectra
(~800–1300cm-1), related to symmetric stretching, signifi-
cantly change their intensity, though without changing
the frequency position. The VV and VH spectra for the
glass containing only reduced species (100±7% Ce3+:
black lines in Figure 19.7) indicate a higher polymeriza-
tion of the network, additionally confirmed by the
increase of the glass transition temperature (Cicconi
et al., 2021). On the contrary, the prevalent presence of
oxidized species (15±7% Ce3+: red lines in Figure 19.7)
induces an increase ofQ2 andQ3 species4, and the appear-
ance of an additional band around 880 cm-1, which is
polarized (indication a non-symmetric vibration). From
the available data the authors concluded that, depending
on the Ce3+/Ce4+ redox ratio, strong variations occur in
the silica glass network, arising from Ce-NBO(BO)
interactions.
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Optical spectroscopy is widely used to investigate REE-
and transition element-bearing glasses, because of the
extremely high sensitivity, and because these techniques
are able to detect small variations in the surrounding
ligand (e.g., variations of the covalency). OA and PL spec-
troscopies have been extensively used to study Ce-doped
materials (e.g., Assefa et al., 2004; Brandily-Anne et al.,
2010; Fasoli et al., 2009; Herrmann et al., 2015), even if
the quantification of Ce redox state is very controversial.
As a matter of fact, Ce species present absorption in the
UV-region with an overlap of the broad bands, which
increase or decrease depending on glass chemistry, and
Ce content. Moreover, only Ce3+ is optically active and
has fluorescence emission, whereas Ce4+ does not show
luminescence due to its closed electronic shell ([Xe] 4f0).
A combination of wet-chemistry, voltammetry, Raman,

and XAS with optical techniques could provide a better
understanding of the factors influencing the Ce redox ratio
and speciation, in silicate glasses and melts.

19.3.3. Influence of Other Elements: Mutual
Interactions

In the glass industry, controlling the color of the final
product is a very important issue along with the fining
process (the removal of gaseous inclusions). Hence, sev-
eral investigations in glass and ceramic manufacturing
involve understanding the effect of multivalent elements
on the final color (as well as on properties). REE have
been widely used in the production of special glasses, or
as decolorizing agents (Ce). For example, in commonwin-
dow glasses (soda-lime-silica) production, the presence of
divalent iron is unwanted because of a strong blue hue,
and Ce2O3 is considered a particularly effective oxidizing
agent. Glass with iron impurities up to 0.1wt% might be
successfully decolorized by adding sulfates (as fining
agent) and cerium oxide (Henderson, 1984).
In the past, cerium has been used in the production of

special glasses for protection against UV light. Indeed,
earlier studies on the ceria/ceric equilibria were done on
simple binary systems in order to determine the effect of
composition on cerium absorption bands and, in turn,
on the UV cut-off (Paul et al., 1976). More recently, the
interest for REE redox control derives from the use of
glasses as nuclear waste immobilizer. For this purpose,
the parameters influencing cerium redox state have been
studied in many silicate and borate compositions (Pinet
et al., 2014; Pinet et al., 2006). Lanthanides have proper-
ties similar to the transuranic actinides, so REE have been
considered as actinide analogues for preliminary model-
ling of the characteristics of the waste forms. Indeed,
REE are the most favored elements to be used as surro-
gates since they already occur as fission products; moreo-
ver, because of the geochemical similarity with actinides,

they provide a way to forecast the long-term behavior of
waste forms.
Another important point in glass/ceramic manufacturing

concerns the understanding of the mutual interactions
between multivalent elements in glasses. Both Ce and Eu
redox ratios are influenced by the presence of other multiva-
lent elements, as described by (Schreiber et al. (1987).
A complete understanding of such interactions between
transition elements and REE is as important for glass man-
ufacturing, as it is for geochemical and petrological interpre-
tations of element partitioning between melt and crystals.
The use of Ce2O3 as decolorizing agent implies that an

interaction between different multivalent elements occurs,
following the reaction (Schreiber et al. 1987):

Fe2 +
melt + Ce4 +

melt = Fe3 +
melt + Ce3 +

melt, (19.7)

The interaction between redox species has been argued
to derive either from electron exchanges at high tempera-
tures (melts as analogs of aqueous solution) or exclu-
sively during the quench, implying a charge transfer
process due to presence of Ce-O-Fe complexes. Unfortu-
nately, the study of mutual interaction and of the redox
behavior in melts has been limited to relatively few sys-
tems because of the experimental difficulties related with
the measurements.

19.3.3.1. Fe-Eu Mutual Interactions. Since iron is the
most common transition element in natural magmas, it
provides a first order control on properties (see Le Losq
et al., 2021, Chapter 12, this volume, for details), and since
it is present in amounts orders of magnitude higher than
REE (or other transition elements), it also buffers the
magma redox state.
Most of the studies described in this chapter refer to Fe-

free glasses and only a few report data for Fe-bearing
glasses and discuss the possible differences. Schreiber
and coauthors, in their studies, attempted to understand
the redox reactions not only in iron-free compositions,
but also in more realistic systems in order to develop mod-
els applicable to natural magmas (e.g., Schreiber, 1980;
Schreiber et al., 1982; Schreiber et al., 1980, 1987).
A chemical equation for the interaction by oxidation-
reduction of Eu and Fe ions in silicate melts, similar to
Equation 19.7, could be expressed as:

Fe3 +
melt + Eu2 +

melt = Fe2 +
melt + Eu3 +

melt, (19.8)

The occurrence of this interaction in glasses has been
experimentally verified both for Eu-bearing simplified
systems (CMAS, Na-silicate, DiAn) and multicomponent
ones (basalts). The presence of both multivalent elements
determines different redox kinetics, and the stabilization
of higher amounts of reduced iron species (Schreiber
et al., 1980, 1982; Cicconi, 2010; Cicconi et al., 2015).
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For example, XAS data collected for a series of DiAn
glass compositions (with Eu/Fe molar ratio = 0.05) show
that, for both species, the evolution of the redox ratios with
fO2 changes with respect to the glasses containing only a
single multivalent element. Indeed, Fe-doped DiAn
glasses prepared at ambient conditions (1400 C, in air)
should have trivalent iron as the predominant species.
However, the presence of europium (Figure 19.8), leads
to the stabilization of > 30% Fe2+ in air (±5; Cicconi,
2010). Moreover, at oxygen fugacity values close to the
FMQ buffer, Fe is already almost completely reduced
(> 90% Fe2+±5) and the Eu2+/Eu3+ redox ratio is lower
than expected (~5% Eu2+±6). On the contrary, close to
the IW buffer, when all iron is completely reduced, the
Eu2+/(Eu2+ + Eu3+) estimated for the Fe/Eu glass is 0.49
(±0.06), very close to the one estimated for the Fe-free
glass (0.47±0.06). Thus, it is reasonable to consider that
europium redox equilibrium goes back to the expected
value when all trivalent iron disappears from the melt.
From the data reported in Figure 19.5 it is possible to

observe that for oxygen fugacity values close to the
FMQ buffer (-log(fO2) ~6 in Figure 19.5) the Eu redox
ratio in Fe-free glasses is highly variable depending on
the bulk chemistry. However, the introduction of iron into
the system strongly decreases this variability.
As previously reported, two mechanisms could be

responsible for the lower Eu2+ contents: electron
exchanges in the melt, or the occurrence of oxidation
via charge transfer processes during glass quenching. In
order to monitor the possible mutual interaction at high

temperatures (and avoid possible quenching effects), a
study of molten materials where both Fe and Eu redox
kinetics were simultaneously monitored under imposed
oxygen fugacity conditions was carried out by Cicconi
et al. (2015). The studied composition was a Fe-rich basalt
containing ~5 wt% Eu2O3 (to obtain an Eu/Fe molar ratio
= 0.066).
Some of the in-situ dispersive X-ray Absorption Spec-

troscopy data, obtained at high temperatures (HT=1500
C) for a basaltic glass are reported in Figure 19.9a,
and the resulting redox kinetics for both Eu and Fe are
shown in Figure 19.9b. At HT, both in air and under pure
Ar, the stabilization of small amount of divalent euro-
pium would be expected. However, the presence of iron
hampers any Eu reduction. Only under more reducing
conditions (Ar/H2), and after almost complete reduction
of all iron present, do Eu ions start to be stabilized as
Eu2+ (Figs. 19.9a,b). From the in-situ study, Cicconi et al.
(2015) affirm that there is strong competition between the
two redox couples in the melt, implying that electron
exchange occurs also in the molten material. Moreover,
they observed differences in the Eu redox ratio from the
melt and the in-situ quenched glass, emphasizing that
the quench effect must not be neglected in future studies
of Eu/Fe-bearing glasses.

19.3.4. Other Multivalent Rare Earth Elements

As stated above, in geological systems (aqueous solu-
tion, glass, and rocks) the most stable valence for lantha-
nides is the trivalent one. However, REE can be
stabilized with other oxidation states. In the past decades
REE-bearing glass, glass-ceramic, or crystalline materi-
als have been developed for the characteristic lumines-
cence properties provided by the lanthanides (Lucas
et al., 2014). Based on these studies, several other lantha-
nides have been observed to be stable as divalent or
tetravalent.
• divalent REE: Eu2+. Sm2+, Yb2+

Eu is able to lose two electrons in order to obtain the
stabilization of the half-full 4f shell: Eu2+ [Xe]4f7, and
similar considerations can be done for Sm (Sm2+ [Xe]
4f6). Yb2+ can be formed due to the stabilization of the full
4f shell [Xe]4f14.
The stabilization of divalent REE ions in different host

materials has been realized either by using a highly redu-
cing atmosphere (H2), by electrolytic reduction, or by
exposing the material to ionizing radiation (Fong, 1964;
Nicoara et al., 2008; Nogami et al., 1995).
• Tetravalent REE: Ce4+, Pr4+, Tb4+

The known forms, obtained under oxidizing condi-
tions, are:
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Ce, which lose all four outer electrons to form Ce4+ ions
[Xe]4f0. Similarly Pr4+ and Tb4+ can be formed (Morgan
et al., 1987; Ueda et al., 2017).

19.4. CONCLUSIONS AND PERSPECTIVES

Trace element geochemistry gives important informa-
tion in Earth and planetary sciences for investigating pro-
blems ranging from geochemistry to igneous petrology
(crystal-melt equilibria, magmatic differentiation, etc.).
REE distributions in minerals are strongly dependent
on (i) ionic radius, and (ii) the suitable valence state and
bonding forces (as in the case of monazite and xenotime)
and the lack of constraints regarding element partition
coefficients is a major source of error in modelling crys-
tal/melt fractionation (Blundy & Wood, 2003, and refer-
ences therein).
Many geologically important trace elements are poten-

tially redox variable (e.g., Ti, V, Cr, Cu, Eu, Ce), however
the factors influencing redox mechanisms sometimes are
poorly known, thus limiting our understanding of trace
element patterns, abundances, and partitioning. Deter-
mining an element oxidation state, coordination environ-
ment, and speciation provide the basic knowledge on the
parameters controlling the element geochemical behavior.
The data reported here emphasize the need for under-

standing the redox behavior in many other systems, but

also emphasize the importance of an often-underestimated
parameter: the elements’ structural role. There are only a
few examples, in the Earth Sciences literature, where sys-
tematic studies of Ce and Eu redox are complemented with
data regarding their surroundings. The combination of
advanced element specific techniques (such as XAS) with
other analytical methods might provide more insights on
the effect of the element speciation in glasses and melts.
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