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Abstract 

During their formation, terrestrial planets underwent a magma ocean phase during which their metallic cores segre‑
gated from their silicate mantles and their early atmospheres formed. These planetary formation processes resulted 
in a redistribution of the abundances of highly volatile elements (HVEs, such as H, C, N, and S) between the plan‑
ets’ metallic cores, silicate mantles, and atmospheres. This review presents the numerous experimental techniques 
used to simulate the conditions and identify the parameters that influenced the behavior of HVEs during planetary 
formation. We also review the analytical techniques used to characterize the different types of experimental sam‑
ples and quantify the distribution of HVEs between metallic and silicate phases, as well as their solubilities in silicate 
glasses. This exhaustive review targets students and young researchers beginning their work on the subject, or, more 
generally, scientists seeking a better understanding of this field of research.
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1 Introduction
The development of life-supporting molecules depends 
on the availability of volatile elements (H, C, N, O, S) at 
a planet’s surface, which, alongside other critical param-
eters, has allowed the development and maintenance of a 
stable biosphere on Earth (Kasting and Siefert 2002). The 
prevailing surface conditions on terrestrial planets were 
mainly determined by the composition of their atmos-
pheres and the existence (or lack) of a magnetic field 
protecting their surfaces from solar winds. Furthermore, 

the long-term stability of these surface conditions hinges 
upon the prevalence and rates of plate tectonics, which 
recycles volatile elements between a planet’s interior and 
its surface (e.g., Dehant et  al. 2007; Foley and Driscoll 
2016). However, these present-day conditions are not 
representative of the entire history of a rocky planet, 
which, at times, was partially to completely molten, i.e., 
characterized by a magma ocean stage(s). Magma oceans 
are thought to have facilitated metallic core segregation, 
as well as the formation of early atmospheres, via solidifi-
cation and degassing. Thus, the magma ocean stage likely 
set the initial volatile element distributions between the 
interiors and surfaces of rocky planets (Elkins-Tanton 
2008).

The current composition of a terrestrial planet’s 
core depends not only on the bulk composition of the 
planet, but also on the solubility of volatile elements 
in the magma ocean and the metal–silicate partition 
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coefficients of H, C, N, O, and S, which vary with pres-
sure, temperature, and oxygen fugacity. Over the last two 
decades, the effects of these conditions on the redistribu-
tion of highly volatile elements (HVEs; here, H, C, N, and 
S) have been investigated experimentally by simulating 
magma ocean degassing and core formation on different 
rocky planets. Such experiments are used to determine 
HVE solubilities and metal–silicate partition coefficients, 
respectively.

Large-volume apparatuses have been used in most of 
these experimental studies, achieving pressures from 0.5 
to 24 GPa and temperatures up to 2400 °C (e.g., Roskosz 
et al. 2013; Boujibar et al. 2014; Chi et al. 2014; Li et al. 
2016; Dalou et  al. 2017; Clesi et  al. 2018; Malavergne 
et al. 2019; Grewal et al. 2019, 2021; Fichtner et al. 2021). 
Recently, superliquidus (i.e., melting) experiments per-
formed in laser-heated diamond anvil cells (LHDACs) 
have extended the range of these measurements to con-
ditions considered relevant to core formation on Earth 
(i.e., ≥ 45–55 GPa, ≥ 4000 °C; e.g., Suer et al. 2017; Mahan 
et al. 2018; Fischer et al. 2020; Tagawa et al. 2021; Blan-
chard et  al. 2022). HVE solubility measurements in sili-
cate liquids complement these metal–silicate partitioning 
measurements and have enhanced our knowledge of vol-
atile outgassing and cycling between Earth’s early mantle 
and atmosphere (e.g., Libourel et  al. 2003; Hirschmann 
et al. 2012; Ardia et al. 2013; Armstrong et al. 2015; New-
combe et al. 2017; Boulliung et al. 2020; Bernadou et al. 
2021; Dalou et al. 2022; Sossi et al. 2023). The choice of 
analytical techniques (bulk or local mass spectrometry, 
nuclear microprobe, or vibrational spectroscopy) to char-
acterize HVE concentrations in both metal and silicate 
phases depends on several criteria, including the sizes 
and textures of experimental samples and anticipated 
HVE concentrations in different phases.

Oxygen comprises ~ 44 wt.% of Earth’s mantle and, 
by extension, a similar fraction of the silicate mantles of 
other terrestrial planets; it therefore plays a key role in 
determining the speciation of volatile elements in atmos-
pheres and mantles or magma oceans. The abundance of 
O relative to the other rock-forming elements, together 
with the pressure–temperature conditions at the sur-
face of a magma ocean, determines the oxygen fugac-
ity (fO2) at the surface. Because O is far in excess of the 
other major atmosphere-forming elements (the HVEs) in 
magma oceans, the fO2 dictates their relative fugacities 
(e.g., the CO/CO2 and  H2/H2O ratios) in the atmosphere 
(Hirschmann 2012; Sossi et al. 2020a). Moreover, because 
different gaseous molecules have different solubilities 
in silicate liquids (e.g., Yoshioka et al. 2019; Bower et al. 
2022), the HVE distributions between planetary interiors 
and atmospheres depend on fO2. On Earth, iron is by far 
the most abundant redox-sensitive element, and, because 

the oxygen abundance in geologically relevant phases is 
rarely measured directly (if ever), the redox state of iron 
 (Fe3+/Fe2+) is a key proxy for the fO2 of a system, be it 
rock, fluid, or gas.

In this review, we summarize the above-mentioned 
experimental and analytical techniques, as well as the 
limitations and challenges associated with each experi-
mental technique and chemical analyses of experimen-
tal charges.

2  Defining partitioning and solubility
2.1  Partitioning
In terrestrial planets, core formation represents the 
largest mass transfer event in their history. The par-
titioning of elements between silicate and metallic 
phases can be generally described as:

where n is the oxidation state of element E dissolved in 
the silicate melt. By definition, in its metallic form, ele-
ment E has zero net charge. Hence, at equilibrium:

where K is the equilibrium constant, a the activity, γ the 
activity coefficient, and f the fugacity. The partition coef-
ficient of an element of interest i between metallic and 
silicate phases, Dmetal−silicate

i  , is defined as Xmetal
i /Xsilicate

i  , 
where X denotes the mole fraction concentration of that 
element in each phase. Hence, the quantity Dmetal−silicate

i  
in Eq.  2 is proportional to the molar ratio of element i 
in the silicate and metallic phases. Were core formation 
to have occurred at equilibrium (or incomplete equilib-
rium; Zube et  al. 2019), elements would have distrib-
uted between the Fe-rich metallic phase and the silicate 
mantle according to their thermodynamically governed 
partition coefficients. Consequently, elements with high 
Dmetal−silicate
i  values are siderophile and strongly depleted 

in the mantle, whereas those with low Dmetal−silicate
i  val-

ues are lithophile and should theoretically remain in 
chondritic proportions in the mantle (Wade and Wood 
2005).

The equilibrium constant, K, is related to the Gibbs 
Free Energy change of the reaction (ΔGrxn) through:

Because both phases involved in the reaction are 
liquids, to a first order, the entropy terms of the free 
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energy reaction are likely to be small, and partitioning 
can be approximated as:

where ΔH is related to the enthalpy of the reaction terms. 
Importantly, because ΔH is nearly independent of tem-
perature, the partition coefficient D tends to unity at infi-
nite temperature.

Pressure changes are more difficult to predict, as they 
depend upon the partial molar volumes and compress-
ibilities of the volatile species in both the silicate liquid 
and the metal. This is governed by:

which, when integrated, gives:

where �V 0 is the molar volume change in the mass 
action equation, showing that lnDmetal−silicate

i  is propor-
tional to P (e.g., by taking P1 as 1 bar). Under the condi-
tions of core formation, HVEs are expected to be at least 
partially dissolved in the magma ocean (see Sect.  2.2, 
below), and the system does not contain a gas phase; in 
this case, it is seldom important to consider the pressure 
dependence. The volume change of the reaction, even if 
�V 0 is constant, only plays a significant role when the 
pressure integral is large enough (e.g., the pressure range 
relevant to core formation).

Alternatively, metal–silicate partitioning can be 
expressed using the exchange coefficient with Fe (the 
dominant component of planetary cores), KD, such as:

where KD is related to the equilibrium constant K of 
reaction (2), which can be defined in terms of KD and 
the activity coefficients (γ) of the metal and silicate 
phases by combining with Eq. 2 as:

Then, lnDmetal−silicate
i  can also be expressed in terms of 

the above variables and constants as:
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where IW is the iron–wüstite redox buffer:

The constants a, b, c, and d are determined using mul-
tivariate least-squares linear regression of the meas-
ured Dmetal−silicate

i  , P, T, and phase compositions (e.g., 
Wade and Wood 2005; Chidester et al. 2022; Suer et al. 
2023). In other words, Eq. (10) allows us to constrain the 
dependence of the partition coefficients on P, T, and fO2.

2.2  Solubility
The solubility of a given species describes its capacity to 
dissolve into a condensed phase. Determining the solu-
bilities of major atmosphere-forming elements in silicate 
liquids is therefore central to understanding the compo-
sition of the primitive atmosphere. The most abundant 
molecule in Earth’s atmosphere,  N2, dissolves in silicate 
liquids at high oxygen fugacities as (Libourel et al. 2003):

implying an equilibrium relationship of the kind:

Therefore, solubility laws require that the fugacity of the 
relevant gaseous species and the mole fraction of the dis-
solved species in the melt be defined. In such scenarios, 
and if the quantity of the dissolved species is sufficiently 
dilute so as not to perturb the structure of the solvent (sil-
icate liquid), the solubilities can be fit to Henry’s Law as:

where X is the mole fraction, α is proportional to the 
quotient of K and the activity coefficient of  N2, and β is 
the stoichiometric coefficient. Some species show depar-
tures from Henry’s Law: notably, the dissolution reaction 
of  H2O defines β = 0.5 at low fH2O (Hamilton et al. 1964; 
Newcombe et al. 2017; Sossi et al. 2023). Therefore, con-
trolling fugacity in experiments is invaluable for defin-
ing solubility laws. Moreover, the equilibrium constant K 
(and hence α) changes with temperature owing to the free 
energy change of the reaction, which can be determined 
by varying T while keeping other variables constant.

Many homogeneous gas-phase reactions between 
major atmosphere-forming species are, in turn, depend-
ent on fO2. For example:
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Consequently, varying fO2 at constant P and T in the 
C–O system will control the CO/CO2 ratio of the gas 
phase. Hence, a change of the Henrian solubility con-
stants upon a change in fO2 may indicate a change in gas-
phase speciation.

3  Experimental techniques
The diversity of conditions to be tested to simulate dif-
ferent planetary environments implies the use of a wide 
range of experimental setups. They mainly differ in terms 
of the P–T conditions they can attain. Each high-pressure 
technique can be used to assess the unique thermody-
namic states of planet-forming materials at P–T ranges 
relevant to core–mantle differentiation in bodies of sizes 
ranging from asteroids to large terrestrial planets. In con-
trast, 1-atm devices used for solubility experiments differ 
mainly in terms of sample mass, quench speed, and fO2 
control. Compositional analyses of these samples are typ-
ically performed ex situ, and solubility data and partition 
coefficients are determined by the concentration ratios 
of elements of interest between the metal and silicate 
phases. Among the parameters to be evaluated before 
experimentation, the size of the sample is critical because 
it constrains the type of analyses that can be performed.

3.1  Large‑volume apparatuses
3.1.1  Low‑pressure devices for solubility experiments
In contrast to high-pressure experiments, low-pressure 
studies can be performed under open-system conditions 
(that is, mass can be lost from the experimental charge) 
at (near-)ambient pressures, as is the case for levitation 
and vertical-furnace experiments. Both techniques are 
performed in large reacting chambers (from tens of cubic 
centimeters to several liters), meaning that evaporated 
species are able to leave the immediate vicinity of the 
heated sample (e.g., Donaldson 1979). Furthermore, fO2 
(and the fugacities of other gaseous species) can be set by 
continuously flowing gas mixtures, the nature of which 
depend on the conditions to be tested. This is the key 
advantage of low-pressure conditions: because high-tem-
perature vapors behave essentially ideally at 1  bar, their 
thermodynamic quantities are precisely known (e.g., 
from the JANAF tables; Chase 1998) and their fugacities 
for a given bulk gas composition are easily defined (to 

(15)H2gas +
1

2
O2gas = H2Ogas,

(16)COgas +
1

2
O2gas =

1

2
CO2gas,

(17)COgas +H2gas +
1

2
O2gas = CH4gas + 2OHgas.

within a few percent relative). Because HVEs have stable 
gas species at standard temperature and pressure (STP), 
such as  N2,  CO2, CO,  H2,  SO2, and  O2, the gas flow rates 
can be precisely controlled to accurately fix fN2, fCO2, 
fCO, and so on.

In contrast, sealed silica tubes are closed systems, and 
metallic buffers or reducing/oxidizing species must be 
added within the tube to control the fO2.

3.1.1.1 Aerodynamic levitation furnaces This kind of 
furnace is mainly composed of a conical nozzle, with a 
central hole from which a gas or gas mixture flows. The 
gas flows at typical velocities of the order of ~ 10  m/s 
(hundreds of cubic centimeters per minute, depending on 
the nozzle diameter) and is used to stably levitate the sam-
ple (e.g., Nordine and Atkins 1982; Pack et al. 2010). Addi-
tionally, the gas can also be used to control the fO2, or 
indeed the fugacity of the desired gaseous species, since 
the gas compositions can be changed by mixing  H2,  CO2, 
and Ar gases using multiple gas flow controllers (Badro 
et al. 2021).

In most of these devices, the sample is heated by 
a ~ 100 W continuous-wave  CO2 laser with a wavelength 
of 10.6 µm that is focused to a spot diameter of 1–5 mm 
depending on the size of the sample (Fig. 1). Other heat-
ing sources (solar furnaces, mirror furnaces) have also 
been used for specific applications, but are more difficult 
to implement (Oran and Berge 1982). Temperatures can 
be very high (e.g., > 3000 °C using laser heating), but can 
easily be adapted according to the process of interest (see 
reviews by Hennet et al. 2006 and Pack et al. 2010).

The main benefit of this technique is the absence of 
contact with the sample container during the experiment, 
preventing chemical interactions with the container (e.g., 
Fe is not lost into Pt wires or crucibles, and samples are 
not contaminated with  Al2O3 or its impurities, as in ver-
tical tube furnaces). Moreover, crystallization is unaf-
fected by heterogeneous nucleation along the container 
surface. Other advantages include (1) the possibility of 
reaching very high temperatures (> 3000 °C) and (2) very 
short experimental durations owing to the low sam-
ple mass, which allows rapid heating/cooling cycles and 
results in quench rates of ~ 850 °C/s for ~ 2-mm-diameter 
spheres (Badro et al. 2021). These specificities have been 
exploited to make peridotitic glasses as analogs of magma 
oceans (e.g., Sossi et al. 2020b). Otherwise, homogeneous 
peridotitic samples have been prepared by a sol–gel pro-
cess, which often contains a moderate amount of water 
(Auzende et al. 2011).

However, the small volume of the heated sample com-
plicates temperature measurements, accomplished 
using an optical pyrometer rather than thermocou-
ples. Although such pyrometers have precision on the 
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order of a few degrees, instability in the laser heating 
can result in fluctuations of ~ 50  °C (Sossi et  al. 2023). 
Moreover, the unknown emissivities of some liquids 
at the wavelength(s) of the pyrometer means that addi-
tional calibration is required to derive absolute tempera-
tures (e.g., Sarou-Kanian et al. 2005; Taguchi et al. 2023). 
Depending on the geometry of the furnace (especially 
for single-laser devices), the combination of laser heat-
ing and the cooler gas stream on the sample may induce 
a thermal gradient despite the rotation of the sample dur-
ing the run (as observed in Hennet et al. 2006). To rem-
edy this, dual laser setups are common, and a third laser 
can even be added to offset cooling induced by the gas 
(Hennet et  al. 2006). The relatively high gas flow rates 
required to stably levitate a sample (several hundreds of 
standard cubic centimeters per minute; Landron et  al. 
2000; Pack et al. 2010) promote mixing and hence a con-
stant fO2. However, such high flow rates increase the 
advection of evaporated species from the surface (see 
Charnoz et al. 2021 and Young et al. 2022 for theoretical 
treatments), promoting further evaporation. Because the 
system is open to mass transport and the sample has a 
finite mass, this evaporation (unless congruent) changes 
the composition of the residual sample. Indeed, this envi-
ronment can result in the evaporation of volatile and 
moderately volatile elements (mainly the alkalis, S, F, and 
Cl, but also Mn, Cr, and Zn; Sossi et al. 2019), which are 
then carried away from, and thus depleted in, the sample 
(Pack et al. 2010; Badro et al. 2021; Ni et al. 2021).

Consequently, levitation furnaces are best suited to 
the study of high-temperature materials or those with 
low volatile abundances, although they can also be 
gainfully used to investigate thermodynamically une-
quilibrated processes such as evaporation.

3.1.1.2 Vertical drop‑quench furnaces This furnace 
design has long been employed in petrological studies 
to examine phase relations, evaporation, crystallization, 
textural relationships, and partition coefficients between 
phases. High temperatures up to ~ 1700  °C are reached 
at 1 atm using metallic heating elements (usually  MoSi2, 
but graphite is also feasible). Experiments are performed 
within a refractory tube (mainly  Al2O3, but sometimes 
 SiO2 or SiC for lower or higher T experiments, respec-
tively) in which gas mixtures can be pumped to control 
the fugacities of oxygen and other elements. Samples 
are held in the hot zone of the furnace (typically ~ 3 cm 
long) by metallic wires (often Pt, but also Ir, W, and Re for 
more reduced atmospheres) or metallic/refractory cru-
cibles (such as Pt or  Al2O3) and are efficiently quenched 
(> 700  °C/s, as estimated from the decrease in sample 
brightness within ~ 1 s) by dropping them into the lower, 
cold part of the furnace, sometimes directly into a water 
bath (Fig. 2).

The main advantage of vertical drop-quench furnaces 
is that the experimental temperature is precisely and 
accurately controlled. Absolute temperatures are cali-
brated using metals whose melting points are known to 
within ~ 1–2 °C (usually Au at 1064 °C and Pd at 1555 °C). 
Moreover, these furnaces can often be programmed to 
follow complex thermal histories, which is more relevant 
to natural samples than simple isothermal experiments. 
Another benefit is the possibility of varying the sample 
size: small samples (~ 10  mg) can be useful to quickly 
reach equilibrium with the gas phases (i.e., in a few min-
utes), and different surface/volume ratios can be tested, 
for example, to obtain information about evaporation 
processes (e.g., Mathieu et al. 2008). Gas flow rates may 
also be precisely controlled, varied over a relatively wide 

Fig. 1 Aerodynamic levitation furnace. a Schematic of the setup modified from  Ni et al. (2021). b Photograph of the setup at the Eidgenössische 
Technische Hochschule (ETH, Zürich, Switzerland), and c zoom of the levitated sphere (modified from Badro et al. 2021)
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range (typically tens to hundreds of standard cubic cen-
timeters per minute), or varied systematically with time 
to simulate changing fugacity conditions (e.g., Prabha-
Mohan et al. 2023). Oxygen fugacities are typically inde-
pendently measured by means of the electromotive force 
(emf) via an oxygen probe  (SIRO2; Badwal et  al. 1987; 
Mendybaev et al. 1998) composed of an yttria-stabilized 
zirconia (YSZ) solid electrolyte and Pt electrode.

One of the limitations of 1-atm furnaces is the neces-
sity of using sample containers. Generally, samples 
should not contain elements that readily alloy with the 
sample container at the conditions of the experiment; 
for example, the use of Pt in the well-known wire-loop 
method (Presnall and Brenner 1974; Donaldson et  al. 
1975) is problematic if the silicate melt contains iron. 
Indeed, if the mass of the container is large enough, 
alloying can modify the composition of the sample and 
the thermal resistance of the wire (Presnall and Bren-
ner 1974; Corrigan and Gibb 1979). One approach to 
overcome this issue is to use a pre-alloyed container, 
although this adds to the experimental preparation 
time (Grove 1982).

Another limitation, as with other open-system devices, 
is the evolution of the sample composition due to evap-
oration of the most volatile species (e.g., O’Neill 2005; 
Sossi et al. 2019), although this process is slower than in 
a levitation furnace due to the lack of advection. If unde-
sired, this effect can be mitigated by adding the volatiles 
of interest to the atmosphere in the furnace (Amalberti 
et  al. 2018; Boulliung et  al. 2020; Boulliung and Wood 
2022) or by adding a supplementary volatile source, such 
as a bucket containing the volatile compound of interest 
(e.g., Georges et  al. 2000; O’Neill 2005; Borisov 2008). 
However, experiments using a supplementary volatile 
source are difficult to undertake and typically only reach 
a steady state rather than true equilibrium.

In summary, vertical furnaces are very thermally stable 
and thus suitable for solubility and evaporation experi-
ments. However, they are prone to evolving sample 
compositions that may preclude their use for naturally 
relevant studies.

3.1.1.3 Sealed silica tubes Sealed silica tubes are inter-
mediate between the open-system protocols previously 

Fig. 2 Photographs and a schematic of the vertical drop‑quench furnace at the Centre de Recherches Pétrographiques et Géochimiques (CRPG, 
Nancy, France)
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described and the closed-system high-pressure devices 
described in the next subsections. These devices are 
closed systems that are run at low pressures (~ 0.1 to a 
few bars for experiments at temperatures relevant to 
magmatic systems). They contain the sample(s) and, if 
needed, a metallic buffer (Fig. 3a) or a graphite crucible 
(Fig.  3b) to control fO2 and a ‘source’ of the element to 
be tested (Fig.  3). The tubes are prepared at room tem-
perature and must be evacuated (to ~  10−2 mbar) before 
sealing to accommodate the overpressure upon heating. 
Once closed, the tubes are inserted into a furnace (usually 
muffle furnaces, sometimes vertical furnaces).

The sizes (diameter and length) of the tubes can be 
adapted to a given study depending on the materials 
necessary, potentially varying the tube volume from ~ 1 
to ~ 100  cm3. Other factors controlling tube size are the 
ease of shaping the tubes (it becomes difficult to seal 
small bulbs with a torch) and the size of the furnace 
chamber.

In contrast to open-system devices, sample composi-
tions will be only moderately affected by evaporation in 
sealed tubes; indeed, the most volatile elements will start 
to volatilize, but will eventually reach their vapor satura-
tion pressure, preventing further loss from the sample 

5 cm

sealed silicate tubes

alumina crucible

carbon crucible

b)

a)

solid metal/ oxide

C or S reservoir 

glass sample

evacuated sealed 
silicat tube

platinum crucible 

Platinum cap

alumina or
silica crucible 

glass sample

graphite cap

 graphite crucibles
C or S reservoir c

evacuated sealed 
silicat tube

Fig. 3 a Schematics of two different sealed silica tube experimental designs (modified from Chevreux et al. 2021). b Photograph of two sealed silica 
tube experiments in a muffle furnace, standing in alumina crucibles (courtesy of Mahaud Chavanieu, CRPG)
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(Khedim et al. 2008; Chevreux et al. 2021; Cartier et al. 
2023). That said, a volatile source can be added to the 
tube to, at high temperature, produce a gas that will inter-
act with the sample, allowing the “ingassing” of various 
elements (Mathieu et al. 2008, 2011). The closed-system 
nature of these experiments also constrains the condi-
tions that can be tested. First, the fO2 must be imposed 
by metallic buffers or by adding oxidizing or reduc-
ing elements to the samples, making it difficult to test a 
large fO2 range. Moreover, the use of metallic buffers can 
preclude some applications; for example, in S solubility 
experiments, S reacts with metallic buffers to produce 
sulfides.

Due to the pressure differential between the inside and 
the outside of the tube (i.e., the atmosphere), the tubes 
can deform or even be punctured in high-temperature 
runs. Consequently, temperatures as high as 1450 °C are 
difficult to test, even in short runs of a few hours, and 
temperatures should not exceed 1400 °C for longer runs 
(> 24 h). Thus, sealed silica tubes are a good protocol for 
performing solubility and controlled evaporation experi-
ments for volatile or moderately volatile elements (S, 
alkalis, etc.) because they can last from a few minutes to 
several days. Although experimental limitations (temper-
ature, testable elements, etc.) can limit their applications, 
sealed silica tubes are a good compromise for low-pres-
sure, closed-system experiments.

3.1.2  Large‑volume moderate‑ to high‑pressure devices (LVP)
Internally heated pressure vessels (IHPVs) are designed 
for experimental studies at medium to high tempera-
tures (up to 1400 °C) and pressures up to 1 GPa, whereas 

piston-cylinder apparatuses can reach temperatures 
up to 2000  °C and pressures of 0.5–4 GPa (or, rarely, 6 
GPa). These two apparatuses are therefore limited to 
experiments investigating the first hundreds of kilom-
eters of terrestrial magma oceans, but are appropriate for 
studying core–mantle equilibration on smaller planetary 
bodies like the Moon or Mercury (≤ 5 GPa; Rai and van 
Westrenen 2014; Cartier and Wood 2019). In contrast, 
multi-anvil presses are used to attain pressures of 5–25 
GPa and temperatures up to 3000  °C, conditions more 
relevant to core–mantle segregation on larger plan-
ets (Bouhifd and Jephcoat 2011; Rai and van Westrenen 
2013).

3.1.2.1 Internally heated pressure vessels (IHPVs) IHPVs 
consist of a thick-walled metallic pressure vessel sealed 
by closure plugs at both ends, in which the pressure is 
applied by a gas. The pressure medium is injected in gase-
ous form using two multipliers and piston systems capa-
ble of reaching pressures up to 1  GPa. The injected gas 
is most often Ar, but can also be a mix of Ar and H in 
variable proportions, making it possible to simulate more 
reducing environments. The sample is heated by an inter-
nal-resistance two-loop tube furnace heater (Mo wiring, 
17 mm internal diameter), which can reach temperatures 
up to 1400 °C. The vessel is cooled using a coil in which 
water circulates. A plug and shutter system guarantees the 
watertightness of the internal part under pressure, which 
contains the furnace and the sample. The quenching sys-
tem comprises two Pt rods which allow the sample(s) to 
be held in the hot part of the autoclave (Fig. 4). The sam-
ple hangs from an alumina nacelle using a fine (0.2 mm) 

Fig. 4 Schematic diagram of an internally heated pressure vessel with rapid quench device (left) and a rapid quench IHPV at Bayerisches 
Geoinstitute (right, modified from Yoshioka 2018)
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wire (Pt or PtRh). Quenching is performed by sending an 
electrical discharge into the rods to explosively fuse the 
wire, allowing the nacelle and the capsule(s) to fall from 
the hot zone of the furnace (+ 1000 °C) to the cold zone 
(− 100 °C), achieving quench rates of about 500 °C/s (Hol-
loway et  al. 1992). Two to three thermocouples (e.g., S 
type;  Pt90Rh10–Pt]) can be used at different heights in the 
hot zone to monitor temperature (Fig.  4); temperature 
gradients can vary from 0 to 20 °C over 1 cm within the 
hot zone.

Because Ar gas is used as the main pressure medium, 
pressure is known more accurately in IHPV experiments 
than in other large-volume apparatuses, hence the com-
mon use of IHPVs to study volatile element behaviors 
during magma ocean degassing (Yoshioka et  al. 2019; 
Bernadou et al. 2021). Moreover, by adding various pro-
portions of hydrogen to the Ar pressure medium, the 
oxygen fugacity can be controlled following the reaction: 
 H2 + 1/2  O2 =  H2O (Gaillard et al. 2003).

3.1.2.2 Piston‑cylinder apparatuses Both piston-cylin-
der and multi-anvil apparatuses are based on hydraulic 

pressure systems that drive one or two vertical hydrau-
lic rams to compress a cylindrical cavity. Relatively large 
sample sizes are employed in the piston cylinder appa-
ratus (~ 200  mm3 in a 1/2″ assembly) compared to the 
multi-anvil type LVP. The piston-cylinder apparatus con-
sists of a “bomb” with a centered cylindrical hole either 
3/4″ (≤ 1.2 GPa) or 1/2″ (≥ 1 GPa) in diameter. The pres-
sure on the sample chamber within the cavity is generated 
by pushing a piston into the cylindrical cavity. Whereas 
the bomb is made of pre-stressed steel rings, both the 
piston(s) and the core of the bomb are made of tungsten 
carbide (Fig. 5a). The lower ram transfers the pressure to 
the sample through the piston, while the upper hydraulic 
ram provides the end-load pressure during an experiment 
to support the pressure vessel from the opposite side of 
the master ram (Fig.  5a). In general, pressure is applied 
and maintained using two hand-pumps, but recently, 
pressure controller systems have allowed programmed 
pressure profiles to be executed using automatic pumps. 
A fraction of the hydraulic pressure is not transmitted to 
the sample, as evidenced by the heterogeneous pressure 
distribution and frictional strain between the carbide core 

Fig. 5 a Schematic of the end‑loaded piston‑cylinder apparatus.  b Photograph of the bridge, the bomb, the top plates and the assemblies, and c 
schematic of a 1/2″ assembly (modified from Condamine et al. 2022)
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and the cell assembly, which cause pressure losses (e.g., 
Condamine et al. 2022) that vary with experimental pres-
sure, temperature, and duration. Therefore, depending on 
the conditions of interest, a variety of piston-cylinder cell 
assemblies are available to transform the uniaxial pressure 
into hydrostatic isotropic pressure. At high temperatures 
(> 1600 °C), talc (Fig. 5b) or  BaCO3 cells should be favored 
over NaCl salt cells as the electrical insulator, although 
talc produces too much frictional strain on the carbide 
core and must be avoided in experiments at very high 
pressures (> 3 GPa, < 1600  °C; Condamine et  al. 2022). 
Hence, special attention is required in the choice of mate-
rials used. Capsules are contained in a MgO ring sleeve 
sandwiched between top and bottom MgO plugs (Fig. 5c). 
The alumina sleeve is placed in an assemblage composed 
of, from innermost to outermost, graphite, pyrex, and 
electrical insulator cell cylinders. Finally, samples are 
heated electrically via copper electrodes on the top plate 
and the bridge, creating an electrical circuit through the 
resistive graphite heater (Fig. 5a). During high tempera-
ture experiments, the pressure vessel is cooled using cir-
culating water. The electrical connection to the graphite 
heater is maintained through the steel plug on the top and 
a graphite and steel disk at the bottom of the assembly. 
The temperature distribution within assemblies depends 
on the assembly material, as described in Schilling and 
Wunder (2004). The experimental temperature is moni-
tored using a thermocouple, inserted axially such that the 
welded junction is in close contact with the top of the cap-
sule. Dunn and Luth (1993) reviewed the different types 
and best uses of thermocouples. Type-C thermocouples 
 (W95Re5–W74Re26) are the most adapted to very high 
temperatures (up to ~ 2300  °C) for metal–silicate parti-
tioning or magma ocean degassing experiments. At the 
end of the experiment, before decompression, the power 
to the furnace is cut and the experiment is quenched “rap-
idly”, i.e., at ~ 130 °C/s (Ezad et al. 2023), although recent 
developments on new “rapid quench” piston-cylinders 
have improved quench rates to 160 °C/s (Ezad et al. 2023).

Both IHPVs and piston-cylinder apparatuses can be 
equiped with a pressure controller, allowing controlled 
isothermal decompression experiments. We note, how-
ever, that isothermal decompression experiments are 
more commonly run in the context of volcanic degassing 
to simulate magmas ascending through volcanic conduits 
(e.g., Gardner et al. 1999; Nicholis and Rutherford 2009) 
than to simulate the degassing of a fully molten surface in 
a magma ocean context.

3.1.2.3 Multi‑anvil presses Multi-anvil presses are 
capable of generating pressures and temperatures rel-
evant to shallow depths within Earth’s lower mantle (≥ 25 
GPa, 2300  °C) while maintaining a relatively large sam-

ple volume on the order of ~ 10  mm3. Multi-anvil presses 
differ from piston-cylinders because the pressure is 
applied using a hydraulically driven ram that compresses 
two opposite outer guide blocks, each containing three 
hardened-steel primary-stage anvils that, in turn, com-
press eight tungsten carbide secondary anvils in multiple 
directions (Fig. 6a). This approach can reach 25 GPa, or 
even higher pressures if the anvils are made of sintered 
diamonds (Zhai and Ito 2011) or newer tungsten carbide 
anvils (TF05 and TJS01), which can reach over 30  GPa 
(e.g., Kunimoto et  al. 2016; Ishii et  al. 2017, 2022). The 
secondary anvils have truncated corners such that the 
assembly of the eight cubes into a larger single cube leaves 
an octahedral shaped cavity at the center (Fig. 6b), where 
an octahedral high-pressure ceramic cell containing 
the sample is placed. Samples are placed into this outer 
MgO +  Cr2O3 octahedral ceramic pressure medium, a 
 ZrO2 thermal insulator, a resistance graphite or  LaCrO3 
heater, and MgO or  Al2O3 spacers (Fig. 6b). The addition 
of 5%  Cr2O3 to the MgO pressure medium lowers its ther-
mal conductivity. The upper component encloses a MgO 
tube used to accommodate the thermocouple, and a solid 
MgO cylindrical spacer is placed at the bottom (Fig. 6b). 
The middle part contains the sample capsule inside a thin 
MgO sleeve. In the sample area, the heater has a thicker 
wall to create a smaller axial thermal gradient. A molyb-
denum ring and disk are also used to improve electrical 
contact (Fig.  6b). As in the piston cylinder, current is 
passed through a graphite or lanthanum chromite fur-
nace to heat the sample. For a given uniaxial load gener-
ated by the hydraulically powered guide blocks, the size of 
the octahedral cell assemblies (hence the truncation edge 
length of the WC anvils) controls the pressure generated 
on the sample.

As with the piston cylinder, quenching is required to 
“freeze” the samples to keep HVEs within the structure of 
high-pressure melts. For this reason, recent works have 
focused on improving quench rates in LVPs. Bondar et al. 
(2021) showed increasing the quench rate of traditional 
multi-anvil presses from 650 to 6700–8200  °C/s; this 
state-of-the-art technique currently works to pressures 
up to 9 GPa and temperatures up to 2200 K.

3.1.3  The critical choice of capsule materials
In general, capsules consist of welded noble metals or 
metallic alloys. The choice of sample capsule depends 
on the pressure, temperature, and oxygen fugacity of 
the experiments. In studies applied to planetary magma 
oceans, reducing conditions require the use of AuPd, Pt, 
or graphite capsules (e.g., Bernadou et  al. 2021; Dalou 
et  al. 2017; Grewal et  al. 2019). In IHPVs, double cap-
sules with external AuPd or Au capsules and internal Pt 
capsules have been developed to control and monitor 
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hydrogen and oxygen fugacities during experiments 
(e.g., Wilke and Behrens 1999). In piston cylinder and 
multi-anvil press experiments, graphite capsules or dou-
ble Pt-graphite capsules (i.e., inner graphite and outer 
Pt; e.g., Armstrong et  al. 2015) are often used to pre-
vent Fe loss to the metal containers, ensure reducing 
conditions, and achieve high temperatures approaching 
planetary magma ocean conditions. However, graphite 
capsules are a source of C and lead to graphite-saturated 

conditions that yield C-saturated metal alloys. They are 
also more or less porous depending on their density, 
which often results in volatile losses (e.g., Grewal et  al. 
2019; Dalou et  al. 2019a). Single-crystal olivine, pure 
forsterite, or MgO capsules can be used as alternatives, 
but the increasing dissolution of MgO with increasing 
experimental temperature (Fichtner et  al. 2021; Dalou 
et al. 2022) must be considered when selecting starting 
materials.

Fig. 6 a Photograph of the multi‑anvil press installed at the Vrije Universiteit (Amsterdam, Netherlands), modified from Knibbe et al. (2018). b 
Schematic of the multi‑anvil press secondary anvils, and a schematic and photographs of the assembly (courtesy of Pierre Condamine). Note 
that at the interface between the pressure medium and the pyrophyllite gasket, the copper coil around the thermocouple may significantly affect 
the electromotive force (EMF) of the thermocouple. Specifically, the nominal temperature is estimated to be ~ 150 K lower than the nominal 
temperature without a copper coil (Nishihara et al. 2006)
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3.1.4  Experimental designs
To study the metal–silicate partitioning of volatile ele-
ments, starting materials are silicate gels or mixtures of 
oxide powders considered analogous to a magma ocean 
composition and a core-forming metallic alloy compo-
sition. As magma ocean analogs, tholeiitic, primitive 
basaltic, or magnesian basaltic compositions are gener-
ally chosen (e.g., Kuwahara et  al. 2019a; Grewal et  al. 
2019; Fichtner et al. 2021; Blanchard et al. 2022). In the 
case of multi-anvil presses, the high quench rate allows 
the use of chondritic and/or peridotitic compositions 
that are closer analogs to magma oceans (Roskosz et al. 
2013; Boujibar et  al. 2014), although it remains difficult 
to quench those compositions without forming olivine 
dendrites unless modifications to the standard design 
are made (see Bondar et  al. 2021). Core-forming alloys 
are generally either solely iron or an iron–nickel mixture 
(Roskosz et al. 2013; Grewal et al. 2019) that may include, 
as discussed in the following section, a mix of iron car-
bide, sulfide, or nitride and iron monosilicide (e.g., Bou-
jibar et al. 2014; Grewal et al. 2019). However, the choice 
of experimental design implies certain assumptions 
about Earth’s accretion and core formation, as summa-
rized in the following.

One procedure is to load a capsule with two separate 
phases: an iron alloy (Fe ± Ni, Si) containing the volatile 
elements of interest and a volatile-free (sometimes iron-
free) silicate powder (e.g., Ballhaus et  al. 2017; Grewal 
et al. 2021; Blanchard et al. 2022). The alloys are prepared 
by mixing pure metal alloys (Fe, FeS,  Fe83Si17, Ni,  Fe4N, 
 Fe7N3, etc.; e.g., Kilburn and Wood 1997; Dasgupta et al. 
2013; Boujibar et  al. 2014; Grewal et  al. 2019; Jackson 
et al. 2021). A step to melt this mixture can be included; 

for instance, Blanchard et al. (2022) alloyed pure Fe with 
13C powder in a piston cylinder melting experiment at 
2 GPa and 1873  K for 10  min in a MgO capsule. Once 
the metallic alloys are loaded into the capsule with the 
silicate powder and brought to the desired high-pressure 
and high-temperature (HP–HT) conditions, volatile ele-
ments equilibrate by diffusion from the metal alloy to the 
silicate phase, producing a large metallic pool (> 400 µm 
in diameter) on one side of the capsule and a large pool of 
silicate glass on the other (Fig. 7a). This procedure is ideal 
for physically and chemically separating fragments of sili-
cate glass from the metal for bulk analyses by inductively 
coupled plasma mass spectrometry (ICP-MS) or gas 
mass spectrometry (see below). This design assumes that 
the core formed from large metal fragments that resulted 
from the accretion of large differentiated planetesimals 
and planetary embryos (Kleine and Rudge 2011). In this 
case, HVEs are already partitioned into the metal frag-
ments and partially re-equilibrate with the surrounding 
silicate (magma ocean).

Alternatively, following the continuous accretion 
model (e.g., pebble accretion), the accreting metals form 
droplets small enough to equilibrate with the surround-
ing magma ocean (Kleine and Rudge 2011). To experi-
mentally simulate the processes approximated in this 
model, volatile elements and a Fe-bearing silicate powder 
representing the magma ocean are loaded into the cap-
sule with a reducer (e.g., Si or Fe metal). For instance, 
hydrogen can be added to the starting silicate pow-
der as Mg(OH)2 (e.g., Iizuka-Oku et  al. 2017), Al(OH)3 
(Clesi et  al. 2018), or synthesized water-bearing silicate 
glass (e.g., Tagawa et al. 2021). For carbon, graphite cap-
sules have been widely used as the carbon source (e.g., 

Fig. 7 Equilibrated metal–silicate samples produced in piston cylinder experiments. a Sample from Li et al. (2015) produced at 3 GPa, 1600 °C, 
and IW–4.8, by loading a volatile‑bearing metal and a volatile‑free silicate into the capsule (the single‑stage core formation approach). b and c 
Samples from Dalou et al. (2017) synthetized at 3 GPa, 1600 °C, and IW–2.3, and from Speelmanns et al. (2018) synthetized at 1 GPa, 1250 °C, 
and IW–3.0, respectively, both produced by loading volatiles, Fe‑bearing silicate powder, and a reducing metal into the capsule (the continuous 
accretion approach). See text for full descriptions of the two approaches
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Dasgupta et al. 2013; Li et al. 2016; Dalou et al. 2017). To 
avoid C saturation in the metal phase, other types of cap-
sules can be used (see previous section) and either graph-
ite powder or vitreous carbon spheres added as the C 
source. For nitrogen,  Si3N4 can be used both as a source 
of N and as a reducing agent (e.g., Roskosz et  al. 2013; 
Speelmanns et al. 2019; Dalou et al. 2017, 2019a). Since 
its reduction potential is high, other sources of N, such as 
 NH4NO3, have also been used (e.g., Li et al. 2016; 2023). 
In these experiments, because reduction occurs during 
heating, the metal segregates from the silicate at HP–HT. 
Hence, the equilibration of volatile elements between 
the metal and the silicate is controlled first by the reduc-
tion reaction and then by diffusion between the silicate 
melt and the metal alloy. This experimental procedure 
produces small metal blobs (10–80 µm in diameter) ran-
domly distributed throughout the silicate glass (Fig.  7b, 
c; e.g., Speelmanns et al. 2019; Dalou et al. 2017, 2019a), 
unless the experiments are sufficiently long (≥ 6–12 h) to 
allow metal blobs to sink and coalesce into larger blobs 
(> 150  µm). However, such long experiments are often 
affected by volatile losses through the capsule (e.g., Dalou 
et al. 2019a).

In both cases, metal–silicate experiments are run at 
least 50  °C above the silicate liquidus (e.g., Dalou et  al. 
2017; Grewal et al. 2019), and experiments of both pro-
tocols are performed at similar temperatures. Assuming 
that chemical equilibrium is attained during the experi-
ment, both of the above experimental approaches pro-
duce equivalent results. For instance, similar nitrogen 
partition coefficients between metal and silicate phases 
were reported by Grewal et al. (2019, 2021) using the first 
protocol and by Dalou et al. (2017) and Speelmanns et al. 
(2019) using the second protocol.

3.1.5  Attainment of chemical equilibrium
Chemical equilibrium must be assessed before publish-
ing solubility or metal–silicate partitioning data. The first 
argument to support chemical equilibrium for an experi-
mental sample is the compositional homogeneity of the 
phases (glass and metal) with respect to major elements 
and the investigated volatile(s) (H, C, N, and/or S) when 
measured by local analyses (see analytical section). The 
second argument is to perform time series experiments 
(i.e., experiments of variable durations): partition coef-
ficients correlate with run duration below a certain run 
duration but remain stable over longer durations, sug-
gesting a steady state has been reached. If independent 
tests yield similar results, this steady state can be equated 
with the attainment of equilibrium. Owing to the differ-
ences in diffusivities, the characteristic equilibration time 
differs for each element and varies with experimental 
conditions, such as P–T, fO2, and phase compositions. 

However, elements may not necessarily diffuse in their 
elemental (monatomic) form, but rather as moieties (see 
Richter et al. 2009); diffusivities thus also reflect specia-
tion, which is itself a function of P–T–X (e.g., Boulliung 
et  al. 2021). Despite the relative ease with which time 
series can be performed, few are reported for metal–sili-
cate experiments involving the equilibration of highly 
volatile elements (e.g., Shi et al. 2022 for N). Instead, the 
diffusivities, expressed in  cm2/s, of larger, heavier ele-
ments (mainly Si, Mg, and O in silicates or Fe and C in 
metals) are often used to calculate characteristic diffu-
sion distances in comparison to the sizes of the samples 
or the phases (e.g., Malavergne et al. 2019). The argument 
here is that if larger and heavier elements (i.e., with the-
oretically slower diffusivities) are equilibrated in a sam-
ple synthesized at a certain duration, so must be smaller 
and lighter elements. Nonetheless, reversal experiments 
remain the most robust test of equilibrium; they are 
typically performed by varying the form in which start-
ing materials are added to the experimental charge and 
ascertaining whether the same experimental product is 
produced. Finally, when partitioning or solubility data 
already exist in the literature at similar conditions to 
those being investigated, chemical equilibrium can be 
assessed by comparison with previous studies.

3.2  Laser‑heated diamond anvil cell (LHDAC) experiments
LVPs produce samples large enough to be analyzed by 
bulk or local analytical methods, allowing for numerous 
and various types of structural, chemical, and vibrational 
analyses (see Sect. 5). As summarized above, thermody-
namical parameters such as pressure, temperature, and 
oxygen fugacity can be controlled with relative precision 
using those experimental techniques. However, none of 
those methods can achieve the average P–T conditions 
relevant to metal–silicate equilibration during Earth’s 
core formation (i.e., ≥ 45–55 GPa and ≥ 4000 °C; Bouhifd 
and Jephcoat 2011).

To determine metal–silicate partition coefficients at 
conditions relevant to core–mantle segregation in a 
deep magma ocean, experiments are also performed in 
LHDACs, in which materials are compressed between the 
truncated tips of two diamonds to pressures of 30–100 
GPa and heated by an infrared (IR) laser to temperatures 
of 3000–6000 °C (Siebert et al. 2012; Fischer et al. 2015; 
Bouhifd and Jephcoat 2011). Starting materials are usu-
ally thin foils of iron alloyed with trace elements of inter-
est and a pellet of powdered silicate/oxide mixture (e.g., 
basalt, peridotite, pyrolite compositions). Using a needle 
or other micromanipulator, these are placed in a pre-
indented gasket sample chamber that is, in turn, placed 
between the two diamonds, and the pressure is increased 
by squeezing the diamonds’ tips together via tightening 
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screws (Fig.  8a). Although rhenium or stainless steel 
are commonly used, various gasket materials have been 
employed, such as diamond, beryllium, boron (Lin et al. 
2003), or a combination of Kapton, amorphous boron, 
and epoxy (Merkel and Yagi 2005). The choice of gasket 
is important because it determines the maximum attain-
able pressure, sample thickness, and the stress conditions 
within the sample (Merkel and Yagi 2005).

Many factors control the ability of DACs to generate 
pressure, but the simplest parameter is the diameter (d) 
of the diamonds’ culets. O’Bannon et  al. (2018) found 
that the maximum pressure a DAC can reach varies 

linearly with d−0.54. For more details on the relationship 
between anvil geometry and achievable pressure, the 
reader is referred to O’Bannon et  al. (2018). Pressure 
in the experimental chamber is determined before and 
after the experiments based on either the fluorescence of 
a small ruby placed near the edge of the chamber (Mao 
et al. 1978; Eggert et al. 1989; Dewaele et al. 2004) or the 
high-wavenumber edge of the diamond band in Raman 
spectra (Eremets et al. 2023). Uncertainties on these pres-
sure measurements range between 5 and 10 GPa (Erem-
ets et al. 2023). A thermal pressure correction is applied 
to the pressures measured after heating (Yen et al. 2020).

Fig. 8 a Photograph of a diamond anvil cell (DAC) with a cross section of the region hosting the experimental sample, modified from Yang 
and Zhaohui (2011). b Simplified schematic of a two‑sided laser‑heated system. Laser is directed by mirrors (M) to the two sides of the DAC. 
Thermal emission is directed via beam splitters (bs) to spectrometers to determine temperature. An objective collects an image which is focused 
by lenses (L) onto a camera. The DAC is usually illuminated by a white light source (not shown). Filters (F) are used to block unwanted wavelengths 
or reduce intensity. c Top‑down view through diamond of a metal–silicate partitioning experiment after laser heating (the dark region indicates 
where the sample was molten) and a 4‑color temperature map of the sample collected during laser heating (courtesy of T.A. Suer). d Small metal 
grains in the quenched silicate of the same sample, from Suer et al. (2017)
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The optical transparency of the diamond anvils allows 
lasers to be used to heat the samples to high tempera-
tures (Fig. 8b; Boehler 2000; Anzellini and Boccato 2020). 
Laser heating systems vary in design and capabilities, 
but generally consist of one or two IR lasers applying 
controlled heating to the material held between the two 
diamonds.  CO2 or YAG lasers with powers ranging from 
50 to 200 W and peak wavelengths of 1064–1094 nm are 
typically used. The beams are collimated, directed, and 
focused into the sample chamber using suitable mirrors 
and lenses (e.g., Fig. 8b). Laser spot sizes can vary from 
10 to 50 μm in diameter, and the temperature of the sam-
ple is raised by increasing the laser power. Images of the 
sample (typically magnified 10–20 times) and its thermal 
radiation are collected by a CCD camera and spectrom-
eter, respectively. Thermal emission spectra from the 
heated region are recorded from one or both sides of the 
experiment and temperatures are extracted by fitting to a 
Wien or Planck function (Benedetti and Loubeyre 2004; 
Heinz and Jeanloz 1987; Walter and Koga 2004). Thermal 
emissions are collected by monochronometers in some 
studies, but multi-wavelength 2-D images can also be 
obtained from the heated region (Fig. 8c; Du et al. 2013; 
Campbell 2008; Lord et al. 2014).

Two major sources of uncertainty in laser heating 
studies are chromatic dispersion from refractive optical 
components and strong temperature gradients. Detailed 
discussions of how chromatic dispersion affects extracted 
temperatures and recommendations for reducing these 
effects are available in Walter and Koga (2004) and 
Benedetti and Loubeyre (2004). Through careful char-
acterization of the experimental components and using 
consistent calibration standards, temperature uncer-
tainties can be reduced to a few percent. Characterizing 
the wavelength dependent emission and absorption of 
materials used in the experiments under pressure can 
further help to ensure accurate temperature determina-
tion (Deng et al. 2017). A source of further uncertainty in 
temperature determinations, particularly for polyphase 
samples, is Mie scattering of the thermal emissions when 
passing between grains and phase boundaries (Lobanov 
et al. 2021). This effect can lead to uncertainties as large 
as ≥ 1000  K and should be considered when extracting 
temperatures in future partitioning studies.

The sample region at the focus of the laser heats up 
by absorbing laser energy until molten. If the sample is 
simultaneously probed by X-ray diffraction during heat-
ing, melting can be detected by disappearance of diffrac-
tion peaks or diffuse scattering (Yang 2016). For off-line 
experiments, changes in sample appearance from the 
motion of the melt or plateauing/leveling off of temper-
ature have been used to detect melting although these 
methods can be imprecise (Andrault et  al. 1998; Fiquet 

et al. 2010; Yang 2016; Yang and Li 2016). In metal–sili-
cate experiments, the IR laser couples with the metallic 
part of the sample. Prolonged exposure to the IR laser 
anneals the silicate and metal phases into well-defined 
regions, as reflected by the morphologies produced 
in many metal–silicate partitioning experiments (e.g., 
Bouhifd and Jephcoat 2011; Siebert et  al. 2012; Fischer 
et al. 2015; Suer et al. 2017; Blanchard et al. 2022). Shut-
ting off the laser power rapidly quenches the experiments 
within microseconds, such rapid quench rates typically 
lead to glass formation which is thought to lock in equi-
librium composition attained during melting. However, 
large amounts of H cannot be retained in the metal phase 
upon quenching and thus exsolve as bubbles, form-
ing particular metallic quench textures (Okuchi 1997; 
Okuchi and Takahashi 1998).

During the laser heating partitioning experiments, 
samples can be heated continuously for a few to several 
tens of seconds. According to Fick’s laws of diffusion, 
these timescales are long enough for chemical equilibra-
tion to occur for most species across the length scale of 
the molten hotspot (Corgne et  al. 2008). Although the 
sample is completely molten under the focus of the laser, 
its outer regions remain solid and steep temperature 
gradients can occur during heating (Deng et  al. 2017). 
Therefore, the size of the sample is of critical importance. 
The temperature in the middle of the hotspot can be con-
sidered to be homogenous, although thermal gradients 
become large away from the center. Temperature gradi-
ents drive chemical diffusion through the Soret effect, 
which can cause chemical zoning in experiments on 
molten silicates (Prescher et al. 2014; Sinmyo and Hirose 
2010). The ratio of a specie’s charge to its ionic radius 
determines its behavior along a thermal gradient. There-
fore, the spatial distribution of major and trace species 
can be used to assess the degree of diffusion in metal–
silicate partitioning experiments. Many studies have 
reported compositional homogeneity of major and trace 
species in both the metal and silicate phases of experi-
ments as an indication of minimal thermal gradients. 
However, ascertaining such chemical homogeneity on 
the small spatial scale of the samples (tens of microns) is 
challenging, and further investigations by microanalytical 
techniques such as nanoscale secondary-ion mass spec-
trometry (NanoSIMS), transmission electron micros-
copy (TEM), and/or atom probe tomography (ATP) are 
needed.

3.3  Controversies surrounding partitioning measurements
Despite recent advances, measurements of volatile ele-
ment partition coefficients remain controversial. Quench 
textures in both LVP and DAC experiments have been 
difficult to interpret, potentially resulting in inaccurately 
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reported trace element compositions and partition coef-
ficients. Dendritic and quenched rim-overgrowth tex-
tures in LVP samples make it difficult to determine the 
equilibrium composition of the quenched liquid. Micro-
scale and nanoscale metal-rich inclusions in the silicate 
have been difficult to assess with volumetric techniques 
such as electron probe microanalysis (EPMA) and can 
therefore complicate the interpretation of silicate trace 
element compositions. Analyses at higher spatial resolu-
tion, such as TEM imaging (Blanchard et al. 2022), have 
provided evidence of two distinct populations of metallic 
inclusions in the silicate glass: (1) large, irregularly dis-
persed inclusions up to several hundred nanometers in 
diameter (Fig. 8d), and (2) much smaller, uniformly dis-
persed inclusions a few tens of nanometers across. The 
larger population can be observed by scanning electron 
microscopy (SEM) and Blanchard et  al. (2022) reported 
compositions similar to the largest metallic blobs in 
their samples, suggesting that they formed at high tem-
perature, contrary to previous assumptions (Fischer et al. 
2020). The presence of these larger metallic inclusions is 
a critical problem for determining HVE contents in sili-
cate glasses because they may lead to overestimated con-
tents of those siderophile elements in the silicate melt. 
For instance, Fischer et al. (2020) analyzed large areas of 
silicate glass including such “large” metallic inclusions 
because they considered the inclusions to have resulted 
from the quench, and thus that they would have been 
dissolved in the silicate at high P–T. However, Blan-
chard et al. (2022) avoided such “large” inclusions when 
analyzing their silicate glasses and obtained C partition 
coefficients one order of magnitude higher than those of 
Fischer et al. (2020) at comparable P–T conditions.

Although peridotitic or pyrolytic glasses are often used 
as magma ocean analogs, their high magnesium con-
tents promote the growth of dendrites during quench-
ing. In comparison, the use of basaltic or andesitic melts 
improves the homogeneity of the glass because they are 
more easily quenchable (e.g., Blanchard et al. 2022).

The loss of volatile elements from quenched experi-
mental samples is another factor that can affect these 
measurements. Hydrogen has been particularly difficult 
to measure in experiments because its small atoms tend 
to escape the sample during quenching. Indeed, hydro-
gen may escape from samples prior to measurements 
upon decompression;  FeHx is known to decompose into 
body-centered cubic Fe and molecular  H2 (Iizuka-Oku 
et  al. 2017). In addition, Clesi et  al. (2018) and Mala-
vergne et  al. (2019) conducted carbon-saturated experi-
ments, leading to carbon enrichment of the metal, which 
may hinder hydrogen incorporation (Tagawa et al. 2021). 
The presence of quench minerals in silicate glasses pro-
duced in LVP experiments (Clesi et al. 2018; Malavergne 

et al. 2019) are also problematic because of the structural 
difference between melt and mineral, which likely causes 
a loss of incompatible volatile elements from the melt. 
Therefore, reported hydrogen partition coefficients vary 
by more than an order of magnitude at the same condi-
tions (Okuchi 1997; Clesi et  al. 2018; Malavergne et  al. 
2019; Tagawa et  al. 2021). Nevertheless, recent analyses 
combining EPMA, nuclear magnetic resonance spectros-
copy, and elastic recoil detection analysis (ERDA) pro-
vided valuable data for hydrogen partition coefficients 
(Clesi et al. 2018; Malavergne et al. 2019).

Volatile concentrations added to the starting materi-
als of some experiments can be much higher than those 
measured in natural samples. Such high concentra-
tions violate Henry’s law, leading to large uncertainties 
on reported partition coefficients for C (Kuwahara et al. 
2019b; Grewal et al. 2021) and N (Shi et al. 2022; Grewal 
et al. 2022). Indeed, some elements are even saturated in 
the quenched silicate.

Finally, differences in the results of regression mod-
els used to fit measured HVE partition coefficients have 
been observed between the P–T ranges of LVP and DAC 
experiments. Evolving chemical tendencies in these dis-
tinct thermodynamic regimes may be responsible for 
these varied trends, and single linear functions are prob-
ably not sufficient over such large P–T ranges. Moreover, 
although fO2 can also strongly affect these measure-
ments, it is not always accurately accounted for.

4  Controlling and determining fO2 
during experiments

The oxygen fugacity of a magma ocean is a fundamen-
tal parameter for understanding the early evolution of a 
terrestrial planet because it controls the speciations and 
solubilities of volatile elements, their partitioning dur-
ing core formation (siderophile versus lithophile), and 
their degassing into the primitive atmosphere (lithophile 
versus atmophile). Therefore, it is essential to accurately 
control and/or determine fO2 in experimental petrology. 
Several techniques have been developed to control fO2 in 
HP–HT experiments depending on the type of apparatus 
used. This section describes the ex situ determination of 
fO2 in experimental samples containing metal, or, in the 
absence of any metallic phase, using Mössbauer or X-ray 
Absorption Near-Edge Structure (XANES) spectroscopy.

4.1  From metal–silicate equilibrium
The effect of fO2 on the solubilities of volatile elements 
in reduced silicate melts can be investigated in a verti-
cal furnace at atmospheric pressure by controlling the 
mixture of CO-CO2 or  N2-CO-CO2 gases supplied to 
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the atmosphere during the experiment (e.g., Boulliung 
et al. 2020). To reach very low oxygen fugacities, graphite 
crucibles can be used to reach fO2 conditions at or more 
reduced than the C/CO buffer (i.e., IW − 6.6 at 1 atm and 
1425  °C, reported in log units relative to iron–wüstite, 
i.e., Fe–FeO, equilibrium, IW) according to the reaction 
 Cgraphite + 1/2  O2gas =  COgas. The C/CO buffer is reached 
when pCO is ~ 1 bar at total pressure Ptotal = 1 bar, which 
is usually the case in vertical furnaces. To lower this fO2, 
it is possible to add an inert gas (rare gases,  N2, or oth-
ers depending on the study) to decrease pCO by diluting 
the CO gas (Libourel et al. 2003). For instance, Libourel 
et al. (2003) performed experiments at different fO2 while 
using graphite crucibles under variable nitrogen partial 
pressures of 0.05 < pN2 < 0.95 atm.

Under most conditions, fO2 can be monitored during 
the experiment using a zirconia oxygen probe  (SIRO2 
C700 + solid zirconia electrolyte oxygen sensor) with 
an uncertainty of ± 0.1 log units. In IHPVs, fO2 can be 
flexibly controlled by admixing  CH4 or  H2 with the Ar 
pressure medium to impose the desired fH2, and hence 
also fO2 in hydrous experimental charges (Gaetani and 
Grove 1997; Moore and Carmichael 1998; Cottrell et al. 
1999; Zajacz et  al. 2010, 2011, 2012; Pichavant et  al. 
2014). Under anhydrous conditions, graphite capsules 
or sintered forsterite capsules can also be used to reach 
low fO2 (Namur et al. 2016).

The most common method to vary (not control) oxy-
gen fugacity in piston cylinder and multi-anvil appa-
ratuses is to use metal buffers in addition to graphite, 
olivine, or forsterite capsules; this approach allows the 
maintenance of low fO2 conditions during experiments 
and prevents the loss of iron, contrary to metallic alloy 
capsules such as Pt (e.g., Grove 1982). Graphite cap-
sules are commonly used to buffer the fO2 near the C/
CO buffer via the reaction:

Fichtner et  al. (2021) used both San Carlos olivine 
and pure single-crystal forsterite (Fo) as capsules. 
Whereas Fo capsules can be considered as inert (to the 
first order), olivine capsules buffer fO2 via the reaction:

by maintaining the FeO content of the silicate melt, 
thus preventing the sample from reaching very low fO2 
conditions.

The coexistence of a metal and its oxide at equilib-
rium constitutes an oxygen buffer, and can be used to 
control fO2 during HP experiments, or to determine 
fO2 in quenched samples (e.g., Cottrell et  al. 2009; 

(18)
2FeOsilicate + Cgraphite capsule = 2Femetal + CO2gas.

(19)
Fe2SiO4olivine capsule ↔ 2 FeOsilicate melt + SiO2silicate melt,

Burkemper et al. 2012; Dalou et al. 2017; Grewal et al. 
2019; Blanchard et  al. 2022). The common oxygen 
buffer relevant to early terrestrial planets is IW, which 
is often used to control and measure fO2 in Fe-bear-
ing experiments, including metal–silicate partitioning 
experiments. Iron or silicon metal are most often used 
to lower oxygen fugacities via the equilibria:

whereas specific capsules can be used in LVPs to tar-
get a range of fO2 conditions, in DAC experiments, the 
diamonds impose the fO2 within the chamber. Fe and/
or Si metal can be added to DAC experiments, but they 
change the composition of the system (e.g., Fischer et al. 
2015). In both LVPs and DACs, carbides (Fichtner et al. 
2021), nitrides (Dalou et al. 2017; Speelmanns et al. 2019; 
Jackson et al. 2021), or sulfides (Namur et al. 2016; Labidi 
et  al. 2016; Suer et  al. 2017) are also commonly used 
because they act both as a source of volatile elements and 
reducers via reactions such as:

After experiments, the intrinsic oxygen fugacities of 
quenched samples are calculated from thermodynamic 
modeling of Fe–FeO equilibrium (Eq. 20) between metal-
lic and silicate glasses based on electron microprobe 
analyses and expressed relative to IW. Following this 
equilibrium, fO2 can be calculated from the Fe and FeO 
concentrations of coexisting alloy and silicate melt via the 
relation (Médard et al. 2008):

where Xmelt
FeO  and Xalloy

Fe  are the mole fractions of FeO 
and Fe in the silicate melt and the metal alloy, respec-
tively, calculated on a cation basis, γmelt

FeO  and γ alloy
Fe  are 

their respective activity coefficients, and K is the equilib-
rium constant of the reaction calibrated by Médard et al. 
(2008). γmelt

FeO  is assumed to be unity in an ideal solution 
model, but values up to 1.7 have been used to model 
non-ideal solutions (Holzheid et  al. 1997). This differ-
ence would shift the ΔIW value by ± 0.46 log units (Speel-
manns et al. 2019). The effects of other components (e.g., 
C, N, Si, P, S, or Ni) on γ alloy

Fe  are accounted for using a 
derived version of the “Wagner ε formalism” (Wagner 
1962; Ma 2001) for non-ideal interactions in liquid Fe 
alloys, following the approach and formulation of Wade 

(20)Fealloy + 1/2O2 = FeOsilicate melt

(21)Sialloy +O2 = SiO2silicate melt

(22)

6 FeOsilicate melt + Si3N4nitride = 6 Fealloy + 3 SiO2silicate melt

+ 2 N2silicate melt or alloy.

(23)

log10fO2 =
2

ln(10)
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FeO
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Fe
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Fe
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and Wood (2005) and utilizing the calculator provided 
at http:// www. earth. ox. ac. uk/ ~expet/ metal act/. To allow 
direct comparison to the IW buffer, the activity of Fe can 
be adjusted following the method of Stanley et al. (2014). 
Whereas the stable liquidus phase of solid Fe is δ-Fe at 
high pressure, the IW buffer is calibrated for γ-Fe (see 
references in Stanley et al. 2014). Therefore, the activity of 
Fe in the alloy, aalloyFe  , must be correct for both (1) the dif-
ference in the entropy of fusion ( �S ) of the stable phase 
of Fe at experimental conditions (γ-Fe; extrapolated from 
Desai 1986) and that of the stable liquidus phase (δ-Fe), 
and (2) the temperature difference between experimen-
tal temperatures ( T  ) and the extrapolated fusion curve of 
gamma-Fe ( TL ; Andrault et al. 2009) to obtain the activity 
of Fe in HP–HT liquid alloys as:

where R is the ideal gas constant and temperatures are in 
kelvin. The resulting fO2 value calculated from Eqs.  (23) 
and (24) is then compared to the IW buffer corrected for 
pressure effects following Zhang et al. (2016).

Under very reduced conditions (< IW–4), FeO is no 
longer present in silicate melts at weight percent concen-
trations. In this case, fO2 is also calculated from Si–SiO2 
equilibrium as described by Cartier et al. (2014).

However, in some cases, metal blobs are too small to 
be analyzed. In samples loaded in AuPd and Pt capsules, 
palladium and iridium powders can also be mixed with 
the starting products to create Fe–Pd and Fe–Ir alloys 
as fO2 sensors in the capsules (Bernadou et al. 2021). In 
such cases, the activity coefficients of iron (γFe) for the 
Fe–Ir and Fe–Pd alloys are determined using Woodland 
and O’Neill’s (1997) equation and taken from Aukrust 
and Muan (1962), respectively. Bernadou et al. (2021) cal-
culated fO2 using both methods (i.e., the capsule alloys 
vs. the activity coefficients of FeO in the silicate melt and 
Fe in the metal alloy) and compared the results to check 
for internal consistency and validate their attainment of 
equilibrium; they obtained differences between 0.1 and 
0.4 log units.

4.2  In the absence of metal
In samples with no metallic phase, it is fundamental to 
the redox state of multivalent elements to probe the sam-
ples’ fO2. Because Fe is the most abundant multi-valence 
element in the mantles of terrestrial planets, knowledge 
of its valence state is important for understanding oxy-
gen fugacity in the absence of metals. Nonetheless, some 
experiments can be performed with Fe-free composi-
tions to study the evaporation or solubility of siderophile 
elements (e.g., Dalou et al. 2022). In that case, the redox 

(24)a
γ-Fe
Fe = a

alloy
Fe + exp

(

�S(T − TL)

RT

)

,

state of other transition metals such as Ti, Eu, V, Cr, or Ni 
can be used as a proxy to determine a sample’s fO2.

4.2.1  Mössbauer spectroscopy
Mössbauer spectroscopy is a well-established, non-
destructive technique mostly used in the Earth sciences 
to investigate the redox states of elements with Möss-
bauer-sensitive isotopes in solid media. It provides infor-
mation on the electronic environment around the nuclei 
of those isotopes, through which it is possible to deter-
mine their valence (i.e., redox state), site occupancy, dis-
tortion of the coordination environment, spin state, and 
magnetic properties (Bancroft et  al. 1967; Gütlich et  al. 
1978; Burns and Solberg 1990).

Samples amenable to the collection of Mössbauer and 
XANES (described below) spectra can be produced by 
experimental techniques including, but not limited to, 
those mentioned above. The quantity of 57Fe is a limit-
ing variable for Mössbauer spectroscopy given its low 
natural abundance; therefore, experimental samples are 
often doped with 57Fe. In contrast, the quality of XANES 
spectra is insensitive to the proportions of the isotopes 
of iron. For both methods, different sample preparation 
techniques (polished surface, sample thickness, or bulk 
powder) are possible and depend on the beamline.

The Mössbauer effect is based on the recoilless emis-
sion and absorption of γ-rays during nuclear transitions 
between the ground and excited states of certain nuclei 
in a solid (Mössbauer 1958). Despite H, C, N, and S not 
having any Mössbauer-active isotopes, the redox state 
of silicate glasses can be determined by investigating 
the 14.4 keV transition of 57Fe. Studies of 57Fe represent 
more than 95% of all Mössbauer applications (McCam-
mon 2003), with the remainder being limited to other 
common Mössbauer-active isotopes such as 119Sn (e.g., 
Gütlich et al. 1978; Roskosz et al. 2020).

Today, Mössbauer spectroscopy, alongside wet chemis-
try and XANES spectroscopy, is one of the most widely 
used techniques for determining  Fe3+/∑Fe in solids (Dyar 
et al. 2006). Its quantification is based on the deconvolu-
tion of the Mössbauer spectrum into one or more sub-
spectra (McCammon and Kopylova 2004), from which 
the relative areas and hyperfine parameters (i.e., cen-
tral shift, quadrupole splitting, and hyperfine magnetic 
splitting) of each subspectra can be obtained. Beyond 
the Curie or Néel temperature, the Mössbauer spectra 
of paramagnetic materials, such as silicate glasses, are 
characterized only by the central shift and quadrupole 
splitting, resulting in Mössbauer spectra comprising 
two absorption lines (i.e., doublets; Fig.  9a). The range 
within which the central shift and quadrupole splitting 
occur enables the identification of the valence and spin 

http://www.earth.ox.ac.uk/~expet/metalact/
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state (Bancroft et  al. 1967). Moreover, in a crystalline 
solid, information on the coordination environment and 
site distortion are also obtained (Bancroft et  al. 1967; 
McCammon and Kopylova 2004). However, below the 
Curie or Néel temperature, magnetic splitting is observed 
and Mössbauer spectra are characterized by six absorp-
tion lines (i.e., sextets) (McCammon 2000). The relative 
amount of each subspectrum (i.e., site) is determined by 
its area compared to the total Mössbauer spectrum area. 
Hence, high spectral resolution is crucial, especially for 
silicate glasses, which are characterized by (1) the sym-
metrical broadening of initially Lorentzian line shapes 
into Gaussian distributions that reflect the occupation 
of Fe in a variety of different sites, and (2) their lack of 
long-range order (Jayasuriya et al. 2004; Virgo and Mysen 
1985; Yaroslavtsev and Chumakov 2022). The relative 
amounts of each oxidation state (i.e.,  Fe2+ and  Fe3+), as 
quantified by the areas of their corresponding doublets, 
also depend on the absorber-thickness effect (which 
depends on the number of Fe nuclei and the cross sec-
tion of the sample) and the recoil-free fraction of each 
oxidation state (McCammon and Kopylova 2004). Vari-
ations in sample thickness or its thickness variability can 
alter the intensities of the absorption lines, potentially 
compromising accurate identification of existing species, 
especially when  Fe3+ is present in minimal amounts in 
highly reduced materials. The recoil-free fraction of each 
oxidation state is a temperature-dependent parameter 
and differs between  Fe2+ and  Fe3+ (De Grave and Van 
Alboom 1991). Because the recoil-free fractions of both 
 Fe2+ and  Fe3+ approach 1 at low temperatures, several 
studies have performed analyses under liquid He (4  K) 
or liquid  N2 (77  K) to maximize the recoil-free fraction 
(e.g.Roskosz et al. 2020; Zhang et al. 2017), thereby avoid-
ing overestimating the ferric iron content (De Grave and 
Van Alboom 1991).

Mössbauer spectroscopy can be conducted both at 
ambient and HP conditions, but not at high tempera-
ture owing to its effect on the recoil-free fraction. Com-
pared to laboratory-based Mössbauer sources, the 
greater brilliance (and hence more rapid data collection) 
of synchrotron sources are crucial for precisely char-
acterizing the redox states of silicate glasses, should the 
samples be limited by low 57Fe abundance or small spa-
tial extents (Potapkin et  al. 2012). The spectrum collec-
tion time depends on the amount of 57Fe, velocity range 
(mm/s), and temperature (McCammon 2021), typically 
taking ~ 1–4 h, compared to a few days using a conven-
tional Mössbauer source for similar quality spectra. 
Additionally, the  Fe3+/ΣFe ratios from XANES spectra 
are quantified by comparing the spectra of unknowns 
(i.e., samples) to those of well-known standards, estab-
lished via Mössbauer spectroscopy or wet chemistry (e.g., 

Berry et al. 2018; Cottrell et al. 2009). Indeed, Mössbauer 
calibrations show that the intensities of XANES spectral 
features, such as the centroid or edge energies, are not 
simple linear functions of  Fe3+/ΣFe in silicate glasses or 
other isotropic phases such as garnet (Berry et al. 2003; 
Wilke et  al. 2004; Zhang et  al. 2017), emphasizing the 
role of Mössbauer spectroscopy in determining the abso-
lute  Fe3+/ΣFe ratios of solids.

4.2.2  X‑ray absorption near‑edge structure (XANES) 
spectroscopy

XANES is a non-destructive element-selective technique 
utilizing synchrotron radiation to generate X-ray pho-
tons of a specific energy (i.e., monochromatic) that are 
then absorbed by the material of interest to excite a core 
electron from an initial ground state to an unoccupied 
or continuum state above the Fermi level. The energy of 
the absorption edge corresponds to the core-level energy, 
which is characteristic for each element. Because of the 
capacity to characterize the electronic environment 
around any element, it has become widely popular in the 
Earth Sciences over the past ~ 30 years.

XANES spectra can be divided into three characteristic 
regions in order of increasing energy: the pre-edge, edge, 
and post-edge. Each region is used to determine a mate-
rial property. The spectral shape in the pre-edge region 
of transition metals (e.g., Fe K‑edge, Fig.  9b) is related 
to the transition from the 1 s core state to a bound state 
in the 3d shell (1 s → 3d, the quadrupole transition). The 
strength of this transition is only 0.1% that of the dipole 
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Fig. 9 Comparison between 57Fe‑enriched Mössbauer spectra 
(left) and the pre‑edge region of the Fe K‑edge XANES spectrum 
(right) of MORB glasses (synthesized and equilibrated at 1400 °C 
and indicated  fO2 conditions relative to the QFM buffer) analyzed 
at room temperature and pressure (modified from Berry et al. 
2018). For theses glasses, ΔQFM + 11.2 corresponds to  Fe3+/ΣFe = 1, 
ΔQFM + 3.3 to  Fe3+/ΣFe ≈ 0.4, and ΔQFM –4.6 to  Fe3+/ΣFe = 0
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transition, but, because of the high density of state for the 
3d-band, small peaks (usually 1–3% intensity) are visible 
in most octahedral transition metal systems (Henderson 
et  al. 2014). These peaks provide information about the 
electronic properties and local geometry of the absorb-
ing atom, through which it is possible to determine its 
valence. In most instances (i.e., unless forbidden by selec-
tion rules), the edge region reflects the binding energy of 
a core level. The shift of the edge to higher energies with 
higher valence can be used to determine (but rarely to 
quantify) the valence of 3d transition metals in unknown 
systems. The extended X-ray absorption fine structure 
(EXAFS) region occurs at higher energies (post-edge) 
and provides information on the local geometric struc-
ture around the absorbing site. In this section, we focus 
only on the pre-edge and edge regions of XANES spectra.

By far the most widely used application of XANES 
in the Earth Sciences involves 1  s X-ray absorption 
(K-edges) of 3d transition metals, especially Fe in glasses 
and minerals (Bajt et  al. 1994; Berry et  al. 2003, 2018; 
Wilke et al. 2004; Cottrell et al. 2009). XANES spectra are 
not readily predicted via ab‑initio simulations (although 
density functional theory simulations are becoming more 
sophisticated; see Jahn and Kowalski 2014), meaning that 
the redox state of iron (and those of other elements) are 
typically quantified by empirical means. Of these, the 
most widely used is to determine the relative intensi-
ties of the two pre-edge features, one at ~ 7112  eV and 
the other at ~ 7113.5  eV, by integrating the areas under 
the two curves (typically assuming either Gaussian or 
pseudo-Voigt functions) to yield the centroid energy (e.g., 
Wilke et al. 2001; Fig. 9b). The centroid energy can then 
be compared with those of standards with known  Fe3+/
Fe2+ to determine that in the unknown. In most cases, 
the centroid energy varies in a non-linear fashion with 
 Fe3+/Fe2+ because the intensities of the peaks at 7112 
and 7113.5  eV differ according to the symmetry of the 
site(s) in which Fe resides; lower symmetry sites (e.g., tet-
rahedral) induce higher intensity pre-edge features than 
centrosymmetric (e.g., octahedral) sites. Nevertheless, 
the merit of this approach is that the energies of the end-
members remain fixed and are thus independent of coor-
dination or composition (Wilke et  al. 2001; Fiege et  al. 
2017). The reader is referred to Berry et al. (2003), Wilke 
et  al. (2004), Cottrell et  al. (2009), and Hawthorne and 
Waychunas (1988) for detailed discussions of peak and 
background fitting methods. This approach can achieve a 
precision of ± 0.02 on the  Fe3+/ΣFe ratio. Other methods 
involve using the shift in edge energy in tandem with the 
centroid (Berry et al. 2018), linear combination fitting, or 
whole-spectrum treatments that yield comparable results 
(± 0.036; Dyar et al. 2016). One point of warning is that 
the pre-edge intensity of K-XANES has a self-absorption 

issue, which affects the XANES spectrum (e.g., Berry 
et  al. 2010). The effect of self-absorption leads to spuri-
ous attenuation of peak intensities (particularly that of 
the white line) and can be ameliorated by decreasing the 
effective thickness of the sample containing the element 
in question. This may be achieved by decreasing the path 
length of the X-rays interacting with the sample by col-
lecting only fluoresced X-rays with detector(s) placed at 
an acute angle, or, if possible, diluting the sample through 
admixture with other, non-absorbing compounds, such 
as boron nitride or cellulose.

Other transition metals relevant to geological systems 
that have been measured in glasses by XANES are Ti 
(e.g., Cormier et al. 2011), Eu (e.g., Burnham et al. 2015), 
V (e.g., Sutton et  al. 2005), Cr (e.g., Berry and O’Neill 
2004), Co (e.g., Choy et al. 2001), Ni (e.g., Essilfie-Dughan 
et al. 2012), Cu (e.g., Berry et al. 2006), and Zn (e.g., Way-
chunas et al. 2003).

Because the treatment of XANES spectra does not 
yield absolute amounts of the species (largely redox state) 
in question, a set of standards with oxidation states pre-
cisely quantified by Mössbauer spectroscopy or wet 
chemistry is required to accurately quantify the propor-
tions of redox pairs. Furthermore, because XANES spec-
tra are sensitive to all aspects of the electronic structure 
of the target element, quantifying redox state requires 
that the element of interest in both the samples and 
standards be in the same coordination environment 
(Galoisy et al. 2001; Berry et al. 2003; Wilke et al. 2001; 
Cottrell et  al. 2009). Moreover, as the photon fluxes of 
3rd-generation and later synchrotron setups increase, 
spurious changes in oxidation state induced by interac-
tions with the incident beam via electron transfer (‘beam 
damage’) have become prevalent. Both increases and 
decreases in mean valences have been reported (e.g., Fer-
reira et al. 2013), particularly for glasses with high water 
contents (e.g., Gaborieau et al. 2020). Because the prob-
ability for this transformation increases with time (i.e., 
with increasing integrated flux), the occurrence of beam 
damage can be ascertained by performing rapid scans 
(e.g., energy-dispersive) or sampling various points in a 
homogeneous sample at the energy at which the change 
in intensity is expected to occur. Finally, because the 
incident synchrotron radiation is polarized, the absorp-
tion intensities of anisotropic phases vary according to 
their orientation. Therefore, accurate determination of 
the bulk redox state of an anisotropic material requires 
characterization of redox state as a function of crystallo-
graphic axis (e.g., Steven et al. 2022).

Unlike Mössbauer spectroscopy, XANES is applicable 
to all natural states of matter, is relatively insensitive to 
temperature (often performed at high temperature; Neu-
ville et al. 2014), and can be applied to a broader range of 
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elements including S (e.g., Métrich et  al. 2009; Brounce 
et  al. 2019; Lerner et  al. 2021). These strengths enable 
XANES to provide a more comprehensive constraint on 
the fO2 of a sample by comparing multiple redox-sensi-
tive elements in the same phase. Consequently, XANES is 
the preferable choice for routine redox measurements in 
well-characterized systems given an element- and phase-
specific calibration to prior determinations. Addition-
ally, in systems with multiple redox-sensitive elements, 
electron exchange between two redox couples can occur 
upon quenching, the most well-studied example being 
that between Cr and Fe:  Cr2+ +  Fe3+ =  Cr3+ +  Fe2+ (Berry 
et al. 2006; Cicconi et al. 2015).

5  Compositional analyses
The choice of analytical method is more often limited by 
the size or mass of the experimental sample than by the 
volatile element abundances in the phases. Indeed, start-
ing materials for HP–HT experiments are often enriched 
in volatile elements at the wt.% level, and, despite vari-
ations of their partition coefficients and volatile losses 
through capsules, the concentrations of volatile elements 
in phases easily reach tens to hundreds of parts per 
million.

5.1  Bulk analyses
From IHPVs to DACs, the size of the sample chamber 
decreases from 60  mm to ≤ 100  µm in diameter, with 
associated consequences on the applicability of analytical 
methods. For instance, IHPV and piston cylinder sam-
ples are > 20  mg, allowing the metal and silicate phases 
to be separated manually and individually analyzed using 
bulk methods. After quenching and decompression, cap-
sules are carefully opened or cut in half with a diamond 
wire saw. Metal and glassy silicate phases are then sepa-
rated by hand under a binocular microscope, washed, 
and crushed to a fine grain size (50–150  µm). Nitrogen 
concentrations in silicate and metallic phases have been 
measured using elemental analyzers (Speelmanns et  al. 
2018, 2019) and by noble gas mass spectrometry (NGMS; 
Li et al. 2016; Mosenfelder et al. 2019; Dalou et al. 2019a; 
Boulliung et  al. 2020). Both IRMS and NGMS require 
chemical separation followed my mass spectrometric 
analysis carried out with gas via magnetic sector mass 
spectrometry. Extraction and chemical separation tech-
niques vary depending on the nature of the material and 
the targeted elements. Both analytical techniques require 
a filament-based source to ionize the gas, a vacuum sys-
tem to maintain the ions, an analyzer for dispersing the 
ions according to their masses and charges, and a detec-
tion system (faraday cups or electron multipliers). The 
main difference between the two techniques lies in the 
vacuum system, which can be dynamic (IRMS) or static 

(NGMS). For IRMS, the sample and reference gases are 
introduced through a dual inlet to allow rapid compari-
son and normalization; hence, the gases are continu-
ously leaked into the spectrometer and the system must 
be pumped dynamically. In contrast, for NGMS, the gas 
mass spectrometer is isolated from the vacuum pumping 
system and the gas is consumed during analysis. In addi-
tion, the gas is isolated cryogenically and introduced via a 
simple inlet. Another difference is that IRMS can meas-
ure the abundances of H, C, N, and S, whereas NGMS 
can only measure N abundances.

Those bulk absolute methods are advantageous 
because they do not require reference materials with 
similar matrices for calibration and they have reproduc-
ibilities < 2% (1σ) for samples with abundances exceed-
ing 100 ppm (as in doped experimental samples). Several 
studies have measured N contents by NGMS  in small 
pieces of both metal and silicate heated individually with 
a continuous-mode infrared  CO2 laser mounted on an 
x–y stage (Li et al. 2016; Dalou et al. 2019a), or within a 
furnace equipped with a tungsten wire (Shi et al. 2022). 
Repeated heating stages are used to verify that all N was 
extracted. The extracted gas is then purified to chemically 
remove active volatile species such as  H2,  CH4,  H2O, CO, 
and  CO2 before analysis by NGMS.

Sulfur concentrations in metallic and silicate phases 
have been analyzed by IRMS (Labidi et al. 2016), but this 
method requires a wet chemistry step to transform the S 
dissolved in phases into  SF6 gas for IRMS analysis. The 
advantage of this bulk method for S-bearing experimen-
tal samples is that it averages heterogeneities within the 
metallic phases that are present due to the immiscibility 
of C-rich and S-rich iron alloys. Although both NGSM 
and IRMS are very precise methods, NGSM can meas-
ure N concentrations at the ppm level to better than 10% 
precision in glass fragments of 0.4–2 mg or metal beads 
of a few micrograms (Dalou et al. 2019a; Boulliung et al. 
2020), whereas IRMS requires hundreds to thousands of 
milligrams of material to measure C, N, or S concentra-
tions with such precision. In addition, if sufficient moles 
of an element are present in the sample, such methods 
can also provide isotopic compositions.

5.2  Local analyses
Small experimental samples or multiphase samples with 
phases smaller than 50 µm require local analytical methods 
(Table 1). In such cases, recovered capsules from large-vol-
ume apparatuses are often cut in half using a diamond wire 
saw and one half is mounted into epoxy/resin, attached to 
a base using crystal bond or ethyl 2-cyanoacrylate (“super-
glue”), and polished with  Al2O3 powder and ethanol.
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5.2.1  Electron probe microanalysis (EPMA)
EPMA has been used to determine C, N, and S concen-
trations in experimental samples. This method has been 
applied to both LVP and DAC samples (e.g., Roskosz et al. 
2013; Fisher et al. 2020), but is more commonly used for 
LVP samples. EPMA measures the characteristic X-ray 
intensities emitted by elements present in a sample when 
its surface is bombarded with a focused electron beam. 
For each element, the characteristic X-ray intensity emit-
ted from the sample is normalized to that of a standard 
of known composition, and this normalization is referred 
as the k-ratio. The measured k-ratios are transformed 
into concentrations via analytical algorithms. Depending 
on the density of the material, the analytical area can be 
smaller than 1 µm by applying small accelerating voltage 
(e.g., 10  kV), although this remains difficult by EPMA. 
The compositions of 1-μm to submicron phases often 
have larger analytical uncertainties, suggesting contami-
nation by adjacent phases (e.g., Ishii et al. 2023).

Because the detection limits are high for N and S (0.03 
and 0.01 wt.%, respectively; von der Handt and Dalou 
2016; Labidi et  al. 2016), EPMA can only be used for 
highly doped samples. Carbon contents in metal alloys 
are often calculated by difference, but can be also meas-
ured by EPMA if the samples are not carbon coated 
(Boujibar et al. 2014). For instance, Dasgupta et al. (2013) 
coated their polished experimental samples with alu-
minum as a conductive coating, using stoichiometric 
 Fe3C and  Fe7C3 as primary and second standards, respec-
tively, to measure C in metallic melts. This method shows 
good agreement with C contents measured by SIMS 
(Dasgupta et al. 2013).

The advantage of EPMA is that it is not very sensitive 
to matrix effects; thus, reference materials do not need 
to have compositions extremely similar to those of the 
analyzed phases. For instance, stoichiometric cementite 
 (Fe3C, Boujibar et al. 2014), silicon nitride  (Si3N4, Dalou 
et al. 2017) or iron nitride  (Fe2N or  Fe4N, Roskosz et al. 
2013), and pyrite  (FeS2, Labidi et al. 2016) have been used 
to measure C, N, and S, respectively. In addition, C, N, 

and S can be analyzed alongside other major elements. 
In studies presenting metal–silicate partitioning data on 
C, N, and S, these elements are often measured in the 
silicate phase either by SIMS (or NanoSIMS) or EPMA, 
but the metal phases are most commonly measured by 
EPMA (e.g., Dalou et al. 2017; Suer et al. 2017). The main 
reasons are that (1) there are currently no metallic refer-
ence materials available to calibrate these measurements 
by SIMS, and (2) C, N, and S are often present at levels of 
thousands of parts per million or a few weight percent in 
the metal phases and are therefore easily measurable by 
EPMA. In contrast, as C, N, and S are siderophile over 
an extended range of experimental conditions, they are 
present at hundreds of parts per million in the silicate 
glasses, making them difficult to analyze by EPMA.

The main advantages of EPMA are (1) the ease of access 
in many laboratories, (2) high spatial resolution, (3) low 
analytical costs compared to other analytical methods, 
and, as mentioned before, (4) simultaneous determina-
tion of C, N, and S alongside other major elements.

5.2.1.1 Secondary‑ion mass spectrometry (SIMS) The 
abundances of H, C, N, and S in silicate glasses are com-
monly determined by SIMS with detection limits at the 
ppm level and internal precision better than 5%, which is 
generally well below the standard deviation of the num-
ber of analyses performed in experimental samples (e.g., 
Dalou et al. 2017; Nash et al. 2019; Boulliung et al. 2020; 
Fichtner et al. 2021). This method can be applied to both 
LVP and LHDAC samples, but the large beam spot size 
(generally > 10  µm in diameter) have limited its use for 
LHDAC samples. It is therefore more suitable for LVP 
samples.

For SIMS analyses of H, C, N, and S, a focused primary 
ion beam of  Cs+ (an  O− beam would generate positive 
secondary ions) is used to ablate (or ‘sputter’) the surface 
of a polished sample, and the resulting secondary ions 
are extracted and transferred to a mass spectrometer for 
analysis. Whereas IRMS and NGMS require simple mass 
spectrometers with only a section magnet to separate 

Table 1 Comparison of the different analytical techniques used to perform chemical analyses of experimental run products

Technique Spatial resolution Detection limits Uses

EPMA  ≥ 1 µm 100 s of ppm C, N, S

SIMS  ≥ 10 µm A few to 10 s of ppm H, C, N, S

NanoSIMS 100 s of nm A few to 10 s of ppm H, C, N, S

LA‑ICP‑MS 10 s of µm 700 ppm S

ERDA 10–100 s of µm 90 ppm H, C

IR spectroscopy 10 s of µm A few to 10 s of ppm H, C

Raman spectroscopy 100 s of nm to a few µm  > 1000 ppm H, C
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masses at high mass resolution because of the chemical 
separation procedures performed beforehand, there is no 
chemical separation procedure performed before SIMS 
analyses, so a high mass resolution is necessary to reduce 
interferences and separate molecular and atomic iso-
baric species. For instance, Füri et al. (2018) used a mass 
resolution ≥ 10,725 to separate the 15N16O− peak from 
29SiH2

− in N- and H-bearing silicate glasses, whereas a 
mass resolution of 600 was used in recent NGMS analy-
ses of N, regardless of the detector (Boulliung et al. 2020). 
The key features of SIMS that allow the local measure-
ment of ppm levels of H, C, N, and S in silicate glasses are 
(1) its high secondary ion yields, and (2) the extremely 
low background signals, facilitating high signal-to-noise 
ratios.

Measurements of volatile elements by SIMS require a 
certain sample preparation protocol to lower the back-
ground noise and increase the precision of the measure-
ments, as follows. Samples must be removed from their 
resin mount, pressed into high-purity indium metal 
mounts, and gold-coated. Then, samples are generally 
left in an oven and/or a degassing bench for at least 24 h, 
and then in the instrument airlock for at least another 
24  h to ensure the thorough removal of any adsorbed 
water before introduction into the sample chamber. In 
addition, prior to analysis, the surfaces of glasses and 
metals are pre-sputtered for 180 s over a minimum area 
of 10  μm × 10  μm to minimize any surface contamina-
tion. Because volatile abundances are determined using 
the calibrated relationship between the secondary-ion 
intensity ratios 16OH−/29Si−,16OH−/17O−, 16OH−/18O−, 
12C/18O−, 14N16O−/16O2

−, and/or 32S−/30Si− and the 
known equivalent  H2O,  CO2, N, or S abundances in sili-
cate glass reference materials, the reference materials 
must have major element compositions similar to those 
of the experimental silicate glasses. This method is well-
developed and calibrated, and many laboratories around 
the world have analyzed H, C, and S for decades (e.g., 
Delaney and Karsten 1981; Pan et al. 1991; Hervig 1992; 
Deloule et al. 1995; Hauri 2002; Hauri et al. 2002). In con-
trast, nitrogen analyses were only recently developed, 
and reference materials remain scarce (Regier et al. 2016; 
Füri et  al. 2018; Mosenfelder et  al. 2019). Nonetheless, 
the agreement between N analyses via SIMS and NGMS 
is very promising (Fig. 10a).

5.2.2  NanoSIMS
NanoSIMS can be used to analyze LVP samples (e.g., Gao 
et  al. 2022), but remains the most common method for 
analyzing HVEs in DAC samples (e.g., Suer et  al. 2017; 
Blanchard et al. 2022). Indeed, DAC experimental sample 
volumes (~ 0.0001  mm3) are orders of magnitude smaller 

than those from multi-anvil experiments (~ 1  mm3 for the 
smallest multi-anvil samples). Therefore, DAC samples 
require special preparation for analysis. After quench-
ing and decompression, a cross section of the quenched 
melted region is recovered using a focused ion beam 
(FIB) instrument (Fig. 11a, b). These 1–5-µm-thick lamel-
lae, usually of a 20 µm × 30 µm region, are polished by ion 
milling and placed on a suitable substrate for chemical 
analysis. More details on DAC sample preparation can be 
found in Jennings (2020). Recently, NanoSIMS has been 
used to image the relative abundances of C (Fischer et al. 
2020; Blanchard et  al. 2022) and S (Suer et  al. 2017) in 
metal and silicate phases.

Although its fundamental principle is similar to SIMS, 
NanoSIMS has the ability to refocus a  Cs+ primary beam 
to ~ 50  nm in diameter, thereby combining fine spatial 
resolution with a sector mass spectrometer capable of 
isotopic analyses like SIMS. The advantage of NanoSIMS 
relative to standard SIMS analyses is the submicron lat-
eral resolution, which is achieved by positioning the 
primary probe-forming lens parallel and very close to 
the sample, focusing the beam to a very small diameter. 
NanoSIMS analyses are performed in two steps: first, the 
sample is chemically imaged using a controlled raster of 
the primary beam across the sample surface to produce 
high-resolution ion maps for selecting a region of interest 
(1–5 µm2); then, analyses are performed while avoiding 
cracks, grain boundaries, graphite inclusions, etc. How-
ever, using such a finely focused primary beam (of a few 
picoamperes) to sputter the sample surface results in sec-
ondary ion signals that are commensurately low, leading 
to lower precision than in conventional SIMS analyses. 
Yet, this method is widely used to visualize elemental dis-
tributions because it employs multiple detectors and can 
chemically (and sometimes isotopically) map up to seven 
elements. Although, NanoSIMS neither has the flexibil-
ity to easily analyze several volatile elements at the same 
time (detectors—i.e., electron multipliers and faraday 
cups—cannot be switched as easily as on a SIMS) nor the 
mass resolution power (MRP) to measure isotopic com-
positions of non-doped phases, its MRP and detection 
limits are sufficient to distinguish 12C−, 14N16O−, and 32S− 
from interferences by neighboring mass peaks (Suer et al. 
2017; Blanchard et  al. 2022; Gao et  al. 2022). Similar to 
SIMS analyses, C, N, and S abundances are determined 
from 12C, 14N16O, and 32S, respectively, normalized to 29Si 
or 28Si (Fig. 11c, d); therefore, this method also requires 
reference materials with compositions/matrices similar 
to those of the experimental samples. Hydrogen contents, 
as  H−, can be quantified by NanoSIMS in experimental 
silicate glasses, but these analyses are more common for 
natural materials (e.g., Shilobreeva 2017).
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Fig. 10 a Comparison of N abundances measured by SIMS and NGMS in synthetic glasses (modified from Boulliung et al. 2020). (Inset) Low 
concentration data (< 2 ppm N) are shown on an enlarged scale. b NanoSIMS calibration curve for S analyses, with 32S/28Si determined by NanoSIMS 
reported as a function of S contents independently determined by laser ablation inductively coupled plasma mass spectrometry (LA‑ICP‑MS, 
modified from Suer et al. 2017)

Fig. 11 LHDAC sample (modified from Suer et al. 2017) showing a and b LHDAC sample preparation for analysis, c a backscattered SEM image 
of a metal–silicate sample synthesized at 66 GPa and 3500 K, and d NanoSIMS chemical maps illustrating that most S is partitioned into the metal 
blob of that same sample, modified from Suer et al. (2017)
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5.2.3  Laser ablation inductively coupled plasma mass 
spectrometry (LA‑ICP‑MS)

Sulfur contents in silicate and metallic phases can be also 
determined by LA-ICP-MS, although this technique is 
more destructive than SIMS (Table 1). Rather than a liq-
uid introduction system found on a standard ICP-MS, 
the sample is directly ablated by a pulsed laser beam 
generally a few tens of µm in diameter. Therefore, this 
method is only adapted to LVP samples.

When the sample is fragmented to atomic levels within 
the ablation cell, a certain amount of matter is extracted 
from the surface of the sample by vaporization, generat-
ing aerosols of nanoparticles (a mixture of excited atoms, 
ions, molecules, and solid particles). The amount of mate-
rial and the size of the particles removed depends on the 
nature of the sample analyzed and the energy of the laser, 
which can be regulated. To reduce thermal alteration of 
the sample, and thus lower the elemental fractionation 
during ablation, a flat-top-type homogeneous energy 
distribution and short-wavelength ultraviolet laser must 
be used. The aerosol is then transported by a helium gas 
flow to the plasma of the ICP-MS. The ions are electro-
statically directed into a mass spectrometer, separated 
according to their mass-to-charge ratio, and eventually 
sent to a detector. As with SIMS or EPMA, quantita-
tive analyses require calibration using external standard 
materials of known composition and with matrices simi-
lar to that of the analyzed sample. Few S concentrations 
determined by LA-ICP-MS have been reported in the lit-
erature because S measurements are challenging due to: 
(1) spectral interferences; (2) the lack of well-calibrated 
reference materials, particularly for silicates; and (3) 
problems with blank contamination, which become sig-
nificant at low sulfur concentrations (Ripley et al. 2011). 
Yet, compared to SIMS analyses, the key feature of LA-
ICP-MS is the ability to ablate a relatively large volume 
of material quickly, enabling a high signal-to-noise ratio.

With this method, sulfur contents have been deter-
mined in silicate glasses (Rottier and Audédat 2019) 
down to concentrations of 700  ppm. Rottier and Audé-
dat (2019) tested the feasibility of S measurements by 
LA-ICP-MS in silicate glasses using a routine spot size of 
40  µm, but also managed to analyze phases as small as 
13 µm. Using a double correction method to account for 
a systematic drift between calculated and true sulfur con-
centrations, they quantified sulfur in silicate glasses down 
to several hundreds of parts per million; after correc-
tion, the difference between S concentrations obtained by 
EPMA and LA-ICP-MS was less than 5%.

5.2.4  Nuclear microprobe techniques
Hydrogen and carbon contents in experimental sam-
ples from metal–silicate equilibration experiments 

have been measured by nuclear microprobe techniques 
in LVP samples (e.g., Clesi et al. 2018; Malavergne et al. 
2019). This technique is only suitable for LVP samples 
because of its low spatial resolution. In these methods, 
the interaction of an energetic ion beam with the target 
produces spectra from the reaction products (X-rays, 
charged particles). Hydrogen abundances in phases 
have been determined by elastic recoil detection analy-
sis (ERDA; Bureau et al. 2009; Withers et al. 2012; Clesi 
et al. 2018), in which an incident 4He+ beam is focused 
onto a large area (50 × 200 µm2) of the polished sam-
ple and interacts with hydrogen. This interaction causes 
elastic recoil, ejecting the H nucleus from the sample 
surface for detection. ERDA does not require calibra-
tion (Bureau et  al. 2009). As with SIMS, the analyti-
cal depth is limited to several micrometers beneath 
the surface. This method allows H determination at 
the micrometric scale with 5–15% relative uncertain-
ties and a detection limit of 94 ppm  H2O (Bureau et al. 
2009). Carbon abundances have been measured using 
nuclear reaction analysis (NRA), which employs a 
deuteron microbeam to produce the nuclear reaction 
12C(d,p)13C upon interaction with the sample (Wang 
et  al. 2010). The accuracy on such C determinations 
is 4–8% for metallic phases and 15–17% for silicate 
glasses (Malavergne et al. 2014).

Despite the numerous advantages of these methods, 
especially the fact that they are quasi absolute, spectral 
analyses require two-step processing using two distinct 
programs (RISMIN, Daudin et  al. 2003; and SIMNRA, 
Mayer 1999) and perfect knowledge of the beam param-
eters and the major element compositions of the phases 
determined by EPMA. Sample preparation is not very 
different from that for SIMS volatile analyses: samples 
must be mirror-polished on one side, pressed into an 
indium mount, and stored both before and after gold 
coating in a furnace and/or desiccator to prevent vola-
tile adsorption onto the sample surface. The main differ-
ence compared to SIMS mounts is that samples must be 
aligned across the mount because analyses are performed 
with a grazing angle of 75°.

5.2.5  Vibrational spectroscopy
IR and Raman spectroscopy are both vibrational tech-
niques used to determine the speciation, and sometimes 
the abundances, of HVEs. IR spectroscopy is the result 
of light absorption by vibrating molecules, whereas 
the Raman effect is due to the scattering of light by the 
vibrating molecules. In both cases, the peak positions are 
determined by the vibrational energies associated with 
the bonds within the molecules of the sample. Hence, 
Raman and Fourier-transform IR (FTIR) spectra are 
often used and can be interpreted similarly. However, IR 
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is more sensitive to hetero-functional groups, i.e., polar 
functional groups such as molecules formed from H 
bonds, whereas Raman is more sensitive to homo-nuclear 
bonds such as  O2 or  N2. Therefore, polar bonds with high 
dipole moments such as  NH4

+ and  H2O are emphasized 
in FTIR spectra but appear very weak in Raman spec-
tra. Conversely, highly polarizable bonds such as triple-
bonded  N2, CN,  O2, or  CO2 are commonly emphasized in 
Raman spectra but appear very weak or inactive in FTIR 
spectra (Fig.  12). Nonetheless, the vibrations of numer-
ous HVE-bearing molecules, particularly H-bonded mol-
ecules, are active in both IR and Raman spectra.

5.2.5.1 Infrared spectroscopy IR spectroscopy is one 
of the most popular methods for determining the abun-
dance and speciation of the H-bearing moieties  OH− and 
molecular water in silicate phases because this technique 
is non-destructive, yet highly sensitive. Generally, the ana-
lyzed area can vary from a few square microns to 100 × 100 
µm2 depending on the HVE species and concentrations, as 
well as the sample’s texture. Therefore, this method is only 
adapted to LVP samples. Analyses are most commonly per-
formed in transmission mode, requiring that samples be 
transparent and doubly polished; this can present a chal-
lenge for small multiphase experimental samples. The sam-
ple thickness required generally varies from several hun-
dreds of micrometers to < 10 µm, but depends on the HVE 

concentration. Therefore, doubly polished sections can be 
repeatedly measured and thinned to decrease a spectrum’s 
signal-to-noise ratio and peak absorbances to less than 2 in 
both the near-infrared and mid-infrared regions (Mosen-
felder et al. 2019). Notably, the measurement of the sam-
ple thickness often represents the largest source of error in 
transmission IR analyses.

The IR method is based on Beer’s law:

where A is the absorbance, ε the molar absorption coef-
ficient  (M−1  cm−1), c the molar concentration (M), and ℓ 
the optical path length (cm). This law describes the lin-
ear relationship between the number of infrared active 
bonds in a matrix and the quantity of absorption and 
allows the determination of the concentration of a spe-
cies as c = (WM · A)/(d · ρ · ε) , where WM is the molar 
weight (g/mol), d the sample thickness (equivalent toℓ ), 
and ρ the density of the sample. Therefore, this method 
requires a specific calibration of the absorption coeffi-
cient,ε , for a given matrix composition and volatile spe-
cies. Nonetheless, numerous studies of H in both natural 
and synthetic silicate glasses by IR analysis have demon-
strated very good sensitivities and accuracies (down to a 
few ppm H; see review by Bureau et al. 2009).

5.2.5.2 Raman spectroscopy Because Raman spec-
troscopy employs visible wavelengths, it provides bet-
ter spatial resolution (hundreds of nanometers to a few 
micrometers) than IR spectroscopy. Nevertheless, Raman 
spectroscopy has been essentially used for LVP samples 
(see references below).

Relatively recent studies determining H contents by 
micro-Raman spectroscopy (e.g., Mercier et  al. 2009; 
Le Losq et  al. 2012; Schiavi et  al. 2018) have employed 
two methods called “external” and “internal” calibra-
tions. “External” calibrations compare the intensity or 
integrated intensity of the water band (i.e., the height of 
the peak or the area under the peak, respectively) in an 
unknown sample to those of well-characterized stand-
ard glasses. Therefore, this method requires calibration 
curves as with SIMS, but in this case, the slopes of the 
curves must vary as a function of silicate glass composi-
tion. In contrast, “internal” calibrations normalize the 
intensity of the water band to those of bands in the sili-
cate spectral region (e.g., Mercier et  al. 2009; Le Losq 
et  al. 2012), which tends to correct for or decrease the 
effects of instrumental and analytical conditions such 
as laser power fluctuations, focusing errors, and dif-
ferences in confocal volume size, as well as differences 
in light absorption and reflectance that depend on the 
glass structure and composition. By combining these 
two calibration methods, Schiavi et  al. (2018) improved 

(25)A = ε · c · ℓ,

Fig. 12 Comparison of peaks associated with C–O–N–H species in a 
Raman spectra and b FTIR spectra of the same experimental silicate 
glasses produced at 3 GPa, 1800 °C, and IW–1.1 (blue) and IW–1.8 
(orange) (modified from Grewal et al. 2020). a Background corrected 
Raman spectra, and b background corrected, thickness normalized 
FTIR spectra. The dashed curves show the broad asymmetric peak 
of O–H vibrations post‑deconvolution from N–H stretching frequency 
in the similar range
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the accuracy of Raman H measurements to a relative 
standard deviation of ~ 4% (1σ) on average, though this 
reaches ~ 12% (1σ) for water contents of ~ 0.1 wt. %.

Although the detection limits are relatively high for 
some natural samples, both Raman and FTIR analyses 
are useful for experimental samples, which are usually 
enriched in H. The main advantages of Raman spec-
troscopy are that it requires minimal sample prepara-
tion (only a relatively flat surface), is non-destructive, 
and allows rapid analysis (within minutes) at high spatial 
resolution (Schiavi et al. 2018). Another advantage is that 
Raman signals can be gathered below the sample surface, 
which allowed Dalou et al. (2022) to determine C and N 
speciation in bubbles degassed from a reduced silicate 
melt analogous to a magma ocean.

Carbon can also be quantified by FTIR and micro-
Raman spectroscopy with accuracies on the order of 0.2–
0.4 wt.% (Amalberti et al. 2011, 2021; Morizet et al. 2013; 
Schanofski et  al. 2023). However, all analytical develop-
ments for FTIR and Raman have focused on measur-
ing C as  CO2 or  CO3

2− dissolved in silicate glasses. In 
reduced silicate glasses analogous to a magma ocean, C 
is dissolved as  CH4 or  CN−, or can even occur as graphite 
(Armstrong et al. 2015; Dalou et al. 2019b; Mosenfelder 
et  al. 2019). Therefore, it is not yet possible to quantify 
the abundances of multiple C species in such reduced 
glasses (Armstrong et  al. 2015), although their relative 
abundances can be investigated depending on P, T, fO2, 
and composition (see Armstrong et al. 2015 for C; Dalou 
et al. 2019b and Mosenfelder et al. 2019 for N; Wilke et al. 
2011 and Namur et al. 2016 for S).

6  Conclusions
The last two decades of advances in analytical methods 
have provided the experimental petrology community 
with methods for analyzing challenging, multiphase exper-
imental samples comprising silicate glass, metal beads 
of various sizes, and bubbles. The achievement of DAC 
experiments coupled with the development of NanoSIMS 
has allowed laboratory simulations of conditions relevant 
to core formation and associated analyses. These very HP 
experiments have shown results in first-order agreement 
with results from experiments using large-volume appara-
tuses (Suer et al. 2023). Yet, partition coefficients obtained 
over a large range of temperature or pressure conditions 
show discrepancies that are not straightforward to under-
stand (e.g., Rose-Weston et al. 2009; Suer et al. 2017, 2023). 
They may be related to changes in chemical behaviors 
across the large range of P–T conditions probed by large-
volume apparatuses and DACs. Still, this implies partition 
coefficients should not be extrapolated beyond the P–T 
ranges in which they were measured (Suer et al. 2023).

Finally, whereas LVP studies show that oxygen fugac-
ity is a key parameter controlling the solubility, and thus 
the degassing and metal–silicate partitioning, of HVEs 
(Suer et  al. 2023), the specific effects of variable oxygen 
fugacities on metal–silicate partitioning of HVEs remains 
untested at > 25 GPa, i.e., in DAC experiments, due to 
technical challenges (e.g., Kulka 2021).

More generally, the complementary techniques 
reviewed herein have promoted large improvements 
in our understanding of the behaviors of HVEs during 
planetary formation processes. Nonetheless, an impor-
tant gap remains: metallic reference materials are needed 
for the application of local analytical techniques such as 
SIMS or NanoSIMS to HVE analyses of metal blobs in 
experimental samples.
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