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Abstract
We report for the first time the formation of a HP-PdF2-type FeCl2 phase (space group Pa3), through 

high pressure-temperature (P-T) reactions in the hydrous systems (Mg0.6Fe0.4)SiO3–H2O–NaCl and FeO2H–
NaCl in a laser-heated diamond-anvil cell up to 108 GPa and 2000 K. Applying single-crystal X‑ray 
diffraction (XRD) analysis to individual submicrometer-sized grains, we have successfully determined 
the crystal structure of the as-synthesized FeCl2 phase, in agreement with our theoretical structure search 
results. In situ high P-T XRD data revealed the substitution of Cl for OH(O) in such a cubic Pa3 structure, 
demonstrating that this topology is a potential host for both H and Cl in the deep Earth. The chemical 
analysis of the recovered sample showed that the post-perovskite phase contains considerable amounts 
of Na2O and Fe2O3. The coexistence of the cubic FeCl2 phase and post-perovskite suggests that the low-
ermost mantle could be a potential reservoir of Cl. The possible presence of volatiles such as H and Cl in 
the deep lower mantle would impact the composition and iron valence state of the post-perovskite phase.

Keywords: Iron chloride, multigrain X-ray diffraction, lower mantle, hydrogen and chlorine cycle, 
post-perovskite; Physics and Chemistry of Earth’s Deep Mantle and Core

Introduction
Chlorine (Cl) is abundant in seawater and most geological 

fluids. Owing to its hydrophilic behavior, Cl abundances and iso-
topic data provide important information on geological processes 
(Bonifacie et al. 2008; Sharp et al. 2010). Hydrous minerals have 
been shown to be major Cl carriers from oceanic to deep subduc-
tion environments (Kendrick et al. 2017). Serpentinites act as the 
major carriers of H (or H2O) and Cl, and subducting serpentinites 
play an important role in the recycling of Cl (Scambelluri and 
Philippot 2001). Mass balance calculations suggest that Cl inputs 
exceed outputs at certain subduction zones (Barnes and Straub 
2010; John et al. 2011). This is consistent with the observations of 
Mg-, Fe-, and alkali-rich saline fluids containing up to 50 wt% Cl, 
Na, K, Mg, and Fe trapped as inclusions inside high-pressure vein 
minerals in many eclogitic terranes, suggesting that Cl is recycling 
back into the mantle by subduction (Scambelluri et al. 1997).

There is a growing body of research that focuses on the stor-
age potential of halogens and hydrogen in the mantle. Roberge et 
al. (2017) showed that the Cl contents in hydrous wadsleyite and 
ringwoodite ranging from 60 ± 60 to 200 ± 48 ppm are much lower 
than their F contents that range from 186 ± 19 to 850 ± 85 ppm, 
but that the substitution correlations of Cl− with OH− remain 
unclear. Yoshino and Jaseem (2018) found that incorporation of 
water and alumina greatly enhances F solubility in bridgmanite, 
exceeding 1 wt%, showing a sufficient capacity to store the whole 

F budget. The ionic radius of Cl– is significantly larger than that 
of F–, so that the Cl solubility in the mantle silicates is expected 
to be very low. The major host for Cl in the deep mantle remains 
unknown. Du et al. (2018) predict a series of stable structures of 
iron chlorides, including Fe3Cl, Fe2Cl, FeCl, FeCl2, FeCl3, and 
FeCl4 in the pressure range of Earth’s mantle and core.

Recent studies showed that the pyrite-structured FeO2 and 
FeO2Hx (x ≤ 1) phases were observed under P-T conditions rep-
resentative of the deep lower mantle (DLM) (Hu et al. 2016; Liu 
et al. 2017; Mao et al. 2017; Nishi et al. 2017; Yuan et al. 2018). 
The latest study by E. Koemets et al. (2021) argued that FeO2 and 
FeO2Hx adopt HP-PdF2-type other than pyrite-type structure due to 
the absence of the O–O covalent bonds. In spite of the controversy, 
we termed this cubic FeO2Hx as “py-phase” in this work. As an 
important hydrogen carrier, the py-phase has been experimentally 
confirmed to be stable in the DLM along average mantle geotherm. 
Koemets et al. (2020) reported a novel Na2FeCl4OHx phase through 
chemical reactions between FeO2H and NaCl under high P-T con-
ditions. It is intriguing to explore the potential relation of hydrogen 
and chlorine in the Fe-bearing system in the DLM. Here we report 
the first experimental discovery of a cubic FeCl2 phase, referred 
to as “c-FeCl2,” coexisting with a post-perovskite (pPv) phase in 
the system (Mg,Fe)SiO3–H2O–NaCl. We demonstrated replace-
ment of OH(O) by Cl in the cubic Pa3 structure, providing a new 
hydrogen-chlorine relation under the P-T conditions of the DLM.

Methods
We used goethite (α-FeO2H) powder (99+% purity, Alfa Aesar) and synthesized 

Mg0.6Fe0.4SiO3 orthopyroxene (En60) as the starting samples. Three hydrous sample 
assemblies (Mg0.6Fe0.4)SiO3(En60)–NaCl–H2O (Run CHS06), En60–H2O (Run 
CSb003), and α-FeO2H–NaCl (Run ETR3) were designed for this study. In situ 
synchrotron XRD experiments were performed at HPCAT (Sector 16) (Meng et al. 
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2015) and GeoSoilEnviroCARS (the University of Chicago, Sector 13) (Prakapenka 
et al. 2008), Advanced Photon Source (APS), Argonne National Laboratory. Decom-
pression XRD experiments were performed at beamline 15U1, Shanghai Synchrotron 
Radiation Facility (SSRF), China. The starting assemblies, P-T conditions, and 
heating duration are summarized in Online Materials1 Table OM1 in the supporting 
information. Complementary to the in situ XRD characterization, ex-situ chemical 
analysis was performed on the recovered sample of Run CHS06 by transmission 
electron microscopy (TEM) coupled with energy-dispersive X‑ray spectroscopy 
(EDS). We also conducted first-principles calculations to examine the stability, 
structure and electronic properties of FeCl2 from the Fe-Cl system. See supporting 
information for details of the methods.

Results and discussion
The sample assembly En60–NaCl–H2O was compressed to 

108(2) GPa at room T and heated at 1950(200) K, and we observed 
the appearance of the pPv phase along with several additional 
sharp peaks while the diffraction lines of NaCl vanished following 
heating (Fig. 1a and Online Materials1 Fig. OM1 in the support-
ing information), indicating a chemical reaction occurring in this 
system. For comparison, previous experiments on dry (Mg,Fe)SiO3 
orthopyroxene using NaCl medium under similar P-T conditions 
did not show any sign of reaction (e.g., Dorfman et al. 2013). To 
investigate the role of water in this reaction, we further conducted 
high P-T experiments on an assemblage of En60–H2O without 
NaCl. As shown in Figure 1b, the diffraction peaks can be well 
indexed by the coexistence of the pPv and py-phase at 115(2) GPa 
after 2150(200) K heating, indicating a reaction between En60 and 
water. The py-phase has a lattice parameter of a = 4.3676(2) Å at 

115 GPa and after T quench. Notably, the new peaks (marked by 
“C”) observed in the system En60–NaCl–H2O can be well indexed 
by a cubic lattice with a = 4.9490(2) Å at 108(2) GPa (Fig. 1a). 
The combined results suggest that the py-phase might react with 
NaCl under similar P-T conditions.

To examine the formation mechanism of the new cubic 
phase, we performed high P-T experiments on the assemblage 
of α-FeO2H–NaCl. The sample was first compressed to around 
100 GPa at room temperature. As shown in Figure 2a, sharp 
peaks of the py-phase were observed within the first two minutes 
of heating at 1700(200) K. Increasing T to 2000(200) K and 
heating the sample for another two minutes, we observed the 
appearance of new peaks together with formation of crystalline 
ice X (Loubeyre et al. 1999) at the expense of the py-phase. The 
dominant new phase(s) were preserved after T quench together 
with small amounts of the residual py-phase (Fig. 2b). The residual 
py-phase was indexed with a = 4.4079(8) Å at 100(2) GPa, which 
is consistent with the values measured by previous studies (Nishi 
et al. 2017; Hu et al. 2016). Similar to the cubic phase found in the 
system En60–NaCl–H2O at 108(2) GPa, a significant portion of the 
new peaks can be indexed by a cubic lattice with a = 4.9779(6) Å 
at 100(2) GPa (Fig. 2b). The remaining diffraction peaks cannot 
be indexed straightforwardly. We carried out another high P-T 
XRD (Run CSa010) at 96(2) GPa, and the sample was heated at 
2050(200) K for 10 min (Fig. 2c). No py-phase can be observed 
in this run and the diffraction (110) of NaCl-B2 phase is strong in 
intensity, suggesting that the long-time heating duration and/or a 
larger ratio of NaCl:FeO2H at the interface leads to a complete 
reaction. As seen in Figure 2c, except for ice X, NaCl, and the new 
cubic phase with a = 4.9822(2) Å, there were strong unidentified 
peaks at lower diffraction angle, and similar peaks with less pro-
nounced intensity were observed in Run ETR3 (Fig. 2b).

During the preparation of this paper, it has come to our atten-
tion that the interaction between FeO2H and NaCl was explored 
by Koemets et al. (2020). Indeed, identification of the products 
is a complex issue. They identified the products as a mixture of 
two orthorhombic phases. And one of the phases was determined 
with a chemical formula of Na2FeCl4OHx by single-crystal XRD 
analysis at 107(2) GPa after 2400(200) K heating. As shown in 
Figure 2c, we found that the calculated diffraction positions of 
the Na2FeCl4OHx phase together with the new cubic phase could 
well match most of the diffraction peaks of the products in our 
experiment Run CSa010. On the other hand, the other orthorhom-
bic phase they proposed (denoted as “oI phase”) was not present 
in the run products of our experiment. The applied lower T of 
2000 K may result in the absence of the oI phase and the presence 
of a new cubic phase in the current study, whereas the opposite 
situation occurred by heating at a higher T of 2400 K in the study 
of Koemets et al. (2020). The structures for all the phases in the 
system FeO2H–NaCl should be further investigated but beyond 
the scope of this work.

Importantly, the new cubic phase with a = 4.95–4.98 Å is 
repeatably produced in the systems En60–NaCl–H2O and FeO2H–
NaCl at pressures of 96–108 GPa. We applied the multigrain XRD 
technique to index individual grains of the new cubic phase, fol-
lowing the procedures described in a previous study (Zhang et al. 
2019). The crystal structure of the cubic phase was determined 
without prior knowledge of its chemical composition. Only two 

Figure 1. Experimental evidence for (a) CHS06: Mg0.6Fe0.4SiO3–
H2O–NaCl and (b) CSb003: Mg0.6Fe0.4SiO3–H2O. (a) Coexistence of 
pPv and a previously unknown cubic phase (marked by “C”) at 108(2) 
GPa after T quench from 1950 K: pPv, a = 2.482(3) Å, b = 8.217(14) Å, 
c  =  6.177(2)  Å; “C,” a  =  4.9490(2)  Å. (b) Coexistence of pPv and 
py-FeO2H phase at 115(2) GPa after T quench from 2150  K: pPv, 
a = 2.484(2)  Å, b = 8.155(12) Å, c = 6.171(5) Å; py, a = 4.3676(2) Å. 
The calculated peak positions are indicated by ticks. Portions of 
corresponding spotty XRD patterns of the runs are shown in (c) CHS06 
and (d) CSb003, respectively. Experiments were performed with an X‑ray 
wavelength of 0.3344 Å at 13-IDD, APS. (Color online.)
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atomic positions are required to be filled in the structure and we 
obtained a reasonable structure model by filling the positions with 
Fe and Cl, respectively, indicating the HP-PdF2-type FeCl2 (see 
supporting information for details of single-crystal refinements).

Our theoretical prediction at 100 GPa shows FeCl2 and FeCl3 
are energetically stable, while FeCl4 becomes close to the convex 
hull line (Fig. 3a). The calculated structure of the FeCl2 phase is in 
agreement with the experimental results (Online Materials1 Table 
OM2). With a DFT+U approach, the cubic FeCl2 is calculated to 
be an indirect band gap semiconductor with 0.1 eV (Fig. 3b; see 
Online Materials1 for electronic properties of HP-PdF2-type FeCl2). 
Stable phonon dispersion curves of FeCl2 at 30 and 100 GPa in 
our calculations suggest the stability of HP-PdF2-type FeCl2 in a 
broad pressure range (Figs. 3c and 3d). Indeed, we found that the 
HP-PdF2-type FeCl2 phase is stable at ~29 GPa during decompres-
sion (Online Materials1 Fig. OM2). Since unit-cell parameters of 

the coexisting py-phase and HP-PdF2-type FeCl2 in Run ETR3 
are well consistent with the previous experimental and calculated 
values of the end-members, respectively, solid solutions between 
these two phases appear unlikely to be formed.

Geophysical implications
Previous studies showed that both metallic Fe and Fe oxides 

react with H2O, producing the py-phase in the DLM. Yuan et al. 
(2019) demonstrated the coexistence of the py-phase and a pPv 
phase in a simplified Fe3+-bearing hydrous subducted slab compo-
sition. We further found that En60 with Fe2+ reacts with H2O, pro-
ducing the py-phase coexisting with a pPv phase. These combined 
results suggest that the py-phase can be generally formed by the 
redox reactions between water and Fe-bearing minerals with Fe in 
different valence states. With the addition of NaCl, the HP-PdF2-
type FeCl2 was produced in place of the py-phase through high 
P-T reactions in the systems FeO2H–NaCl and En60–H2O–NaCl. 
In comparison, a chemical reaction between CO2 and py-phase 
was observed in the Fe-C-O-H system, producing a tetrahedral 
carbonate phase Fe4C3O12 at the expense of the py-phase above 
2300 K (Boulard et al. 2018). Although the iron valence state of 
py-phase is still under debate, it is clear that the reaction product 
of Fe4C3O12 contains only Fe3+ in the carbon-bearing system, while 
all iron is Fe2+ for FeCl2 in the chlorine-bearing system. These 
investigations suggest that the deep Earth volatile cycles including 
hydrogen, carbon, and chlorine are correlated in a more complex 
way than previously thought, suggesting a volatile-dependent 
Fe2+/Fe3+ ratio heterogeneity in the DLM.

The recent discovery of Ice-VII and halite inclusions in the 
deep mantle diamonds provides direct evidence for the existence 
of saline fluid in the shallow lower mantle at least regionally 
(Tschauner et al. 2018). A recent isotopic study showed that Cl-rich 
melt inclusions are associated with radiogenic Pb isotopes in the 
lower-mantle sourced olivine samples, indicating that surface Cl 
in the ancient seawater-altered and carbonated oceanic crust has 
been conveyed downward to the lower mantle (Hanyu et al. 2019). 
These geochemical and isotopic studies show that a considerable 
amount of Cl (i.e., 13–26% or an even greater proportion of the 
total Cl in the mantle) might have been cycled into lower mantle 
by slab subduction. However, Cl-bearing phases have not been 
identified so far in subducted oceanic crust beyond sub-arc depth. 
Our present results reveal that HP-PdF2-type FeCl2 phase is stable 
at depths beyond 30 GPa to the base of the lower mantle. Since Cl 
is incompatible with major minerals, Cl can possibly survive in 
mineral grain boundaries in a cold slab (Hiraga et al. 2004). When 
the Cl component interacts with hydrous Fe-bearing minerals at 
greater depths, forming HP-PdF2-type FeCl2 phase, this phase 
would potentially deliver Cl into the deep Earth.

The Na2FeCl4OHx phase can be observed in the system FeO2H–
NaCl but absent in the system En60–H2O–NaCl. The Na-related 
component may go into the pPv phase. Indeed, our TEM-EDS 
results showed that the pPv phase in the En60–H2O–NaCl system 
contains ~3 wt% Na2O (Online Materials1 Fig. OM3 and Table 
OM3). Considering the pPv phase with a chemical formula on 
the join [(Mg,Fe2+)1–x(Fe3+,Fe3+)2xSi1–xO3]–Na2SiO3, the abundance 
of ferric iron (Fe3+/total Fe ratio) is estimated to be ~0.6. Hirose 
et al. (2005) showed that 5  wt% Na2O together with a high 
Fe3+/total Fe ratio up to 0.8 is incorporated in the pPv phase in a 

Figure 2. Experimental evidence for chemical reaction between 
α-FeO2H and NaCl under high-P-T conditions. (a) XRD patterns 
obtained around 100  GPa at 1700  K (formation of py-phase) and at 
2000 K (formation of the “C” phase together with ice X). XRD patterns 
for (b) Run ETR3 at 100(2) GPa and (c) Run CSa010 at 96(2) GPa 
after T quench. The peak positions of the two orthorhombic phases, 
the Na2FeCl4OHx phase (space group: Pbam) (marked by “N”) with 
a = 8.725(2) Å, b = 6.180(3) Å, c = 3.0679(12) Å and the oI phase (space 
group: Imm2) with a = 2.5467(5) Å, b = 9.640(2) Å, c = 11.580(2) Å at 
107(2) GPa from the study by Koemets et al. (2020) are indicated with 
magenta and orange ticks, respectively, in c. Experiments were performed 
with X‑ray wavelengths of 0.4066 and 0.3445 Å for Runs ETR3 and 
CSa010, respectively, at 16-IDB, APS. The X-axis was set as Q values 
(Q = 4πsinθ/λ), where θ and λ represent the diffraction angle and X‑ray 
wavelength, respectively. (Color online.)
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mid-ocean ridge basalt starting composition. Therefore, the pres-
ence of volatiles such as H and Cl would impact the composition 
and iron valence state of the pPv phase in the DLM. Furthermore, 
we found a possible partial melt coexisting with pPv and FeCl2 
from the combined high P-T XRD and chemical analysis results. 
Such a volatile-assisted melting process in the DLM may account 
for the seismic observations such as ultralow velocity zones (Ren et 
al. 2007) and large low-shear-velocity provinces (Ford et al. 2006).
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