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abstRact

The Earth’s iron-rich inner core is seismically anisotropic, which may be due to the preferred 
orientation of Fe-rich hexagonal close packed (hcp) alloy crystals. Elastic anisotropy in a hexagonal 
crystal is related to its c/a axial ratio; therefore, it is important to know how this ratio depends on 
volume (or pressure), temperature, and composition. Experimental data on the axial ratio of iron and 
alloys in the Fe–Ni–Si system from 15 previous studies are combined here to parameterize the effects 
of these variables. The axial ratio increases with increasing volume, temperature, silicon content, and 
nickel content. When an hcp phase coexists with another structure, sample recovery and chemical 
analysis from each pressure-temperature point is one method for determining the phase’s composi-
tion and thus the position of the phase boundary. An alternate method is demonstrated here, using this 
parameterization to calculate the composition of an hcp phase whose volume, temperature, and axial 
ratio are measured. The hcp to hcp+B2 phase boundary in the Fe–FeSi system is parameterized as 
a function of pressure, temperature, and composition, showing that a silicon-rich inner core may be 
an hcp+B2 mixture. These findings could help explain observations of a layered seismic anisotropy 
structure in the Earth’s inner core.
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intRoduction

In the upper part of the Earth’s iron-rich inner core, seismic 
waves traveling parallel to the planet’s rotational axis propagate 
~3% faster than waves traveling in the equatorial plane (Morelli 
et al. 1986; Poupinet et al. 1983). Seismic data suggest the 
existence of layered structures and hemispherical variations 
of this anisotropy (e.g., Irving and Deuss 2011a, 2011b; Ishii 
and Dziewonski 2002, 2003; Lythgoe et al. 2014; Tanaka and 
Hamaguchi 1997). Numerous mechanisms for explaining these 
properties have been considered (e.g., Alboussière et al. 2010; 
Bergman 1997; Buffett and Wenk 2001; Jeanloz and Wenk 
1988; Karato 1999; Reaman et al. 2011; Yoshida et al. 1996). 
This anisotropy is frequently attributed to preferred orienta-
tion of Fe-rich alloy crystals in the inner core, due to iron’s 
strong single-crystal elastic anisotropy (Jeanloz and Wenk 
1988; Morelli et al. 1986; Stixrude and Cohen 1995). The c/a 
axial ratio of a hexagonal crystal directly influences its elastic 
anisotropy (e.g., Steinle-Neumann et al. 2001; Vočadlo et al. 
2009; Wenk et al. 1988); therefore, the c/a ratio of preferentially 
aligned crystals of a candidate core material can be related to 
the anisotropy of Earth’s inner core. For example, c/a ratios of 
iron alloys can serve as input in calculations of elastic moduli 
or in models of core anisotropy, as has previously been done 
in the case of pure hexagonal close packed (hcp) iron (e.g., 
Steinle-Neumann et al. 2001; Vočadlo et al. 2009).

The subsolidus phase relations and equation of state of pure 
iron at high pressures have been studied numerous times (e.g., 
Anzellini et al. 2013; Boehler et al. 2008; Dewaele et al. 2006; 
Jephcoat et al. 1986; Komabayashi et al. 2009; Ma et al. 2004; 
Mao et al. 1990; Ono et al. 2010; Sakai et al. 2011; Tateno et 
al. 2010; Uchida et al. 2001; Yamazaki et al. 2012) due to its 
key geophysical applications. Some studies report a trend of 
the c/a ratio of hcp iron decreasing with increasing pressure 
(Boehler et al. 2008; Dewaele et al. 2006; Jephcoat et al. 1986; 
Yamazaki et al. 2012), while others report seemingly no trend, 
a very weak trend, or a trend that changes with pressure (Je-
phcoat et al. 1986; Ma et al. 2004; Mao et al. 1990; Ono et al. 
2010). Similarly, some studies find that the c/a ratio of iron 
increases with increasing temperature (Boehler et al. 2008; 
Sakai et al. 2011; Tateno et al. 2010; Yamazaki et al. 2012), in 
agreement with most theoretical calculations (Belonoshko et 
al. 2003; Gannarelli et al. 2005; Modak et al. 2007; Sha and 
Cohen 2006; Steinle-Neumann et al. 2001; Wasserman et al. 
1996), while others do not (Ma et al. 2004). A few studies on 
iron (Boehler et al. 2008; Jephcoat et al. 1986) and Fe–Ni–S 
alloy (Sakai et al. 2012) fit their room-temperature data to a 
function describing how the axial ratio changes with pressure, 
but it would be more useful to compile the extensive literature 
on the c/a ratios of iron alloys into a single parameterization 
of their volume, temperature, and compositional dependence; 
this is a goal of the present study.

Earth’s inner core is known to contain several weight percent 
of nickel and of one or more elements lighter than iron (Birch 
1952; Jephcoat and Olson 1987). Silicon is one of the leading 
candidates for comprising this light element component, based 
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