
EFFECT OF FE REDOX STATE AND MG/SI RATIO ON EXOPLANET MASS-RADIUS RELATIONS.  
A. Lorenzo1, S.J. Desch1, S.-H. Shim1 and D. Nys1, 1School of Earth and Space Exploration, Arizona State Univer-
sity, Tempe AZ 85287 (alejandro.lorenzo@asu.edu). 

 
 
Introduction:  The number of transiting exoplan-

ets whose masses and radii are accurately known is 
increasing each day [1,2].  This information can be 
used to probe the composition and interior structure of 
an exoplanet, provided models exist that relate the ra-
dius of a planet to its mass and composition, so-called 
“mass-radius relationships”.  Several such models exist 
[3-7].  

These models generally consider the rocky compo-
nent to be perovskite, MgSiO3, which comprises the 
bulk of Earth’s mantle. The model of [3] considered a 
mantle composed of olivine, wadsleyite, ringwoodite 
(polymorphs of [Mg1-xFex]2SiO4), and perovskite and 
post-perovskite (polymorphs of [Mg1-xFex]SiO3), with 
x=0.1, similar to Earth. Many models also consider the 
effect of varying the core mass, essentially the bulk 
Fe/Si ratio. What these models do not explore is how 
variations in the planet’s bulk Mg/Si ratio affect the 
mass-radius relationship. And while [7] explored the 
effects of redox state and Fe on the mass-radius rela-
tionships, we take a second look at this variable using a 
different equation of state. 

To date most models generally consider a fixed 
Fe/Mg ratio in the mantle (x=0.1), and allow the mass 
of the core to vary. In practice, the bulk composition of 
the planet probably will approximate that of its host 
star, which can be measured.  In that case, Fe/Si over-
all should be one parameter.  What then determines the 
core size is the redox state of the planet, what fraction 
of the Fe is reduced (as core metal) as opposed to oxi-
dized (in FeO in the mantle).  To examine this effect 
(as distinct from core/mantle mass ratio per se), we fix 
the Fe/Si ratio and vary the percentage of Fe that is 
oxidized (XFeO). 

No models have considered variations in the Mg/Si 
ratio, even though observations of stars show this ratio 
varies significantly. The mean of this value is around 
Mg/Si=1.22 [9] or Mg/Si=1.32 [10], close to the solar 
value Mg/Si=1.05 [11], which itself differs from the 
value in Earth’s mantle, Mg/Si=1.26 [12]. But in indi-
vidual stars the ratio can vary significantly, from 
Mg/Si < 1 to as high as Mg/Si > 2 [9, 13-14]. Many 
discrepancies exist between different datasets [15]. In 
their survey of planet-hosting stars, [13] found that 
56% had Mg/Si < 1, and none with Mg/Si > 2, whereas 
[9] found that only 4% of such stars had Mg/Si < 1, but 
one had Mg/Si=1.75 and another (tau Ceti) had Mg/Si 
> 2. Within each survey, however, the spread in stellar 
compositions is considerable. On top of that, Mg/Si 

may be increased during planet formation; the value in 
Earth’s mantle is 20% higher than in the Sun. Perhaps 
this is attributable to events that vaporize the mantle, 
leading to preferential loss of more volatile Si com-
pared to Mg. The detection of SiO vapor in the 
HD172555 system has been attributed to a mantle-
stripping impact and preferential loss of SiO [16]. In 
any event, it is worth considering the effects on plane-
tary structure of a large range of Mg/Si values. 

For planets with Mg/Si  > 2, such as those that 
might form in the tau Ceti system, the main difference 
from Earth is that the deep mantle should contain fer-
romagnesiowustite, [Mg1-xFex]O, in addition to the 
perovskite phases. For planets with Mg / Si < 1, the 
main difference from earth is that the deep mantle 
should contain high-pressure polymorphs of silica, in 
particular stishovite. Our goal is to understand how the 
introduction of these minerals changes the msas-radius 
relationships. 

Methods:  We model the mass-radius relationships 
of exoplanets as follows.  We assume they are com-
posed purely of Fe, Mg, Si and O.  A fraction XFeO 
(=13% for Earth) of the Fe is assumed to be oxidized 
as FeO and in the crust, a fraction (1- XFeO) remaining 
in the core as metallic Fe. All the Mg and Si reside in 
the mantle as MgO and SiO2.  Together with the FeO, 
these form minerals in the FeO-MgO-SiO2 system. In 
this abstract we assume the only minerals are 
stishovite, perovskite, and magnesiowustite. The abun-
dances of each mineral are determined by the molar 
fractions of Fe, Mg and Si. The partitioning of FeO 
between perovskite and magnesiowust, and the frac-
tions x and y in the chemical formulas [Mg1-xFex]SiO3 
and [Mg1-yFey]O, are found by imposing [(1-x)/x]pv / 
[(1-y)/y]mw = k = 0.45, where pv and mw are the mole 
fractions of  perovskite and magnesiowustite [17]. 

Once the chemical abundances are determined, we 
find the equations of state for perovskite and magne-
siowustite from [17], which include the dependences 
on x and y.  For stishovite we use [18], and for the Fe 
core we assume epsilon Fe and the data of [19]. We 
use the isothermal bulk moduli fit to a third-order 
Birch-Murnaghan equation, then compute pressure P 
as a function of density ρ. We then perform a least-
squares fitting of this P(ρ) to the function ρ = ρ0 + c Pn 
[4], for both the core and mantle. From there we use 
standard techniques [20] to iteratively solve for the 
structure: we  integrate the equation of hydrostative 
equilibrium dP/dr = - ρ(r) g(r) at fixed g(r) to find P(r), 
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use the equation of state to derive ρ(r), then update the 
volume and radii of each spherical zone in the planet. 
The result is the radius of the planet as a function of its 
mass (Mp) and composition (Fe/Si and Mg/Si ratios, as 
well as XFeO). 

Results:  We first show the mass-radius relation-
ships of exoplanets with Earth-like composition, but 
with variable XFeO between 1 and 99%.  The range 
relevant to our solar system might be 0-20% [21]: for 
Mercury it is < 3% [22], Earth is 8% [23], Mars is 18% 
[24], and eucrites 18% [25]. This quantity is a function 
of the oxygen fugacity of the planet, which is sensitive 
to the composition. Figure 1 shows R(M) for a few 
different values of XFeO: 1%, 20%, 50%, and 99%. We 
find that over the range of values relevant to the Solar 
System, planet radius is very insensitive to FeO con-
tent of its mantle.  Increasing FeO content of the man-
tle makes the planet denser, using the equation of state 
of [17]. For planets of 1 Earth masses, the XFeO=0.99 
case has radius 0.8% smaller than that of the 
XFeO=0.01 case, increasing to 3.7% smaller for 5 Earth 
masses. This largely but not exactly confirms the find-
ings of [7], who found that as XFeO ranged from 0 to 
100%, the radius varied by at most 3% (at about 1 
Earth mass), although the dependence on XFeO is in the 
opposite direction because of the different equation of 
state of [26] they used for [Mg,Fe]O, which becomes 
more compressible at higher XFeO. 

 
Figure 1: Planet radius versus mass for planets with 
fixed bulk Fe/Si ratio but various XFeO.  

 

 
 
We next show the mass-radius relations for planets 

with three different values of the Mg/Si ratio that span 
the range observed in stellar atmospheres: 0.9, 1.26 
(Earth), and 2.1 (tau Ceti). We see relatively little sen-
sitivity with respect to Mg/Si. Radius increases only 
slightly with increasing Mg/Si ratio. For planets up to 
5 Earth masses, the most Mg-rich planets are < 2% 
larger in radius than the most Si-rich planets we con-
sider. 
 

 

Figure 2: Planet radius versus mass for planets with 
different bulk Mg/Si ratios. 

 

 
Conclusions: We find that across a wide variety of 

possible planetary compositions, including drastic 
changes in redox state (mantle FeO content) and Mg/Si 
ratio (leading to large mole fractions of stishovite or 
magnesiowustite instead of perovskite), the effect on 
the mass-radius relationships is small, only a few per-
cent. Differences in density among exoplanets > 10% 
must be attributable to the presence of ice or atmos-
pheres, but probably not rock mineralogy. Rock is 
rock. 
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