
ABSTRACT 

VARIATION IN EXOPLANETARY STRUCTURE 
AND MINERALOGY FROM OBSERVED  

STELLAR METALLICITIES, AND  
RELATED GEOPHYSICAL  

IMPLICATIONS 

Despite the detection of thousands of exoplanetary candidates, too few of 

these are known to resemble Earth in terms of volume and composition for many 

meaningful statistics on Earth-sized exoplanets to be obtained. Therefore, we 

instead estimate the bulk mineralogy of Earth-sized planet models, using the 

emission spectra of Sun-like stars. It is possible to convert the results of many 

stellar spectral observations into major oxides, thus allowing conversion of these 

oxides to silicate mantle mineralogies, similar to work done by Unterborn et al. 

(2017), as well as estimate the relative volume of a metallic core for cases where 

terrestrial worlds are near Earth’s size. This approach provides a way to anticipate 

how such exoplanets may differ from Earth structurally, compositionally, and 

perhaps in terms of geologic behavior. In order to isolate the effects on an 

otherwise Earth-analogue planet due only to initial variations in elemental 

composition, the volume, surface temperature, hydrosphere, and atmosphere are 

all considered equal to Earth, as differences in these aspects of a planet are not 

directly linked to the composition of the host star. The goal is to increase 

understanding of effects due solely to differences in initial bulk chemical 

composition and provide improved mineralogical and geophysical constraints of 

planets which may orbit roughly solar-analogue stars. 
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INTRODUCTION 

The Solar Nebula Disk Model (SNDM) states that the Sun and all other 

natural objects in orbit were formed together from the same gravitationally 

compressed, flattened, and rotating disk of interstellar gas and dust (Swedenborg 

1734; Laplace 1796; Safronov 1972). This process of formation is thought to be 

the same for all other known main-sequence stars and their planetary systems 

(Coradini 1981; Bradford & Terrile 1984). In accordance with SNDM, the 

terrestrial planets of the Solar System, including Earth, share a bulk elemental 

composition very like that of the Sun for non-gaseous elements (Wood 1979). This 

close correlation may be demonstrated by comparing the elemental abundances 

observed in the Sun’s emission spectrum with those found in carbonaceous 

chondritic meteorites (Figure 1), the same kind of meteorites hypothesized to have 

formed Earth (Pottasch 1964; Ringwood 1966; Lodders et al; 2003).  

These meteorites are undifferentiated objects thought to originate from 

before the formation of the planets, and thus preserve, in solid form, elements in 

the precise relative abundances found in the proto-stellar disk from which the Sun 

and planets formed (McSween 1979; McKeegan et al, 2011).   

It has been observed that the relative elemental abundances in the emission 

spectra from our Sun’s photosphere closely match Earth’s bulk composition, and 

by implication, observations of the emission spectra of other stars may allow for 

the determination of bulk elemental compositions of any exoplanet-masses that 

may have formed around those stars (Lineweaver & Robles 2009; Hinkel et al, 

2014). If data on enough spectra are obtained, it may become possible to assemble 

a comprehensive dataset of the range of possible terrestrial exoplanetary bulk 

compositions. In this approach, it is assumed that exoplanetary volumes are  
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Figure 1. Demonstration of strong correlation between elemental abundances of 

the solar photosphere and carbonaceous chondritic meteorites.  
Note: Li is depleted in the solar atmosphere due to its conversion to He during nuclear fusion. C, 

N, and O are slightly enhanced due to a small but non-trivial amount of solar energy output 

produced by the C-N-O cycle catalytic fusion process.  
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similar to Earth for the sake of making more direct comparisons. This is because if 

planetary size changes to any substantial degree, the result will be planets that do 

not resemble Earth in any way no matter what their elemental composition. From 

our exoplanet bulk composition estimates, we can use total Fe contents, and 

Earth’s relative core and mantle compositions, to infer the total mass of an 

exoplanet’s metallic core, allowing all other oxides to form a silicate mantle and 

crust, which we call the Bulk Silicate Planet (BSP) composition. The BSP oxides 

may then be used to determine mineralogy of an exoplanet’s silicate mantle. After 

such a determination, hypotheses may be formulated regarding the nature of 

planetary-scale geologic processes occurring on the worlds in question. One such 

hypothesis is that the mineralogy of a mantle should affect mantle circulation and 

the operation of plate tectonics. The exact magnitude of these effects remains quite 

uncertain to be sure, but we still propose to offer some speculation, given 

advances in modeling mantle and subduction processes.  

There have been several groups that have attempted studies of potential 

planetary compositions (i.e. Jura et al. 2014; Marcy et al. 2014; Zeng et al. 2016). 

However, they are generally conducted more from an astrophysical perspective, 

than a mineralogical one. It is a matter of concern that their focus is on only a few 

or even a single element ratio, typically Fe/H, Mg/H, or Mg/Si (e.g. Sotin et al, 

2007; Mena et al, 2010).  While serving as an intriguing start to the problem of 

exoplanet composition, the numbers of elements are too few to place constraints 

on mantle mineralogy. For example, it is impossible to place such constraints on 

clinopyroxene (Cpx) abundances without CaO, nor garnet compositions in the 

absence of Al2O3, and both these minerals are essential components of Earth’s 

upper mantle as a whole (e.g. Frost 2008; Kaminsky 2012). We thus need to 

discern at least the relative abundances of Si, Al, Fe, Mg, and Ca even to begin to 
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portray in some reasonable fashion an exoplanet’s mineralogy. In addition, many 

studies (e.g. O’Neill & Lenardic 2007, Valencia & O’Connell 2009) on various 

planetary characteristics often focus on a small collection of already observed 

exoplanets, all of which are more massive than Earth. Hence their geologic 

processes are more speculative than estimations based on Earth-sized planets due 

to the potential influence of higher bulk density, gravity, and massive 

hydrospheres and/or atmospheres (Dressing et al, 2015). There is also a range of 

studies performed on the compositions of exoplanetary candidates observed by the 

Kepler Space Telescope (KST). However, the extent to which the characteristics 

of these candidate planets correlate to the planetary models described in this study 

are limited due to the biases inherent in the observational nature of the initial 

Kepler mission, and even more so for detected planets of the K2 mission, which is 

limited to observations lasting 80 days at a time, thus reducing the probability of 

detecting planets in longer period orbits, regardless of the type of star being 

orbited (Vanderburg et al, 2016). Specifically, the Kepler-derived data are biased 

towards larger planets in close orbits of stars similar in luminosity to the Sun 

(Borucki et al, 2011; Howard et al. 2012, Batalha et al. 2013; Morton & Johnson 

2011). As the models developed for this study require the planet’s mass be held at 

a constant of 1M, most Kepler mission candidate planets fall outside the 

parameter space in which the models of this study operate. Because this study does 

not rely on previously detected planetary candidates but only on stellar spectra, a 

wider range of potential exoplanet compositions may be explored, including a 

number that may be similar enough to Earth to mimic its mineralogical features. 

It may also be possible to isolate some impact on tectonics specific to 

changes in minerology by holding constant previously stated factors.  
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Data and General Approach 

All stellar spectra used in this study are taken from the Hypatia Catalog 

(HC) (Hinkel et al, 2014). For many of these stars only one to three elements are 

reported, fewer than the nine major oxides that influence the bulk mineralogy and 

bulk properties of Earth, these being; SiO2, TiO2, Cr2O3, Al2O3, FeO, MgO, NiO, 

CaO, Na2O. We find that of the 3,058 listed stars, 893 provide the required 

number of heavy element/H ratios to delineate a useful mineral assemblage.  

As defined by the Morgan-Keenan (MK) classification system (Morgan et 

al. 1943), 105 (11.8 %) of these 893 selected stars fall within the K class interval 

as defined by the MK system, with these stars varying between the K5 and K0 

subclasses. 437 (48.9 %) cover the entire G class range from G9 to G0, and 351 

(39.3 %) include F9 through F2 within the F class sequence. The statistical 

distribution of the number of stars representing each stellar class in this study is 

such that the Sun, an MK G2V class main-sequence star, falls very close to the 

mean of the stars chosen for this study in terms of mass and luminosity.  

To understand where the Sun plots relative to other stars in terms of its 

composition of elements heavier than H and He, i.e. its “metallicity”, is critical. 

The HC, Hinkel et al. (2014) uses the solar metallicity value of 0.0141 reported by 

Lodders et al. (2009), as the baseline for all other stars in the catalogue to be 

compared against. As this study is based on the HC, it will utilize the same 

baseline 0.0141 metallicity value for the Sun as the HC.  

Fe and Ni proportions are used to determine the mass of a planetary core 

relative to the total planet mass as we see similar partitioning between Earth and 

Venus. However, this partitioning may vary under O-saturated or O-depleted 

conditions (Taylor 2013). Using Earth as a presumed archetype, the extent of 

mantle Fe depletion in Earth’s mantle (relative to a chondritic bulk composition) 
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was determined, and then applied to our model planets. With a mantle so depleted 

in Fe and Ni, the remaining Fe, converted to FeO, and other oxides are then 

transformed into mineral proportions using the algebraic method of Thompson 

(1982), a process explained in greater detail in the Methods section. Since the size 

of the core is slightly different for each model exoplanet, even if we fix the 

planetary radius to be the same as Earth, we must re-calculate gravity as a function 

of depth for each exoplanet. Pressure is calculated as a function of depth using 

these new gravity values, and P-sensitive mineral phase transformations, e.g. Ol to 

spinel; spinel to perovskite, etc. (Stixrude & Bertelloni 2011).   

 

 

 



   

BACKGROUND 

The photosphere of the Sun, or any other main-sequence star of similar 

mass, is a comparatively thin layer, approximately 100-200 km deep, composed of 

cool plasma at 5800 K (Solanki 1998). This temperature varies depending on the 

class of the star in question. The photosphere is the lowest layer of the solar 

atmosphere and is the uppermost region of the Sun where, moving outward, the 

plasma density becomes low enough for the free transmission and absorption of 

photons (Grevesse & Sauval 1998). Therefore, this layer represents the Sun’s 

“surface”, i.e. what is seen when looking at the Sun directly (Solanki 1998).  

When a spectrum is obtained from visible sunlight, which passes through 

the photosphere, parallel dark lines of varying thickness will appear across the 

spectrum when it is laid out as a 1-D plot. These absorption lines form due to the 

presence of specific elements in the tenuous plasma of the solar photosphere 

where each element, due to its unique electron orbitals will absorb photons at a 

specific wavelength thus producing a dark band across a specific section of the 

spectrum (Walsh 1955). The width of these absorption lines correspond to the 

relative abundance of the element absorbing that specific wavelength of light, 

whereas the line placement along the spectrum represent specific elements, as each 

element will create its own absorption line in the same place, regardless of the star. 

(Herschel 1823; Kirchhoff & Bunsen 1860; Minnaert 1930; Unsöld & Struve, 

1940). The elemental composition of a star’s photosphere is thought to be a 

reliable indicator of that star’s bulk composition (Grevesse & Sauval 1998). 

Therefore, the absorption lines in the emission spectra from the Sun, or another 

main-sequence star, may be used to determine the relative ratio of elemental 

abundances composing that star (Payne 1925; Russell et al. 1935).  
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When the Sun formed in the center of its proto-stellar disk at 4.57 Ga, 

(Bonanno et al. 2002; Connelly et al. 2012) the process of gravitational collapse 

did not completely incorporate all the material of the disk into the Sun (Safronov 

1972). This leftover disk material was further reduced by the effects of solar 

radiation and gravitational ejection of forming planetary bodies, such that only 

0.14% of the mass of the solar nebula remained to be incorporated into all the 

planets and other objects in orbit of the Sun today (Safronov 1972; Wood 1979; 

McSween 1979; Woolfson 2000).  

The first objects to coalesce out of the proto-planetary disk were too low in 

mass, and contained too little internal heat, to allow for Fe, Ni, and other 

siderophile elements, elements which readily dissolve into solution with Fe, to 

precipitate out of solution and thus become differentiated bodies with layers of 

siderophile element depletion (Davis 2006; Elser et al. 2012).  Though most of 

these early objects were later incorporated into larger, differentiated bodies, some 

presently remain in the solar system.  These are referred to as chondrites, named 

for the prevalence of spherical, glassy, often carbon-rich chondrules found 

throughout the bodies of these meteorites (Shu et al. 1996, Jones et al 2000). As 

these chondrite meteorites formed directly from the same material as the Sun, they 

possess an elemental composition that more closely matches the Sun than any 

other single material to be found in the present Solar System (Wood 1979; 

McDonough and Sun 1995; McDonough 2000; Wade and Wood 2005). 

Even as the Sun formed, dust from the solar nebula aggregated into 

primitive material that formed planetesimals/asteroids (Poppe et al. 2000; Marshall 

& Cuzzi 2001), which then accreted into protoplanets with masses between 

roughly 0.1% and 10% the mass of Earth (Chambers 2004). These in turn collided 

with each other, resulting in the formation of planets. When the frequency and 
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kinetic energy of such collisions becomes sufficient, these accreting bodies will be 

enveloped by a magma ocean, which as they solidify, may later be periodically re-

formed by occasional increased rates of surface bombardment, or single massive 

impacts. (Wood 1979; Warren 1985; Tonks & Melosh 1993). 

As the growing planet gains mass, its increased internal temperature and 

gravity become ever more capable of segregating elements based on phase. (Jones 

& Drake 1986; Gaetani & Grove 1997). Iron and other siderophile elements 

precipitate out of solution, and once formed, these metallic pockets, being denser 

than the surrounding silicates, begin to sink towards the center of the protoplanet, 

forming a metallic core (Stevenson et al. 1983; Jones & Drake 1986; Chambers 

2004; Wade & Wood 2005; Yanick et al. 2009; Rubie et al. 2011). Earth’s core 

was formed progressively, throughout the major accretionary period, such that it 

was already in place at the end of planetary accretion (Anderson 2007).  The 

residual silicate mantle is thus depleted in the elements that segregated to form the 

core (Halliday 2004; Davies 2006; Yanick et al. 2009; Rubie et al. 2011).  Later, 

on Earth at least, the crust, oceanic and then continental, was extracted from 

partial melting of the mantle (Hoffman 1988). Earth’s bulk composition would, of 

course, be a weighted average of Earth’s core, mantle, crust, oceans and 

atmosphere, and should, in theory, closely resemble the chondrites (Figure 2), of 

which Earth is, presumably, composed (Russell 1941; Ringwood 1975; Smith 

1977; Wood 1979; Hart 1986; McDonough & Sun 1995; Drake 2002).  

Presently there is no known type of meteorite whose composition matches 

current estimates of Earth’s bulk composition, though these estimates themselves 

may be in error. Carbonaceous chondrites (C-chondrites), defined by relatively 

high concentrations of organic matter, including amino acids (Ehrenfreund et al. 

2001) represent one group, and Enstatite chondrites (E-chondrites), a form of very 
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Figure 2. Composition of a theoretical “Bulk Silicate Mantle” (BSM) for various 

chondrite types compared with our model exoplanet mantles and the Earth’s BSM.  
Note: The Earth does not precisely match any of the highly variable chondrite compositions. 

O-poor chondrite, another. Early research suggests that C-chondrites could 

represent much of the material from which the Earth was formed, though they 

failed to account for the comparatively high terrestrial O18 abundances 

representative of the bulk Earth composition (Clayton 1977; McDonough & Sun 

1995). However, E-chondrites display O isotope ratios much closer to the Bulk 

Silicate Earth (BSE) (Javoy et al. 2010). It was considered for a while that E-

chondrites might represent the true building blocks of Earth. However, problems 

became apparent when studies showed that E-chondrites could not account for 

compositional dissimilarities in Si isotope ratios as compared to the Earth and the 

Moon as these two bodies share nearly identical Si isotope ratios of around 

30SiBSE = –0.28, Where E-chondrites fall closer to 30SiBSE = –0.62, implying that 
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the Earth gained its current compositional ratios post moon-forming impact 

(Fitoussi et al. 2012). In addition, Sm/Nd isotope ratios as compared to the BSE, 

are 4.5-7.9% higher for the BSE as compared to chondrites. (Jackson & Jellinek 

2013).  

More recent studies reveal that Mo, Nd, and Sm isotopic ratios point to 

Earth having largely formed from s-process (slow neutron capture) material 

(Render et al. 2017). The composition of this material is believed to be derived 

from nucleosynthetic enrichment of elements heavier than Fe in asymptotic giant 

branch (AGB) stars (Burbidge et al. 1957). No meteoritic sample of this material 

has yet been identified and so cannot be compared directly to Earth’s composition 

(Render et al. 2017). Current understanding of Earth’s true composition, while 

good, may not be sufficient to determine affinity with any one meteorite type, 

chondritic or otherwise. Regardless, since there is no a priori reason why Earth 

must be composed of any one type of meteorite, the possibility that Earth is 

composed of a mixture of materials is strong.  

Earth has changed little in terms of bulk composition since the Moon-

forming impact at 4.5 Ga (Canup & Asphaug 2001), and the presumed late-veneer 

additions to the mantle (Kruijer et al. 2015; Fischer-Gödde et al. 2017). We 

reproduce estimates by Anderson & Kovach 1967, and Morgan & Anders 1980, 

that the Earth’s Iron-Nickel core comprises approximately 32% of the total 

planetary mass, and 16% of its volume, while the silicate mantle accounts for 67% 

of the Earth’s mass and 82% of its volume. The remaining mass and volume are 

accounted for by the Earth’s crust, hydrosphere, and atmosphere.  

Various seismological studies and numerical models have identified a 

series of discontinuous layers in the mantle structure (Mohorovičić 1909; 

Ringwood 1962; Clarke & Ringwood 1964; Isacks et al. 1968; Woodhouse & 
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Dziewonski 1984). The depth and cause of these discontinuities is generally 

agreed upon, with minor variations in interpretation. The region extending down 

from the Mohorovičić discontinuity (Moho) (beginning at an average depth of 35 

km for continental crust, and 7 km for oceanic crust) to a depth of 440 km is the 

uppermost part of the mantle. For Earth, this layer is peridotite (Mohorovičić 

1909; Helffrich and Wood 2001; Frost 2008).  At a depth of around 200 km, down 

to 400-450 km, with pressures beginning at around 8 GPa and increasing to 17 

GPa, the mineralogy is characterized by garnet-peridotite (Stixrude & Lithgow-

Bertelloni 2011). Beneath the continents, there is a seismic discontinuity known as 

the Lehmann discontinuity (Lehmann 1959; Hales et al. 1980; Karato 1992), 

which occurs at around 220 km in depth and is thought to represent depth variation 

in shear wave anisotropy (Savage et al. 2004).  

Beginning around 410 km, and continuing to roughly 520 km, a new 

seismic regime exists, created by the transition of olivine to -phase spinel, called 

wadsleyite, and then from 550-670 km this phase converts to -phase or 

Ringwoodite (Ringwood 1968; Smith 1983; Kudoh et al. 1996). This interval from 

440 to 670 km is called the Transition Zone (Inoue et al. 1998; Anderson 2007; 

Yoshino 2008; Pearson et al. 2014). Earth’s lower mantle extends from 670 km to 

the core-mantle boundary at a depth of 2,891 km (Dziewonski & Anderson 1981; 

Hama & Suito 2001), where ferrosilicate perovskite and magnesiowüstite 

(transformation products of transition zone minerals) dominate the mineralogy of 

Earth’s lower mantle (Frost et al. 2004).  

The specific effects on planetary dynamics due to changes in core size and 

mantle thickness or composition is the subject of some debate (Unterborn et al. 

2017). One potential difference might be a correlation between increased mass, 

and thus surface gravity, leading to more favorable conditions for a basalt to 
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eclogite phase transition in crustal material, a transformation unusual on Earth 

outside of subduction zones (O’Rourke & Korenaga 2012). Another such example 

is that increases in Si and the alkali elements Na and K might result in more 

buoyant crust being formed, reducing the effectiveness of subduction relative to 

Earth’s crust, thereby delaying or preventing the onset of plate tectonics 

(Unterborn et al. 2017). The opposite effect may result when abundances of Si, 

Na, and K, which are incompatible in planetary melting processes, are reduced, 

leading to a denser crust that may subduct more easily (Unterborn et al. 2017). 

These examples demonstrate that an Earth-sized planet’s ability to develop plate 

tectonics may also be influenced by the chemical composition of its mantle and 

crust in addition to the influences of mass, surface gravity, internal and surface 

temperature, and radiogenic element concentration. 

Perhaps one of the most critical components in determining the existence of 

plate tectonics is the presence or lack of surface water (Korenaga 2010; Hull et al. 

2016). The prevailing theory that the crust of Venus is too dry to produce Earth-

like plate motion, resulting is episodic planet wide resurfacing events every 200-

500Ma, would seem to provide strong support to this hypothesis. (e.g. Phillips et 

al. 1992; Smrekar & Davaille 2016). Therefore, it is quite possible that as this 

study concerns itself only with changes in planetary bulk material properties, it 

lacks the ability to predict any specific tectonic regime.  

In all, as terrestrial planets in orbit of main-sequence dwarf stars are quite 

common (e.g. Morton & Johnson 2011; Batalha et al. 2013; Petigura et al. 2013), 

the potential exists for a wide range of possible tectonic scenarios.  



   

METHODS 

For this study, all required stellar spectra observations are from the Hypatia 

Catalogue (Hinkle et al. 2014). This catalog contains 3,058 F, G, and K main-

sequence stars that cover a range of energies, from K5V orange dwarfs (least 

energetic), to a F2 white main-sequence star (the most energetic).  This specific 

range in stellar classes is of fundamental importance as those stars which fall 

beyond it have characteristics that likely prevent them from hosting planets which 

could achieve an Earth-like tectonic regime, regardless of composition, at least for 

extended periods (Figure 3). For instance, stars with masses below about 50% that 

of the Sun are ignored as they have sufficiently low luminosities that for a planet 

like the Earth to receive the necessary incident IR flux per unit of surface area to 

experience sufficient heating to preserve liquid surface water, an orbital radius of 

0.4 AU or less is required. 

 
Figure 3. Hertzsprung-Russel (HR) diagram showing placement of 22,000 stars 

from the Hipparcos catalogue and a further 1,000 from the Gliese catalogue.  
Note: “Selected range of stars” region covers the variety of stars listed in the Hypatia Catalogue. 

The Sun as a G2V class main-sequence star occupies a position in the mid-upper G class range, as 

denoted by the blue circle.  
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These close orbits make such planets particularly vulnerable to the 

characteristic frequent Coronal Mass Ejections (CMEs) of low luminosity stars 

(Khodachenko et al. 2007; Segura et al. 2010; Opher & Kornbleuth 2016). This 

proximity may cause oceanic and atmospheric ablation by charged particles 

resulting in the loss of both hydrosphere and atmosphere. These CMEs may 

increase the star’s luminosity by a factor of 100 or more for a period of several 

hours and output an equal increase of UV and X-ray radiation (Lovell 1971; Engle 

& Guinan 2011). Therefore, for such stars the possibility of an Earth-sized planet 

with a hydrosphere similar to Earth’s cannot be safely assumed.  

As for stars with luminosities beyond the most powerful stars in this study 

(>1.3 Solar masses), these are ignored because their nucleosynthetic processes are 

dominated by the Carbon-Nitrogen-Oxygen (CNO) cycle (Weizsäcker 1938; Bethe 

1939), a highly temperature sensitive catalytic process which only becomes 

dominant at temperatures above 17 megakelvin—higher than the Sun’s core 

temperature of 15.7 megakelvin (Schuler & King 2009). Thus, the core regions of 

stars only slightly more massive than the Sun transition to a mostly convective 

state, as opposed to our Sun’s dominantly conductive core. This allows for a 

greater percentage of the star’s H to be mixed with the He fusion products, 

shortening their main-sequence life (Moore & Garaud 2016) such that they 

transition off the main sequence to a red giant stage within only a few hundred 

Ma. (Iben 1967; Goldstein 1987). This event therefore, would preclude the 

initiation of Earth-like plate tectonic motion (e.g. O’Neill 2007; Condie 2008).  

The 3,058 listed stars in the HC were filtered to obtain a subset of 893 stars 

where all the following element ratios are reported: Al/H, Ca/H, Cr/H, Fe/H, 

Mg/H, Na/H, Ni/H, Si/H, Ti/H. These ratios were reported in the decimal 

exponent (dex) format, where the ratio is applied as an exponent to a base 10, and 

the value is relative to the Sun. Therefore, if log [Al/H] = 0.08, then the atomic 
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ratio Al/H = 100.08, which indicates that the Al/H ratio of the star in question is 

100.08 = 1.202 times the Al/H value for the Sun. In many cases, multiple ratios 

from several separate sources per star, as listed in the HC, were provided for the 

same elements; in these cases, the dex values are averaged. 

These element ratios were converted to oxide percent values: NiO, FeO, 

Cr2O3, TiO2 CaO, SiO2, Al2O3, MgO, Na2O using a conversion procedure provided 

by Hinkle et al. (2014). This procedure begins by employing estimates of atomic 

abundances of the solar photosphere relative to H, provided by Lodders et al. 

(2003). These values range from 83176.4 [Ti/H] to 3.5x107 [Si/H].  The reported 

abundance value for each element “El” is calculated in the form A(El)10,  

where:   

                                   𝐴(𝐸𝑙) = 𝑙𝑜𝑔 ∈ (𝐸𝑙) = log [
𝑛(𝐸𝑙)

𝑛(𝐻)
] + 12                          (1) 

Where n = the number of atoms of that element. (Equations reproduced from 

Lodders 2003.) For example, to reproduce the published photospheric Si 

abundance value for the Sun of A(Si) = 7.54 we use: 

 

              𝐴(𝑆𝑖) = log [
1𝑥106

2.884𝑥1010
] + 12 = 7.54                              (2) 

(n(Si)) and (n(H)) values from Lodders 2003. This value of 7.54 becomes the 

exponent for calculating solar [Si/H], such that 107.54 = 3.5x107 Si atoms per mole. 

The next step is to convert the element/H ratio for each star in our study to 

a decimal value relative to the solar value of 1.  For example, the average of the 

reported [Si/H] for HIP 84720 b, is -0.225 (Gilli et al. 2006). Therefore, 10-0.225 = 

0.596. Thus, this star contains roughly 60% the amount of Si in its photosphere per 

unit volume as the Sun.  Next is to calculate the number of Si atoms per mole of 

the star’s photosphere by multiplying the decimal value of the El/H ratio 

calculated in the previous step by the A(El)10 value calculated from the Lodders 
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(2003) data. To continue with our example; 0.596*(3.5*107) = 2.07*107 Si 

atoms per mole in the photosphere of HIP 84720 b.  Now we multiply by the 

atomic weight of Si: Aw(Si) = (2.07*107)*28.0855 = 5.801*108, which is the total 

weight of all Si atoms per mole in the photosphere of HIP 84720 b. 

To arrive at the value of the bulk weight percent of elements that compose a 

rocky terrestrial planet orbiting any single HC star, the total weight of atoms for 

any single element as calculated above for Si is then divided by the sum of the 

values for all other atoms of interest, whose weights are determined in the same 

way, with the total normalized to 100: 

                𝐸𝑤 =
𝐴𝑤(𝐸𝑙)

[∑ 𝐴𝑤(𝐸𝑙)𝑖
𝑖=∞ ]𝑡

∗ 100                            (3) 

where: Aw(El) = the total weight of atoms of a single element per mole and 

Aw(El)t = the total (t) sum of the weights of all atoms per mole. For HIP 84720 b 

the sum of the atomic weights for each of the nine pertinent elements = 

2.1215*109. So for HIP 84720 b, [(5.801*108)/(2.1215*109)]*100 = 27.3427.  So 

for a terrestrial planet orbiting HIP 84720 b, it will be composed of around 27% Si 

by weight. Oxide weight percent values are then obtained with the equation: 

 

                          𝑂𝑏𝑤 = [
𝐸𝑤∗𝑂𝑤

𝐶𝑎∗𝐶𝑛
]                                          (4) 

Where 𝐸𝑤 = weight % of elements, 𝑂𝑤 = oxide molecular weight, 𝐶𝑎= 

cation atomic weight, and 𝐶𝑛  = number of cations present in the oxide formula. 

For the above equation to be applicable, O must be available in sufficient 

abundance. The HC notes [H/O] between stars is rarely more than +/- 25%, and 

this difference does not prevent oxide formation per analysis. 

So, for our Si example, we have our planetary Si weight percent of 

27.3427, a Si oxide molecular weight of 60.0835, the Si (cation) atomic weight of 
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28.0855, and the number of cations present in the oxide formula, a value of 1 

for SiO2. Therefore; (27.3427*60.0835)/(28.0855*1) = 58.494. This value, 58.494, 

and the values for the other oxides, are then normalized to sum to 100.  In this 

case, a terrestrial planet in orbit about HIP 84720b will have a bulk SiO2 content 

of 35.6 wt. %.  

The above procedures, performed for each oxide in our study, give an 

estimate of an exoplanet bulk composition. We next determine the size of the 

exoplanet core, using the partitioning of Fe between Earth’s core and mantle, and 

from that, obtain a bulk composition for an exoplanet silicate mantle. The percent 

of Fe for the whole Earth is: 

 

      𝑊𝐹𝑒 = (𝐶𝐹𝑒 ∗ 𝐶𝑥) + (𝑀𝐹𝑒 ∗ 𝑀𝑥)                 (5) 

where 𝑊𝐹𝑒= the bulk concentration of Fe for the whole planet, 𝐶𝐹𝑒 is the 

concentration of Fe in a planetary core, 𝑀𝐹𝑒  = the concentration of Fe in an overlying 

silicate mantle, 𝐶𝑥= core mass fraction and 𝑀𝑥= the mantle mass fraction. Cx = 

0.32.5 and Mx = 0.67.5, values rounded from those provided by Morgan & Anders 

(1980), and McDonough & Sun (1995). In this study all modeled planets retain 

this core/mantle mass fraction since both Earth and Venus possess this 1/3 to 2/3 

division (Morgan & Anders 1980).  

 When more O is present in a planet, more FeO may be formed and retained 

in the mantle, which changes mantle chemistry. If the extent of the O availability 

seen between the terrestrial planets of the solar system, i.e. 18% for Mars and 3% 

for Mercury (Taylor 2013) are applied to the models in this study, some 

mineralogical change does occur, most notably in Ol, with differences up to 31%. 

However, as previously noted the variation in O abundance between stars rarely 

exceeds +/- 25% (Hinkle et al. 2014). This variation is only about 1/4 to 1/5 that 

seen in the O concentration gradient across the solar system. Thus, maximum 
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differences in minerology due to O abundance between stars should rarely 

exceed 8%, and most mineralogical variation will be on the order of 1-3%. The 

largest change expected amongst planets will therefore arise from concentration 

gradients, not stellar compositional variation. In future, eliminating this source of 

error will require applying each stellar [H/O] value to each mineral composition 

and core volume calculation.  

These equations yield the size of a planet’s core as a function of the relative 

abundance of Fe in the planet’s bulk composition.  Greater accuracy will be 

achieved by replacing all Fe fraction values with the estimated fraction of other 

elements thought to contribute to the core’s composition. Therefore:  

 

    𝐶𝑐 = ∑ = (𝐶𝑒1
𝑥
𝑖=1 + 𝐶𝑒2 + ⋯ )   (6) 

Where 𝐶𝑐  represents total estimated core composition as a sum of the mass 

fractions of Fe, Ni, Si, and so on.  

For Earth, 𝑊𝐹𝑒 = 33.26%,  𝐶𝐹𝑒= 88.0%, 𝑀𝐹𝑒  = 6.3%, 𝑊𝑁𝑖 = 1.83%, 𝐶𝑁𝑖  = 

5.15%,  𝑀𝑁𝑖  = 0.196% (McDonough & Sun 1995; McDonough 2000). We assume 

that the physical processes of core and mantle differentiation, and thus the 

resultant difference in relative elemental abundances of the modeled planets 

operates in much the same way as it did during Earth’s formation. The 

determining factor behind variations in elemental concentrations across the 

terrestrial planets in our own solar system are perhaps due to compositional 

gradients across the original protoplanetary disk (Moriarty et al. 2014). This 

means that our estimates of planet core sizes would more reflect those exoplanets 

that are a similar fractional distance from the star they orbit as the Earth, i.e. the 

predictability of this study may decrease for rocky planets which may have formed 

unusually close to or far from their host stars. Therefore, for this study such an 

equivalent orbital distance is assumed. Once properties of this study are applied to 
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known system architectures, specific analysis of those planetary orbits will be 

required.  

To set the constant core mass fraction for each model exoplanet we use the 

“goal seek” function in Microsoft Excel to force these core mass fraction values to 

conform with the calculated iron concentration ratio between the planet’s mantle  

and core. For example, by assuming that, like Earth, 89% of the Fe of a planet will 

be concentrated in its core, and the mantle retains roughly a 5.5% Fe composition, 

we force the core mass fraction to change relative to Earth as each planet has a 

different total amount of Fe in its bulk composition.   

From this estimate, we calculate: 

    𝐶 =
(𝑃𝑐𝑚−𝐸𝑐𝑚)∗100

𝐸𝑐𝑚
    (7) 

Where 𝐶 = percent change in mass of modeled planetary core relative to 

Earth’s core, 𝑃𝑐𝑚  = modeled planet core mass fraction, and 𝐸𝑐𝑚 = Earth core mass 

fraction. We assume that the relative proportions of Fe and Ni between the core 

and depleted mantle will remain constant across all planetary models, such that 14 

of 15 parts Fe accumulate in the Earth’s core as this is the estimate for both Earth 

and Venus (Watt & Ahrens 1982) The above assumption can be removed by 

applying star-specific [O/H] values to each model. All remaining Fe is left to form 

FeO in the mantle and then combined with the remaining oxides forms the Bulk 

Silicate Mantle, or BSM for each model exoplanet (Table 1). 

Similar to the situation with mantle minerology, O availability and thus 

rates of FeO production will affect final core size. As the largest variation in O 

abundance seen in our solar system results in a core twice the volume percent as 

Earth’s core relative to the mantle, and this is about 5 times the average change in 

available O we see between other stars and the Sun, O abundance may have the 

ability to vary core size by up to 20%.  
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Table 1. A comparison of the oxide weight percent for the Sun derived from 

(Hinkle et al. 2014), and various other factors which both provide additional data 

and a check upon our own model output.  
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We then transform oxides for the BSM into mineral assemblages for each 

of the five distinct layers of Earth’s mantle. The characteristics of which are 

described (Table 2) For each depth interval of the mantle, the oxide weights of 

SiO2, Al2O3, FeOt, MgO, and CaO will be calculated from molecular fractions 

derived from numerical data provided by Hinkle et al. (2014). 

Table 2 List of major mantle mineral components, their formulae, the elements 

comprising those minerals, and their common charges. In addition, a sequenced 

list of major mantle seismic discontinuities, and the theorized changes in 

mineralogy which accompany them. Balanced reactions are provided in table 7. 
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To convert the calculated quantity of available oxides into mineral 

assemblages we follow the matrix transformation procedure of Thompson (1982) 

(Table 3). 

Table 3. Our matrix transformation results for each of the five depth intervals of 

Earth’s mantle. These same matrices are used to estimate the majority of both 

peridotite and pyroxenite planet models.  
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Thompson’s procedure for the algebraic transformation of mineral 

components is useful as a simple form of mass-balance where a single matrix 

transform may be applied to a wide range of starting compositions, eliminating the 

highly time-consuming process of determining a separate mass-balance equation 

for each stellar oxide composition and then attempting to estimate a best-fit 

mineral composition to solve that equation. In addition, for each depth in the 

mantle where increased pressures and temperatures force a change in minerology, 

a new matrix is created for that new set of minerals. 

For this transformation, we determine the oxide components for each 

mineral in the uppermost depth layer of the mantle such that:  

 

(Mg,Fe)2SiO4
Ol = 1 SiO2 + 0 AlO1.5 + 2 FMO + 0 CaO 

Ca(Mg,Fe)Si2O6
Cpx = 2 SiO2 + 0.1 AlO1.5 + 1.2 FMO + 0.7 CaO 

(Mg,Fe)2Si2O6
Opx = 1.9 SiO2 + 0.1 AlO1.5 + 1.9 FMO + 0.1 CaO 

(Mg)3Al2Si3O12
Pyp = 3 SiO2 + 2 AlO1.5 + 2.7 FMO + 0.3 CaO  

In this model, we re-produce the transition demonstrated by Frost (2008) 

and Kaminsky (2012) where garnet gradually changes composition with pressure 

throughout the 220-410 and km depth interval and transition zone, as under greater 

pressure, garnet tends to become more Si rich. Garnet, being mostly pyrope 

(Mg3Al2Si3O12) mixed with 10% grossular (Ca3Al2Si3O12), and 15% almandine 

(Fe2+
3Al2Si3O12) near the top of the transition zone (Bernard et al. 2013), becomes 

fully majoritic (Mg4Si4O12) at the base of the transition zone.  

The oxide values may now be described in the 4x4 square array (Equation 

8), and seen at the top of table 3: 
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    [

1  0  2 0
2 0.1 1.2 0.7

1.9 0.1 1.9 0.1
3 2 2.7 0.3

]      (8) 

We then take the inverse of this matrix: 

           [

1 0 2 0
2 0.1 1.2 0.7

1.9 0.1 1.9 0.1
3 2 2.7 0.3

]

−1

=  [

−1.16 −0.18 1.42 −0.06
0.06 −0.12 −0.76 0.54
1.08 0.09 −0.71 0.03
1.45 1.80 −2.73 0.05

]     (9)  

Next, we use calculated mole fractions for each of the four oxides used in 

the matrix, which will be different for each modeled planet, but to continue with 

using HIP 84720 b, our calculated BSM mole fractions are: SiO2 = 0.398, Al2O3 = 

0.042, FMO = 0.529, CaO = 0.030. These form the row vector: 

 

   [ 0.398 0.042 0.529 0.030]       (10) 

This row vector is then multiplied by the inverse matrix above, so: 

[ 0.398 0.042 0.529 0.030 ] ∗ [

−1.16 −0.18 1.42 −0.06
0.06 −0.12 −0.76 0.54
1.08 0.09 −0.71 0.03
1.45 1.80 −2.73 0.05

]    (11) 

         =  [ 0.155 0.026 0.076 0.016 ]                  (11 b) 

We then renormalize these values to sum to 100, obtaining:  

    56.9 + 9.4 + 27.8 + 5.9 = 100.    (12) 

So, in this sample BSM, the average composition of the upper mantle is 56.9% Ol, 

9.4% Cpx, 27.8% Opx, and 5.9% Gar.  

This transformation procedure can produce nonsense results (e.g., negative 

values for a given mineral abundance) if the input BSM is not a positive sum of 
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the assumed minerals. For some exoplanet BSMs, such situations indeed arise, in 

which cases we determine the new mineral combination expected to form due to 

the oxide composition for that planet and that will yield a positive sum from the 

matrix transformation. For example, some high Si exoplanets are better described 

by a pyroxenite mantle, with or without a SiO2 phase, and lacking Ol.  If Ol is 

absent (or assumed so when its use leads to negative mineral abundances) we take 

advantage of a mathematical characteristic of matrices whereby setting the value 

of one entry to an arbitrarily large value will yield an inverse matrix with very 

small values, close to 0, as demonstrated in table 4. 

Table 4. The matrix inverse process for the transformation of mineral components 

procedure by Thompson (1982) showing the initial matrix (top) and its inverse 

(bottom). By inserting a large value for SiO2 in mineral “X”, the values in the left 

column of its inverse are very small.  

 

This change effectively forces SiO2, in our example (Table 4) to be 

partitioned among the remaining phases, and approximates the result obtained by a 

4x4 initial matrix. The real-world meaning of this process is the creation of an 

unnaturally large molecule composed of a thousand SiO2 units, i.e., Si1000O2000. 

Because such a molecule, if formed, would leave all other components (here, 

Mg+Fe, Ca and Al) bereft of Si, we effectively encourage SiO2 to be partitioned 
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among Mg+Fe, Ca, and Al before making our hypothetical Si1000O2000 mineral. 

The end result is that we can generate a positive sum of three minerals with the 4th 

(Si1000O2000) calculated to be entirely negligible; the extra component is ignored 

until we have BSMs so SI-rich that our pyroxenite mineralogy yields negative 

values, in which case we allow SiO2 to substitute for Si1000O2000 so yielding a 

quartz-saturated mantle. As the abundance of the minerals produced in this study 

can be compared to previous studies done on Earth-mantle compositions, it is 

simple to check relative accuracy (Table 5). 

Table 5. The mathematical accuracy of our approach is tested by reproducing 

Earth’s mineral compositions as estimated by earlier studies in the same way that 

we produce our exoplanet compositions. 

 

Of course, the precise mineralogy varies with depth and to construct such a 

model, we must calculate the rate of increase of material density and gravitational 

acceleration as a function of depth. First, for ascertaining that this model can 

reproduce known characteristics of the Earth, values for the densities found at the 

top and bottom of Earth’s inner core, outer core, lower mantle and upper mantle 

are acquired from Anderson (2007). To calculate bulk density of Earth, the 

equation  
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    
𝐸

= ∑ (𝑋𝐿𝑖 ∗ ̅
𝐿𝑖

)4
𝑖=1    (13) 

is used where ̅
𝐿𝑖

= average density of that layer, and 𝑋𝐿𝑖= volume fraction of that 

layer out of Earth’s total volume.  

To calculate ̅
𝐿𝑖

 it is first necessary to determine the molar fraction of the 

end-members (Emx), for each of the major mineral components hypothesized to 

compose that layer. The equation: 

 

     𝐸𝑚𝑥 =
𝑀𝑖𝑥∗𝐴𝑚𝑥

𝐴𝑚𝑥+𝐵𝑚𝑥
                (14) 

is used where 𝑀𝑖𝑥, = the mineral fraction in the mantle layer.   𝐴𝑚𝑥 = the mole 

fraction of the mineral endmember.  𝐵𝑚𝑥 = the mole fraction of the opposing 

endmember. This equation is used for determining the molecular fraction of each 

end member mineral in each mantle layer (Table 6). 

Table 6. Mantle minerals, their end-members, and densities used in this study.  
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For example, a planet orbiting HIP 84720 b will have an Ol fraction in its 

upper mantle of 0.452, a MgO mole fraction of 0.453, and a FeO mole fraction of 

0.069. Therefore, (0.452*0.453)/(0.453+0.069) = 0.3917 for the fraction of Fo in 

Ol and Fa = (0.452*0.069)/(0.069+0.453)=0.0598. The sum of all mole fractions 

for the end-members of each mineral will = 1. 

All exoplanets are set equal to one Earth volume, surface gravity is in direct 

proportion to planetary density, i.e. a density of 1.1 times the Earth’s will result in 

a surface gravity of 1.1 g.  Calculation of core radius is done with the equation: 

 

     𝐶𝑟 =
3∗𝐶𝑣

(4)
1
3

               (15) 

where 𝐶𝑣 = core volume in km3. Finally, pressures in Gpa for any depth in a 

planetary mantle may be calculated by  

 

     𝑃 =
(𝑃̅∗𝐷∗𝑔𝑝)

106
     (16)  

where 𝑃̅ = the Average pressure of each mantle layer and any shallower layers.  𝐷 

= depth in km, and gp= planetary gravity calculated for that depth.  

Convection of Earth’s mantle is the primary driving force of plate tectonics 

(e.g. Morgan 1972; Parsons & McKenzie 1978; Gurnis 1988) and may be a 

requirement for long-term surface habitability (e.g. Gonzalez et al. 2001; Jackson 

et al. 2008).  We attempted to gain a general understanding of mantle convection 

by calculating the Rayleigh number (Ra), as the Ra equation is commonly used in 

geophysics to determine the convective potential of a thermodynamic system. The 

Ra value is dimensionless and set such that if Ra > 10^3 a system will transfer 

heat via convection, and if Ra < 10^3, thermal conduction will prevail.  
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     𝑅𝑎 =
𝑔𝑇𝐷3


    (17) 

where g = gravitational acceleration at the surface,  = density of the 

mantle in kg/M3, and  = the coefficient of thermal expansion, where  range 

from 3x10-5 near Earth’s surface down to 0.9x10-5 at the core mantle boundary 

(CMB) (Davies 2001); T = the average temperature of the mantle in K, a value 

that can only be calculated if the temperature at the CMB is known. The T at the 

CMB is calculated from Nomura et al. (2014): 

 

 𝑇(𝐾) = (−4439.749 + (1579.0383 ∗ ln(𝑃))) + 273.15  (18) 

Where P = pressure in Gpa. D = the depth of the planetary mantle in meters;  = 

the thermal diffusivity, and is taken as 10-6 near Earth’s surface and at 1.5x10-6 at 

the CMB (Davies 1999). 

   is given in units of m2/s. The average viscosity of the Earth’s mantle () 

is taken as 1x1022 Pascal seconds (Pas), with the upper mantle and transition zone 

being nearer 1x1021 Pas (Davies 2001, Burgmann & Dresen 2008). For reference, 

water at room temperature is generally set at 1 Pas where window glass at the 

same temperature is about 1x1027 Pas. Using Davies (2001), we calculate viscosity 

for our mantle models from: 

 

      =  𝑔𝑅    (19) 

where  = the difference between the mantle density and the density of 

any material above the surface of the planet, i.e. surface water, or atmospheric 

gasses should any exist. If not, then  simply becomes , which varies as a 
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function of depth. The g term = gravitational acceleration, and in this study R, 

viscous resistance, is set = to half the depth of the mantle in meters. The  term is 

an empirical time function derived from observations of post-glacial crustal 

rebound rates (Mitrovica et al, 1994). This variable is the only one in this equation 

that is Earth-specific and likely to be the source of greatest error. For this study,  

is  1.5x1011 s (Davies 2001).   

The presence or lack of water in the upper mantle can have a greater than 

two orders of magnitude effect on viscosity (Hirth & Kohlstedt 1996), likely 

having significant implications in regards to the ability for plate movement and 

subduction to occur, regardless of temperature and minerology. As this study does 

not account for various planetary surface conditions, such as the presence or lack 

of oceans, we assume a mantle water content of our planetary models equal to the 

Earth.  

In addition to being a required component for calculating Ra,  is also used 

when attempting to model rates of, and changes to, tectonic plate motion. The 

speed of plate motion is represented by the variable , which is calculated with the 

equation from Davies (2001): 

     = 𝐷 (
𝑔𝑇√

4
)

2
3⁄

                      (20) 

Where D = thickness of the mantle, g = the gravitational acceleration at the 

planet surface,  = density of the mantle in Kg/M3,  = the coefficient of thermal 

expansion of the mantle material, T = the temperature of the mantle at the base of 

the lithosphere in C, and  = upper mantle thermal diffusivity.  

In addition, other aspects of terrestrial planet thermodynamics are 

estimated. The depth of the 1300C isotherm (base of the lithosphere) may be 

calculated from Davies (2001) by: 
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                𝐷 = 2√𝑡                    (21) 

where  = thermal diffusivity of the upper mantle, and 𝑡 = the age of the 

lithosphere in seconds. For this study the depth of Earth’s isotherm is calculated as 

112 km for oceanic crust with an age of 100Ma. With a lithosphere depth value, 

we estimate surface heat flux with the equation: 

 

      𝑞 =
𝐾𝑇

𝑑
    (22) 

Where K is the thermal conductivity of the lithosphere with a value of 3 W/m K, 

T = a 1300C temperature gradient through the boundary layer, and d is the value 

previously calculated isotherm depth. 

All of the procedures and calculations described in this section are applied 

to re-create the Earth as best as we understand the planet’s characteristics. Only 

once this form of ground-truthing has been successfully carried out, are any of 

these equations applied towards modeling characteristics of exoplanets. Here, 

model-specific calculated values for the constants described are used.  

 

 



   

RESULTS 

The metallicity of stars in the HC define the parameters of our calculated 

values. First is the size of the core for each modeled planet. The core does not 

simply increase or decrease relative to the overall size of a planet but is capable of 

varying from +17.2% to -51.2% by radius and from +5.5% to -21.3% by volume, 

relative to Earth, with no change in total planetary volume (figure 4). 

 
Figure 4. At center, a simplified cross section of the Earth to show relative 

thickness of major internal layers, compared to “end-member” states for earth-

sized terrestrial planet interiors in terms of core volume.  
Note: Among model runs, HIP 73385 produced the planet most depleted in heavy elements, 

generating a total core volume 21% less than Earth. HIP 20557 produced a planet with a total 

core volume of 5.5% greater than Earth.  

The Earth is a somewhat heavy planet with a core that is larger than 

approximately 85% of all planets modeled. This result is in agreement with other 

studies (e.g. Unterborn et al. 2017). Because the size of a planet’s core affects its 

ability to generate and retain heat, and the older a planet is, the cooler it becomes, 
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a planet with a larger core will be at a higher average temperature than a planet 

with a smaller core after the same amount of time. Therefore, the question arises if 

planets with core volumes significantly different from Earth’s would behave 

similar to Earth in the geologic past or future in terms of planetary temperature. 

While this is the case, the relative temperature and representative planetary age 

difference is not a sufficiently significant factor on its own to extensively modify a 

planet’s tectonic regime (figure 5). 

 
Figure 5. Comparisons of the related linear trends of predicted effects of core size 

on planetary temperature and the period of time of Earth’s history to which that 

temperature corresponds.  
Note: For example, a planet with a core volume of 20%, 4% greater than Earth’s core, will have a 

temperature about 10 degrees centigrade higher than Earth, which is equivalent to Earth’s average 

mantle temperature round 80 Ma ago. Planets with smaller cores than the Earth will have lower 

temperatures, equivalent to some point in our planet’s future.   

We also found that the volume of a planet’s core positively correlates to 

mantle density, regardless of composition. This is because the core has a strong 

impact on planetary gravity and the increased g load compresses mantle material. 

Because a larger core results in a shallower mantle, such planets will never 

generate mantles with as high an absolute pressure and density. However, for any 

given depth as compared between two planet models, the planet with the larger 

core will have a higher density (figure 6). 
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Figure 6. Correlation between core volume and mantle density as the latter 

increases due to higher pressures brought about by an increase in gravity as a 

result of a larger core.  

Where Fe dominates planetary core properties, so too does Si in the mantle 

by acting as the limiting reagent in mantle chemistry. The presence and abundance 

of the defining mantle minerals Mws, Brg, Ol, and Opx, all primarily depend on 

the quantity of Si present.  

Of the 893 models, 14% failed to be described by an Earth-like set of 

mineral proportions. As Ol does not play a major part in their compositions as it 

does in Earth. These fell into two distinct categories. The larger, representing 13% 

of the entire 893 total, are defined by very high Si concentrations; so high, that our 

model predicts that these will have pyroxene dominant mantle compositions, 

mostly Opx, (figure 7, upper right), or even quartz in extreme (0.2% of) cases. The 

rarer, second type of planet, represented by only 9 models, roughly 1% of the total, 

is characterized by exceptionally low levels of Si, meaning that these are incapable 
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of generating much if any of the Si rich pyroxenes. Their mantles become 

dominated by Ol, as it contains less Si when compared to the pyroxenes, and Mws, 

which contains no Si, with the pyroxenes nearly absent altogether (figure 7, 

bottom right). The rarity of such planets appears reasonable as only very metal 

poor stars will possess so little Si that their planets will not generate pyroxenes in 

their mantles (figure 7). 

 
Figure 7. Representation of proportionality among mineral components of the 

Earth’s mantle, compared to estimated mineral proportions in a Si saturated and Si 

depleted mantle as generated by our model.  
Note: Earth-type mantle figure design modified from Kaminsky (2012).  

For planets with mantle mineralogies like Earth, Brg, being the dominant 

phase in the lower mantle, will act as a control on the local rheological 
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environment. For Si poor planets, however, Mws could play an increased role in 

the lower mantle and, as our model indicates, could exist in quantity at depths 

equivalent to Earth’s transition zone and upper mantle (figure 8).  

 

 
Figure 8. Cartoon similar to figure 4, a set of planetary “end-member” states as 

compared to Earth, but in this case showing maximum potential deviation in terms 

of Mws to Opx dominant mineral phases of the mantle across modeled planets.  
Note: Core size is nearly constant; we find little correlation between core parameters and mantle 

chemistry.  

Also, mantle mineralogy and spectral class relationships show positive 

correlation between less luminous stars and mineralogical diversity. Nearly 23% 

of K class stars produced mantle models with < 0 or >1 mineral fraction values, 

while only 13% and 12% of G and F class stars respectively failed in the same 

way. This correlation is probably because less luminous stars represent larger 

proportions of the total galactic stellar population, and thus, are statistically more 

likely to cover a broader range of possible elemental compositions. 

In addition, we attempted to determine if any noticeable correlations exist 

between any set of mantle minerals and stellar class. Most findings were 
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indeterminate. However, apparent weak correlations were found in some cases, 

such as demonstrated in figure 9. Cpx seems to increase slightly in abundance 

compared to wadsleyite for more luminous stellar classes, and the same may also 

be true for Cpx/Ol, Prv/Rwd, and Prv/Mws. However, these apparent correlations 

are small, and arguably within error. 

 
Figure 9. A sample chart demonstrating a case of potential weak correlation 

between increased Prv amounts relative to Mws formed in the mantles of planets 

of more massive stars.  

The role of garnet among our models does not change as significantly as 

other mineral phases, because while its presence does depend on Si, it often 

incorporates many other less abundant elements such as Ti, Al, and Cr (Wood et 

al. 2013) and thus, as long as there is some Si present, Garnet-type structures will 
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form in the mantle. Garnet will also become more Si rich (Majoritic) in 

composition at increased depths (Wood et al. 2013), a process that we observe in 

our models regardless of Si abundance. The existence of garnet and its rate of 

increase in abundance do have an effect on mantle chemistry as noted in table 7.  

Table 7. We provide estimates for the chemical reasoning behind the seismic 

discontinuities that define known transition zones of Earth’s mantle using specific 

formulas we have derived for the garnets in our matrix calculations.  

 
Note: The 220 km discontinuity is absent as it is not based on any change in mineral components.  

Because planets with high Si do not form Ol in abundance, and are instead 

dominated by Opx, their mantle structure, in terms of the presence and depth of 

seismic discontinuities, will be distinct from the Earth. Similarly, changes to the 

atomic structure of Mws could also introduce discontinuities in the mantles of Si 

poor worlds distinct from Earth’s. Because the depth at which a seismic 

discontinuity forms is dependent upon the pressure found at that depth, the 

changes in gravity due to the volume and mass of the core will cause any 

discontinuities present to appear at depths offset from where they would otherwise 

have formed had the planet possessed the same gravity as Earth (figure 10). 
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Figure 10. The seismic discontinuity which manifests in the Earth’s mantle at a 

depth of 410 km may not appear until below 450 km in planets with small cores, 

and as shallow as around 350 km for the planets with the largest core volumes.  
Note: Likewise, the transition zone - lower mantle boundary will vary between 730 and 555 km in 

depth.  Unlike the shallower, Ol-centric discontinuities, we expect the transition zone - lower 

mantle boundary to remain unaffected by increased pyroxene content.  

This discontinuity comparison does not take into account mineralogical 

composition. Where planets have mineralogies that deviate from Earth’s to a 

significant degree, a set of unique discontinuities will result. In the case of Si rich 

planets, the 220, 410, and 550 km discontinuities will become progressively 

weaker as Ol disappears at the expense of Opx. However, the 660 km 

discontinuity will remain strong (figure 11).  
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Figure 11. Here we compare Earth’s mantle to our results for the characteristics of 

a mantle rich in Si, and a core comprising 20.25% of total planetary volume as 

compared to 16% for Earth’s core.  
Note: There is a lack of shallow discontinuities and decreased depth of the upper and lower 

mantle boundary. It is questionable whether a transition zone can be said to still exist for such a 

planet.  

The behavior of mantle chemistry under the influence of high SiO2 

concentrations of >56 wt. % is unusual, and we suggest that under such conditions, 

Si becomes so overwhelming that pyroxene structures can no longer take up all 

available Si atoms. Opx is roughly limited to 55-56 wt.% SiO2, as is shown by ca. 

700 Opx compositions (figure 12) This would imply that, given the pressures and 

temperatures involved, if a planet’s mantle were to exceed this limit, the next more 

Si rich mineral structure that could form would be quartz. As quartz is structurally 

weak compared to the pyroxenes (Bürgmann & Dresen 2008), its presence would 

tend to reduce the rigidity of a mantle.  
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Figure 12. Overlaying Opx SiO2 estimates atop our BSM models, clearly 

delineates which of our models possess sufficient Si to form quartz in the mantle.  
Note: Only the two right-most data points indicate planet mantles where quartz is the primary 

mantle mineral.  

The structural rigidity, i.e. viscosity () of planetary mantles is affected by 

mineral composition, primarily by Si content. The linked SiO4 tetrahedral 

structures that form in greater abundances as the quantity of Si in the mantle 

increases, control the dominant mineral phase of the mantle (figure 13), 

(Unterborn et al. 2016, 2017). These provide a resistive force counter to the flow 

of mantle material due to the strong covalent bonds between the Si atoms, thus 

increasing viscosity and reducing mantle convection rates (Klein & Philpotts 

2013). 
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Figure 13. A 2-D representation of the atomic structures for the four major 

mineral components of planetary mantles, from Si depleted to Si saturated, 

showing the relative increase in the presence of SiO4 tetrahedron.  
Note: The mineral phases are shown relative to the type of mantle in which that phase is 

dominant. A Si depleted mantle is rich in Mws and Ol, Earth’s mantle is dominated by Ol plus a 

pyroxene component, and a Si rich mantle is almost all pyroxene. Free quartz begins to appear in 

mantles with greater than 56% SiO2 concentration.  

The average mantle viscosity () for the Earth is generally estimated to 

within an order of magnitude (Davies 2001), but it is even more difficult to 

constrain values of  for other planets. We generally expect that as mantle 

compositions transition from mafic towards more felsic, i.e. moving from Mws, to 

Ol, to pyroxene dominant,  will increase, and mantle convective potential will 

decrease. Mws is believed to be structurally much weaker than bridgmanite 

(Karato 1992), and would therefore act to reduce overall mantle viscosity for those 

planets lacking in Si (figures 14 & 15). 
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Figure 14. Cartoon diagram of predicted mantle viscosity trends.  
Note: Earth’s mantle, being Ol dominant but with significant pyroxene content, plots near a mid-

way point for viscosity. The upper bound on mantle viscosity is determined by a composition of 

nearly 100% pyroxene. Error for mantle viscosity remains high, so this cartoon is more 

representative of predicted trends, not quantitative values.  
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Figure 15. Plot of mantle viscosity for all 893 planetary mantle models using the 

same axes as figure 14.  

Our modeling of relative concentrations of mineral species among mantle 

models shows that roughly 86% of these could be successfully modeled using the 

same 4x4 Ol-Cpx-Opx-Grt matrices first used to model Earth’s mantle 

minerology. The remaining 14% of planetary mantles which were not successfully 

modeled by the first matrix transformation procedure, and which required the set 

of both low and high Si corrective matrices to be developed, were the ones for 

which a SiO2 weight % of < 41% and > 52% was measured respectively. The 

upper division falls in line with the point of separation between peridotite and 

pyroxenite compositions. Therefore, we conclude that roughly 12% of planetary 

mantles will have an average pyroxenite composition due to high amounts of Si. 

Because these mantles no longer possess Ol in any relevant quantities, they show a 

distinct leveling-off trend at an average viscosity near to that of pure pyroxene. 
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As a way to define and investigate characteristics of our model mantles, we 

overlay their SiO2 and MgO weight % values on a plot containing points 

representing the same oxide values for roughly 7,000 catalogued field samples. 

We divide the chart and its data points into separate bins, based on either axis 

(figure 16).  

 

Figure 16. Comparison diagram of the average composition of all modeled 

exoplanet mantles with Earth-based pyroxenite and peridotite field sample 

composition data.  
Note: Most modeled mantles fall into the pyroxenite category, with the majority of those being 

considered ultra-mafic, like the Earth, or mafic. Therefore, our planet compares to a peridotite in 

terms of BSM composition. A few mantles dominated by pyroxene fall into the intermediate 

classification, while none are intermediate-felsic.  
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A combination of both the X and Y axes allows for the diagonal separation 

between Peridotite and Pyroxenite categories. By overlaying our modeled 

planetary mantles on a plot that categorizes igneous rock samples based on SiO2 

content, we can make direct comparisons between mantle models and Earth based 

rock samples. For instance, we note that most of the model runs which worked 

with both the initial set of matrix transformation calculations and the matrices 

adjusted for high SiO2 content fall into the mafic category.  All the models which 

were produced using the matrices adjusted for low SiO2 content plot in the same 

ultra-mafic region as the Earth based Ol samples. The few exceptions fall in a 

range that broadly covers the intermediate classification for igneous rocks. 

Therefore, we expect that these most extreme of Si enriched planets will possess 

bulk andesitic or dioritic compositions (figure 17).  

Finally, our study allows us to shed some light on what types of planets will 

be better suited to a prolonged mobile-lid plate-tectonic regime, a geodynamical 

state considered most suitable for life. O’neill et al. 2016, make the case that 

planets are not bound to their initial tectonic state, and may transition from having 

a stagnant-lid to a mobile-lid and back again as the planet ages, providing a 

mobile-lid tectonic “window.” 

When and if this change in tectonic regime occurs in the planet’s evolution 

depends on factors such as surface temperature (Weller & Lenardic 2018), Si, Na, 

and K content of the crust, (Unterborn et al. 2017), and mantle/lithosphere water 

content (e.g. Noack & Breuer 2014; O’neill et al. 2016). Also, of importance to a 

planet’s tectonic state is the initial planet temperature, especially at the CMB and 

base of the lithosphere (O’neill et al. 2016).  
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Figure 17. A companion diagram to figure 16 again showing that most planets are 

more pyroxenite dominant than Earth, but also that Earth may be slightly enriched 

in Cpx compared to most planets. 

We find that there is a trend towards planets with larger cores and higher 

internal temperatures formed around more massive stars. It is precisely these 

worlds which are more vulnerable to experiencing a delayed onset of Earth-like 

mobile-lid conditions due to higher temperatures of formation, an issue when such 

massive stars may have main-sequence lifetimes of only half that of the sun or less 

(figure 18).  
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Figure 18. Graphical demonstration of more massive stars with shorter main-

sequence lifetimes being more likely to host more massive planets with heavier 

cores.  

In addition to previously mentioned properties, the planetary bulk 

temperature will play a role in viscosity, independent of mineral composition. As 

viscosity increases in inverse proportion to temperature, the ability for the mantle 

to convect will increase as temperature rises. As has been mentioned in regard to 

figure 5, the temperature changes we see will not alone be able to affect 

lithospheric subduction greatly since they are proportional to only about 100Ma of 

Earth’s history, and as Earth’s tectonic mode has not been observed to change 

within the past 100 Ma, we do not expect such small changes in temperature to 

have large tectonic effects. However, these changes in temperature, when coupled 

with a different minerology, may be capable of either exacerbating or subduing the 

mineralogical effect on lid type. An example is an apparent increase in the strength 
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of Opx also at temperatures <700oC, indicating a stronger lithosphere, that is less 

able to deform (Yamamoto et al. 2008).  

Though there is considerable uncertainty in regard to determining how 

much of a change in mantle characteristics relative to Earth would be required to 

terminate lithospheric subduction for any particular planet, certain specific trends 

may be anticipated (figure 19).  

 
Figure 19. Rayleigh (RA) number values calculated for all exoplanet models 

using Davies (2001).  
Note: No mineral composition is capable of forcing any planetary mantle into a state where 

convection might be hindered. A decrease in convective potential of three orders of magnitude 

would be required to do so. 

As described in figures 13, 14, and 15, the proportion of SiO2 to the total 

composition of a mantle may have effects on mantle rigidity (figure 20). SiO2 

composition should therefore be able to act as a proxy for viscosity, and when 

compared with mantle temperature, should produce a graph wherein a mobile-lid 
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regime will exist towards the upper left due to low SiO2 and high temperature, and 

a stagnant lid regime will be located in the lower right due to high SiO2 and low 

temp. Enhancing this trend is the possibility of higher Si content producing a 

lithosphere not only stronger, but lighter, and less easily subducted (Unterborn et 

al. 2017). A few mantle models hosting free quartz may plot in the upper right 

region, having very high SiO2 but a mobile lid, although this is uncertain (figure 

21).  What remains to be determined is precisely what SiO2 and temperature 

values correspond with which lid-type. This will be a component of future work. 

 
Figure 20.  Inverse correlation between mantle viscosity and core-mantle 

boundary temperature.  
Note: Here we use CMB temp as a general proxy for total planetary temperatures.  
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Figure 21. Expected format of a graph designed to represent which planets are 

more likely to experience either a mobile or stagnant lid based on the isolated 

parameter of SiO2 wt. %.  
Note: Though this parameter is not the most powerful determining factor governing tectonics, it 

should correspond in a predictable way. While a CMB temperature may be determined by the 

equation provided by Nomura et al. 2014 (equation 18). Changes to CMB temperature may be 

used as a proxy for equivalent differences in temperature at the top of the upper mantle since all 

models for this study possess mantle Ra values similar enough to the Earth, that strong mantle 

convection is not in doubt.  



   

IMPLICATIONS 

Improvements in the detection rate of extrasolar planets within the last two 

decades have resulted in sufficient discoveries via astronomical observation to 

begin the development of a galactic census in terms of the range of most common 

planetary properties, and overall system architectures to be found in the Milky 

Way. This however, is not all that can be achieved. By increasing our 

understanding of the ways different elemental compositions effect the geologic 

properties of planets, such as with this study and others, the galactic occurrence 

rate of more detailed planetary properties may be understood and used to 

strengthen the ability of scientists to classify planetary bodies of other stars in 

terms of minerology and rheology.  

However, it is apparent that despite much progress towards these goals in 

recent years, current limited understanding of the rheological properties of 

minerals in the Earth’s interior, especially Opx (Hansen & Warren 2015) remains 

a significant deficiency to overcome if real confidence in understanding extrasolar 

mantle and lithosphere behavior is to be developed.  

Despite this lack of quantitative analyses, the common occurrence of 

planets more Si rich than the Earth would indicate that Earth is, on average, 

slightly Si poor, and thus may be, not uniquely, but more suited to stable plate 

tectonic crustal recycling than the average Earth-sized exoplanet. It is also seen 

that in cases of extreme Si under or over saturation that a very structurally weak 

mantle may result producing a tectonic regime very different that the one we are 

familiar with. Overall, then, the natural range in diversity among planetary 

characteristics remains quite high even if a large number of potential variables are 

held constant such as volume, surface temperature, relative orbital distance, and 
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presence of surface H2O in quantity. In brief, Planetary lithophile elemental 

composition alone, irrespective of any other variable, can have a significant effect 

on planetary properties.
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