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Estimates of the inner planet bulk and bulk silicate planet  compositions are used to make comparisons to the Sun in various plots and via the calculation and plotting of  enrichment factors (CiBulk Planet/CiSolar). We avoid the use of published inner planet compositions that assume a carbonaceous chondrite bulk composition as such an approach defeats our purpose. We instead emphasize inner planet compositions that rely on direct or remote (e.g., seismology, moment of inertia, remote spectroscopy) estimates of rock compositions and experimental and seismic constraints on core compositions. To make as complete a comparison as possible, we also rely on  planet compositions where most major oxides, e.g., SiO2, TiO2, Al2O3, Cr2O3, FeO, MgO, CaO, and Na2O, K2O and P2O5 are reported (see Table S1 for data sources). Several planets lack estimates of their bulk silicate K2O and P2O5 contents and so we present some bulk planet estimates normalized to the remaining oxides so that their sum is 100.

Mantle Compositions
Bulk silicate planet compositions are effectively identical to planetary mantle compositions since the sum of crust + atmosphere (and on Earth, + oceans) has a trivial effect on the elemental bulk compositions of interest here. Thus, Table 1 includes estimates of the “Depleted Mid-ocean ridge source Mantle” (DMM) or “Primitive Upper Mantle” (PUM) which is sometimes referred to as “pyrolite”; these are effectively identical to estimates of bulk silicate Earth. However, there is long-standing speculation that Earth’s lower mantle might be enriched in Si or Fe compared to the upper mantle (Mashino et al. 2020). Estimates of bulk silicate Earth by Khan et al. (2008), and bulk silicate Moon by Khan et al. (2013), are attempts to use seismology to constrain the composition of the entire mantle of these objects. But density contrasts between upper and lower mantles (as inferred from seismic wave velocities) could be due to variations in temperature, not composition (e.g., Mattern et al. 2005; Houser et al. 2021). Since these uncertainties are non-random, we allow multiple estimates of planetary BSPs to represent the uncertainties on bulk planet and BSP compositions (Table 1). These BSP estimates probably provide the most significant error for Earth, Moon and Mars. For Mercury, where the core might have either a great deal, or perhaps very little Si (Chabot et al. 2014), the core composition is the greatest source of uncertainty. For Venus, we have very few constraints on its composition; most studies are looking forward to the Venus orbital mission EnVision for a more useful understanding (e.g., Xiao et al. 2021); Shah et al. (2022) have nonetheless published some broad limits on Fe, Si and Mg for silicate Venus, which we combine with Morgan and Anders (1980) estimates of Ca, Al, Ti and Na, to plot very hypothetical Venusian bulk and BSP compositions. 

Core Compositions
Most estimates of inner planet compositions (Table S1) present compositions of their silicate fractions or equivalently the bulk mantle compositions  (the masses of the crusts, and atmospheres are inconsequential for the major element concentrations of the inner planets). To obtain a bulk planet composition, we need to add a metallic core. The amounts of Fe and Si in a metallic core have a significant effect on the calculation of a bulk planet. For Earth, we use metallic core compositions from Wade & Wood (2005) and Wood et al. (2014), e.g., 88 wt % Fe, 5% Ni and 4-7% Si (we use the middle value of 5.5 wt. % Si and then plot ±1.5% variations on either side, which are nearly indistinguishable in the plots. For Venus we have only very weak constraints on its core and mantle composition (see Xiao et al. 2021; Shah et al. 2022), but being roughly the same radius as Earth, we presume that its core has the same capacity for dissolving Si, so we assume an Earth-like core composition, and then add to that estimates that combine Morgan and Anders (1980) with the range of compositions reported in Shah et al. (2022). For Mars, estimates of S in the core range from 10-20 wt. % with negligible Si (Helffrich 2017; Gendre et al. 2022); Ni abundances are unaddressed in these studies, so we assume 5 wt. % Ni, which means that Fe in the martian core ranges from 75-85 wt. %—values that we use to bracket the Martian core composition. These core compositions are combined with the bulk silicate estimates of Yosizaki and McDonough (2020) and Khan et al. (2008). For Mercury, recent experiments similarly do not quantify Ni, but indicate the core must contain large amounts of either S or Si (Chabot et al. 2014; Tao and Fei 2021). Sulfur might be as low as <1.5 wt. %, and Si as high as 13.5-14.8 wt. % (Tao and Fei 2021), but the results seem uncertain, so we calculate the end-member cases for Si at 0 and 15 wt. % (with S implicitly ranging from 15-0 wt. %; we again allow 5% Ni) to delimit Mercury’s core. This yields an implied Fe content of 80 wt. %. For the Moon, we apply the recent results of Kronrod et al. (2022) where S contents are inferred to range between 3-10 wt. %, which with Ni at 5 % yields Fe in the range of 85-92 wt. %. 


Approach

Converting the Solar Composition; Estimating Planetary Oxygen
Measurements of the solar photosphere composition are typically defined for the element Q in terms of the numbers of atoms, or NQ, where the number of H atoms is specifically scaled such that NH = 1012. Almost all spectroscopic measurements in astronomy are measured relative to H, since the stellar continuum is set by the H-absorption and because it is the most abundant element within the universe. In addition, because the creation of most of the heavier elements (except He, Li, Be, and B) have increased since the Big Bang, comparing other elements with respect to H shows their rate of production over time. Elemental concentrations are usually reported in absolute log units, noted as A(Q), so that NQ = 10A(Q) (Hinkel et al. 2022), where A(Q) = log10(NQ/NH) + 12. However, the absolute abundance of hydrogen in the Sun or any other star cannot be independently measured. In contrast, we can directly measure meteorites and other rock compositions (Earth, Moon, Mars) for nearly all the elements in the Periodic Table, especially those that are most abundant. As a result, planetary compositions are most often reported as elemental or oxide weight %. To make comparisons, we convert solar photosphere abundances to elemental and oxide weight % values, as in Putirka and Rarick (2019). A key advantage of comparing percentages (sum = 100) or fractions (sum = 1), as opposed to elemental ratios is that ratios, while helpful, can also provide a highly incomplete test: two compositions can have the same Mg/Si ratios, for example, yet still have very different Mg and Si concentrations. A model that can explain a ratio can utterly fail to explain actual abundances. Our emphasis is on the “major”, non-volatile elements that comprise the inner planets at weight % levels. We focus on Na, Mg, Al, Si, Ca, Ti, Cr, Fe, and Ni, which combine to explain >98 wt. % of the cations of rocky planets. 

For the conversion of solar photosphere compositions, we take those elements of interest and convert A(Q) to NQ, then multiply NQ by the atomic weight of Q for each element, and then renormalize so that the sum of the elements of interest is equal to 100. To obtain an oxide weight %, we assume that all cations are in the same oxidation states as on Earth (so Si occurs as SiO2, Al occurs as Al2O3, etc. For Fe, we assume that everything in the mantle occurs as FeO and while all in the core occurs as Fe0. Of course, O in metallic cores is not zero (Wade and Wood 2005), but we do not use O to test solar vs. planet comparisons. These oxides imply a bulk O concentration which is given Table S2. These estimates of O do not account for O in Fe2O3 in planetary mantles or O in the core, and so are minimum estimates of O concentrations. 

Mass Balance: Calculating Bulk, and Bulk Silicate Planet Compositions
As the basis for our comparisons of the photosphere to the inner planets we have: (a) measurements of the Solar photosphere, which are expected to approximate bulk planetary compositions, and (b) measurements of silicate fractions (BSP) of the inner planets, and indirect estimates of their metallic cores. We can thus compare the inner planets to the solar photosphere in two different ways, neither of which is necessarily superior to the other. First, we can add metallic cores to the silicate fractions of the planets, to obtain bulk planet (BP) compositions, and compare these to estimates of the solar photosphere. Second, we can subtract a nominal metal core component from the solar photosphere, and compare that result to BSP compositions of the inner planets. Because Fe is so highly abundant, the first approach yields linear arrays of the inner planets, which are merely mixing trends between an Fe-rich core material, and a silicate carapace. The second approach, comparing BSPs, removes this mixing effect. Both methods are useful and applied here: 

Method 1. Compare measured solar photosphere compositions to bulk planets and planetoids. For this comparison (Figs. 1-2), we use elemental wt. % as the basis for comparisons and we use solar photosphere estimates directly. With the exception of Vesta, the planetary compositions noted in Table 1 are reported as BSP compositions, and so we must add a metallic core to these BSPs to obtain a bulk planet. To effect this addition, we use the metal core fractions of Szurgot (2015; see Table 1) and then apply the mass balance equation: CiBP = XBSPCiBSP + XMCCiMC, where X and Ci are respectively, mass fraction and the concentration of i in the superscripted reservoir, BP is bulk planet, MC is metallic core and BSP is bulk silicate planet (XMC from Szurgot 2015; and XBSP + XMC= 1). For every BSP in Table 1 (except Vesta, where it is a BP that is reported), we add two possible metal core compositions that represent the range in inferred Si contents in the metal core (and by implication, these also represent a range in total Fe, since higher Si generally means lower Fe).

Method 2. Compare inner planet silicate compositions to BSPs formed from the solar photosphere. To effect this second comparison (Fig. 3), we use the bulk silicate compositions reported in Table 1 directly (as oxide wt. %), and subtract a nominal metallic core from our estimates of the solar photosphere. Only Mercury experiences a very large shift in bulk composition due to the large uncertainty in the Si content of its core, so to simplify the comparisons, we subtract a nominal “average” core having 85 wt. % Fe, 5 wt. % Ni and 5 wt. % Si. This allows us to instead illustrate the effect of varying the total mass of the metallic core that is being subtracted from the solar photosphere to explain a given planet. The mass balance equation above, CiBP = XBSPCiBSP + XMCCiMC, is thus solved for CiBSP, where the solar photosphere is input as CiBP, and we let the mass fraction of the subtracted metallic core, XMC, vary from 0.1 to 0.7. (We bypass the use of 𝛼Fe values, where 𝛼Fe = [Fe in mantle]/[Fe in bulk planet], of Putirka & Rarick 2019 since unlike exoplanets, estimates of core mass fractions for the inner planets are available.)

Supplementary Tables

Table S1. Data sources for planetary compositions, mass fractions relative to Earth (Me; Lodders and Fegley, 2018) and core mass fractions (Mc; Szurgot, 2015). 
	Planet
	Source

	Mercury (Me = 0.553; Mc = 0.68)
	Nittler et al. (2018) [NSP, kp-HCT] 

	Venus (Me = 0.815; Mc = 0.32)
	Morgan and Anders (1980)

	
	Shah et al. (2022)

	Earth (Me = 1; Mc = 0.325; total mass = 5.9736 x 1024 kg)
	Ringwood (1966)

	
	McDonough & Sun (1995) [Pyrolite 1, 2, 3]

	
	Palme & O’Neil (2003)

	
	Salters & Stracke (2004)

	
	Workman & Hart (2005) [Bulk DMM, PUM]

	
	Lyubetskaya and Korenanga (2007)

	
	Khan et al. (2008)

	Moon (Me = 0.0123; Mc = 0.02)
	Jones & Delano (1989)

	
	Longhi (2006)

	
	Khan et al. (2013)

	
	Kuskov et al. (2019)

	Mars (Me = 0.1074; Mc = 0.217)
	Khan & Connolly (2008)

	
	Yoshizaki & McDonough (2020)

	Vesta (Me = 4.3x10-5; Mc = 0.18)
	Steenstra et al. (2016)

	Meteorites (Me(asteroid belt) = 4x10-4)
	Nittler et al. (2004)




Table S2. Solar and average bulk inner planet compositions as elemental wt. % on a C- and O-free basis. Oxygen wt. % values are also shown.
	 
	Sun
	Mercury
	Venus
	Earth
	Moon
	Mars
	Vesta

	Si
	26.7
	21.7
	25.8
	27.6
	37.1
	28.7
	35.0

	Al
	1.8
	1.5
	2.5
	2.5
	4.0
	2.4
	2.4

	Ti
	0.10
	0.09
	 
	0.13
	0.20
	0.16
	0.10

	Cr
	0.70
	0.02
	0.69
	0.35
	0.52
	0.79
	0.76

	Fe
	43.1
	57.1
	33.0
	36.6
	18.7
	34.4
	29.8

	Mn
	0.4
	 
	0.1
	0.1
	0.2
	0.4
	 

	Mg
	21.0
	14.4
	32.9
	27.5
	35.4
	26.4
	29.0

	Ni
	2.5
	3.6
	1.6
	1.8
	0.1
	1.1
	 

	Ca
	2.3
	1.4
	2.7
	2.8
	4.2
	2.7
	2.6

	Na
	1.1
	0.77
	0.3
	0.3
	0.1
	0.5
	0.1

	K
	0.13
	0.01
	0.01
	0.01
	0.00
	0.02
	0.08

	P
	0.19
	 
	 
	0.01
	 
	0.05
	0.18

	Total
	100.00
	100.0
	99.6
	99.7
	100.5
	97.62
	100.0

	Oxygena
	51.38
	17.4
	31.9
	31.5
	43.9
	34.9
	41.7


(a) Oxygen for Sun is from measurements by Magg et al. (2022); O for the bulk inner planets is calculated from the expected oxidation states of the cations (Table S3).

Table S3. Bulk Silicate Planet (BSP) compositions in oxide wt. % and a BSP for the case of a Solar bulk composition.
	 
	BSP =
Solar
	Mercury
	Venus
	Earth
	Moon
	Mars
	Vesta

	SiO2
	44.88
	53.08
	42.05
	44.75
	45.50
	44.72
	43.80

	TiO2
	0.15
	0.23
	0.00
	0.19
	0.15
	0.10
	0.10

	Al2O3
	2.88
	4.43
	3.90
	4.09
	4.29
	3.04
	2.63

	Cr2O3
	0.88
	0.05
	0.83
	0.43
	0.22
	0.88
	0.65

	FeOt
	15.57
	0.03
	5.10
	8.42
	12.52
	15.84
	22.43

	MnO
	0.49
	0.00
	0.06
	0.13
	0.13
	0.22
	0.00

	MgO
	30.06
	37.45
	44.64
	38.09
	33.75
	31.98
	28.07

	NiO
	0.92
	0.00
	0.00
	0.26
	0.00
	0.05
	0.00

	CaO
	2.76
	3.06
	3.14
	3.31
	3.41
	2.54
	2.14

	Na2O
	1.27
	1.64
	0.28
	0.32
	0.04
	0.59
	0.07

	K2O
	0.14
	0.05
	0.02
	0.02
	0.00
	0.04
	0.11

	Sum
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00
	100.00




Table S4. Bulk Planet compositions as wt. % oxides and a planet with a Solar bulk composition.
	
	Solar
	Mercury
	Venus
	Earth
	Moon
	Mars
	Vesta

	SiO2
	35.34
	29.6
	33.6
	36.1
	44.8
	37.9
	43.6

	TiO2
	0.11
	0.1
	0.0
	0.1
	0.2
	0.2
	0.1

	Al2O3
	2.07
	1.8
	2.9
	2.9
	4.2
	2.8
	2.6

	Cr2O3
	0.63
	0.02
	0.62
	0.32
	0.43
	0.72
	0.65

	FeOt
	34.35
	48.0
	25.8
	28.7
	13.6
	27.3
	22.3

	MnO
	0.36
	0.00
	0.04
	0.10
	0.17
	0.29
	0.00

	MgO
	21.62
	15.5
	33.2
	27.8
	33.2
	27.0
	28.0

	NiO
	1.96
	3.0
	1.2
	1.4
	0.1
	0.9
	-

	CaO
	1.99
	1.3
	2.3
	2.4
	3.4
	2.3
	2.1

	Na2O
	0.91
	0.68
	0.21
	0.23
	0.05
	0.44
	0.07

	K2O
	0.10
	0.01
	0.01
	0.01
	0.00
	0.02
	0.05

	P2O5
	0.55
	0.00
	0.00
	0.01
	0.00
	0.14
	0.48

	SUM
	35.34
	100
	100
	100
	100
	100
	100
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