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Abstract

Aims. The inferred compositions of the Solar System’s terrestrial (rocky) bodies are fractionated from that of the Sun, where elemental depletions in the bulk rocky bodies correlate with element volatility, expressed in its 50% condensation temperature. However, because element volatility depends on disk gas composition, it is not mandated that elemental fractionation trends derived from the solar-terrestrial scenario apply to other planetary systems. Here, we expand upon previous efforts to quantify elemental volatility during disk condensation, and how this affects rocky planet compositional diversity.

Methods. We simulated condensation sequences for a sample of 1000 initial disk compositions based on observed stellar abundances. Based on these simulations, we present parametrisations of how element 50% condensation temperatures depend on disk composition and apply element fractionation trends with appropriate element volatility to stellar abundances to simulate compositions of rocky exoplanets with the same volatile depletion pattern as the Earth, providing a robust and conservative lower limit to the compositional diversity of rocky exoplanets.

Results. Here we show that Earth-like planets emerge from low-C/O disks (C/O ≤ 0.75) and graphite-bearing planets from medium-to-high-C/O disks (C/O > 0.75). Furthermore, we identify an intermediate-C/O (0.84–1.04) class of planets characterised by Mg and Si depletion, leading to relatively high abundances of Fe, Ca, and A1. We show that devolatilisation patterns could be adapted potentially with disk composition-dependent condensation temperatures to make predictions of rocky planet bulk compositions within individual systems, although such patterns could be further modified by the dynamics of planetary accretion, which remains under-constrained for most exoplanetary systems. The outcomes of our analysis suggest that accounting for disk composition-dependent condensation temperatures means that we can expect an even broader range of possible rocky planet compositions than has previously been considered.
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1 Introduction
The interior properties of a rocky planet govern the evolution of surface conditions over geological timescales and thus their habitable potential through extended interior-atmosphere interaction. These properties are largely determined by the planet’s bulk composition, which controls interior structure and mantle mineralogy, and in turn sets key material properties (Noack et al. 2014; Stamenković & Seager 2016; Unterborn et al. 2017; O’Neill et al. 2020; Spaargaren et al. 2020). Constraining the range of possible bulk compositions of rocky planets is therefore a necessary step in understanding the interior dynamics and hence the nature of secondary (de-gassed) versus hybrid (i.e. mixed primary and secondary) atmospheres.
It is not possible to directly sample exoplanet compositions, which requires us to rely on models that establish plausible constraints. In particular, the composition of a planet ultimately arises from the proto-planetary disk (PPD) from which it forms, which in turn shares its composition with the host star (e.g. Lissauer 1993). Although some studies directly translate stellar abundances into rocky planet compositions for all but the most volatile elements (e.g. Unterborn et al. 2017; Putirka & Rarick 2019; Bitsch & Battistini 2020), it is well documented that the Earth (Halliday & Porcelli 2001; Palme & O’Neill 2014; Wang et al. 2019a), Mars (Yoshizaki & McDonough 2020; Khan et al. 2022), and Vesta (Sossi et al. 2022) define depletion patterns in elements compared to the Sun that are correlated with element volatility (as alluded to by e.g. Urey 1953), also known as a devolatilisation trend. The volatility of an element is frequently defined with respect to its half-condensation temperature, TC, which describes the temperature at which 50 mol% of an element has condensed from a gas of solar composition (Lodders 2003; Wood et al. 2019). That is,
[image: equation](1)
where [image: equation] is the 50% condensation temperature and di is the depletion of element i from the gas, di(T) = Xi(T)/Xi(T0), where Xi refers to the total mole fraction of element i compared to the total amount of material in the disk (i.e. both gaseous and solid material), and T0 is a reference high temperature at which all elements remain fully in the gas phase (i.e. no condensation has occurred).
While the exact shape of the devolatilisation trend is known only for a few rocky bodies in the Solar System, observations of polluted white dwarfs provide indirect evidence of devolatilised planetary material (Harrison et al. 2018, 2021). These observations indicate fractionation between refractory elements (those with high condensation temperatures, such as Al, Ca, Mg, and Fe) and moderately volatile elements (MVE; with condensation temperatures between 600 K and 1300 K, such as Na and K). Furthermore, most proposed planet formation processes also impose volatility-dependent elemental depletion, such as collisional erosion (O’Neill & Palme 2008), stochastic accretion of incompletely condensed material (Sossi et al. 2022), or pebble ablation in the proto-atmosphere (Steinmeyer et al. 2023). These findings suggest that rocky exoplanets may also exhibit volatility-dependent element fractionation relative to their host star, although the exact shapes of these patterns remain unconstrained.
A number of studies have applied the Earth–Sun devolatilisation pattern to convert stellar abundances into plausible rocky exoplanet compositions (Wang et al. 2019b, 2022a,b; Spaargaren et al. 2023). Use of this trend, however, implicitly assumes that the volatilities of elements in the solar disk are independent of stellar composition. In reality, the volatility of an element depends upon the bulk disk composition. This is especially relevant under oxygen-poor conditions, where most oxygen exists as generally unreactive CO gas. Consequently, oxygen bound in CO(g) is no longer available to form silicates and oxides (Gail & Sedlmayr 2014; Pontoppidan et al. 2014). This inaccessibility of oxygen leads to the formation of reduced condensates and changes the condensation temperatures of most elements (e.g. Larimer 1975; Larimer & Bartholomay 1979). As a result, it is postulated that some rocky planets can form with a large amount of graphite (Kuchner & Seager subm. in 2005; Madhusudhan et al. 2012; Bond et al. 2010b; Moriarty et al. 2014; Hakim et al. 2019). Silicon carbide, however, is only stable under the most extreme oxygen-depleted disk compositions (fO2 < IW – 6; Takahashi et al. 2013; Hakim et al. 2018; Allen-Sutter et al. 2020). Similarly, the volatility of sulphur depends on the relative abundances of sulphur and iron (Jorge et al. 2022), which potentially has an impact on the metallic iron core composition of rocky planets. In addition to these chemical effects, the condensation reactions of most elements (and thus element volatility; Timmermann et al. 2023) are affected by the total gas pressure, which, all else being equal, increases pi (p = partial pressure). Thus, accounting for the various factors that control element volatility can lead to shifts in the nature of the building blocks of rocky planets in ways that cannot be predicted by simply extrapolating from stellar abundances.
The composition of a rocky planet is shaped not only by the nature of its building blocks, but also by those materials, which it accretes. Within the Solar System, this has led to planets with various devolatilisation trends (cf. Earth, Mars, and Vesta; Yoshizaki & McDonough 2020; Khan et al. 2022; Sossi et al. 2022), and to Mercury, whose large core size precludes description by a monotonic devolatilisation pattern. Previous studies have explored such compositional diversity by coupling condensation sequence models with dynamical planet formation simulations (Bond et al. 2010b; Carter-Bond et al. 2012; Elser et al. 2012; Moriarty et al. 2014; Shakespeare et al. 2025; Hatalova et al. 2025), predicting planets rich in Ca and Al, as well as core-less planets. These studies typically focus on a small sample of planetary systems, which are studied in detail. We here take the opposite approach, determining the condensation sequence for a range of stellar compositions, and inferring the compositions of hypothetical planets from the resulting [image: equation] by constraining them to follow a single, well-defined devolatilisation trend. Building on earlier studies applying the Earth–Sun devolatilisation trend to stellar abundances, we extend this framework by incorporating variations in elemental volatility across different systems, thereby systematically exploring one axis of rocky planet chemical diversity. By adopting the Earth–Sun devolatilisation trend as an empirically observed example of the outcome of planet formation, this approach is agnostic to the nature of the processes that gave rise to this trend. While limited in scope, it provides a physically motivated and observationally grounded framework for estimating a conservative lower bound on the chemical diversity of rocky exoplanets.
Element volatility, represented by TC, can be derived for arbitrary stellar compositions by simulating the condensation sequence of a gas matching those abundances. When studying rocky planet compositions in detail for individual systems (e.g. Jorge et al. 2022; Wang et al. 2022b), a condensation sequence model can be employed for each set of stellar abundances to determine the shift in element volatilities. More general constraints on element volatility as a function of the bulk composition of the PPD have been placed by the models of Timmermann et al. (2023), for a limited population of stellar abundances, with C/O ratios below 0.7. Here, we expand upon previous studies by analysing element volatility in disk compositions based on a broader set of stellar abundances drawn from the GALAH (Buder et al. 2021) catalogue. For each set of abundances, we systematically modelled the condensation sequence and derive TC values of major rock-and metal-forming elements to derive generalised parametrisations of their 50% condensation temperatures as functions of disk chemistry. We then applied these volatility trends to stellar abundances via the Earth–Sun devolatilisation pattern to explore how nebular condensation at chemical equilibrium affects chemical diversity in rocky planets. The Mars-Sun and Vesta-Sun devolatilisation patterns could also, in principle, serve as baselines, but we adopted the Earth–Sun pattern because it is best constrained and directly relevant for anchoring the analysis to Earth-sized, potentially habitable planets. While this approach is limited to a subset of rocky exoplanets, with the same devolatilisation pattern as the Earth, this approach provides a robust estimate on the lower limit of rocky exoplanet compositional diversity.
Our condensation sequence model and the sample of stellar abundances on which we base our parametrisations are introduced in Sect. 2. We present the disk composition-dependent condensation behaviour in Sects. 3 and 4 and apply those to stellar abundances to update the range of bulk rocky exoplanet compositions in Sect. 5. In Sect. 6, we discuss our results and their implications and finally present the main conclusions of our study in Sect. 7.
Table 1 
Solar disk condensation temperatures based on GGCHEM.

2 Methodology
2.1 Condensation sequence model
To simulate the condensation sequences of PPDs with various compositions, we used the open-source thermo-chemical equilibrium code GGCHEM (Woitke et al. 2018). This code calculates the composition of gas and condensate in chemical and phase equilibrium using the law of mass action with molecular equilibrium constants based on Gibbs free energy data, assuming local thermodynamic equilibrium. Gibbs free energy data were taken from the NIST-JANAF database (Chase Jr et al. 1982) and the SUPCRTBL database (Johnson et al. 1992; Zimmer et al. 2016). We simulated the composition of solids in equilibrium with the gas as a parcel of gas cools down from 2500 K to 400 K. The Earth–Sun devolatilisation trend is not well constrained for elements with TC below 400 K (Wang et al. 2019a). Gas pressure in PPDs tends to vary with stellar mass (Andrews et al. 2013), and condensation temperatures scale linearly with pressure (Timmermann et al. 2023) for all elements except S (Wasson 1985). Since this relationship allows for straightforward adjustments, we first analysed condensation behaviour at 10−4 bar, representative for the solar disk at 1 AU (Lewis 1974; Fegley 2000), and then corrected condensation temperature for pressure using results from Timmermann et al. The model contains 24 elements (H, He, Li, C, N, O, F, Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zr, and W), 552 gaseous molecule species, and 240 condensate species. In this study, we focused on constraining TC values for the nine most abundant elements in the Earth (O, Mg, Si, Fe, Ca, Al, Na, Ni, and S), as well as carbon. Accordingly, we included these ten elements, along with H, He, and additional elements (Cl, K, Ti, and N) that may form condensates with them.
Condensation temperatures, simulated with GGCHEM using proto-solar abundances from Lodders (2003), matched their results within 20 K for all elements except Ni (Table 1), and the results of Wood (1993) within 25 K for all elements except Ni and Na. Lodders (2003) noted that Ni first appears in solid form in Fe-Ni alloys. However, GGCHEM currently does not include solid solutions such as metal alloys. As a result, Ni condenses as pure Ni metal in our simulations, which occurs at lower temperatures than the condensation of Fe–Ni alloys. Since most elements considered here do not condense in Fe alloys, GGCHEM accurately reproduces known condensation behaviour and is expected to reliably predict element condensation temperatures across a wide range of bulk PPD compositions.
2.2 Stellar abundances
We based disk compositions on observed stellar abundances from the freely available GALAH catalogue (DR 3.2, Buder et al. 2021). Abundances in the GALAH catalogue are reported as [X/Fe] = [X/H] – [Fe/H], alongside [Fe/H], normalised to solar abundances from Asplund et al. (2009). To obtain logarithmic abundances normalised to H = 12 (Ai), for GGCHEM, we computed Ai = Α⊙,i + [X/H]i for solar abundances Α⊙, following Hinkel et al. (2022). For molar ratios, such as C/O, we used non-logarithmic abundances [image: equation], so C/O = ϵC/ϵO. We filtered data according to GALAH best practises1, to include only entries with the general data quality flag flag_sp = 0, and element quality flags flag_x_fe = 0 for the elements C, O, Fe, Mg, and Si. We selected for these five elements because C and O strongly affect solid composition (Larimer 1975), and Fe, Mg, and Si are the most abundant non-volatile elements in the Earth. We removed non-main sequence stars, to prevent systematic errors, by discarding stars with low surface gravitational acceleration g (log g < 3.5). After applying these criteria, our final dataset consisted of 91982 stars.
Of the 16 selected elements, only abundances of our five selection criteria elements (C, O, Fe, Mg, and Si), Na, Al, K, Ca, Ti, and Ni are commonly available in our dataset. As input for GGCHEM, we set H to 12 and He to the solar value of 10.93, as it is an inert gas and has only a minor effect on condensation chemistry, given the distribution of stellar He abundances in the catalogue. The elements N, S, and C1 are not included in the GALAH catalogue, so we estimated abundances of these elements based on available abundances of other elements. Elemental abundances often correlate due to nucleosynthesis (e.g. Pignatari et al. 2023), and these correlations are well established for S and N (Nicholls et al. 2017), though they are uncertain for Cl (Brauner et al. 2023). Thus, for Cl we used solar value scaled to stellar metallicity, calculated as the sum of ϵi all available elements except H and He, minus the sum of solar abundances of those same elements.
For N and S, we estimated abundances based on galactic chemical evolution (GCE) predictions. As N is typically produced alongside O and C, GCE models predict its co-evolution with O (Kobayashi et al. 2020). Accordingly, we adopted a parametrisation of [N/O] based on [O/H] (Nicholls et al. 2017),
[image: equation](2)
which has been validated across galactic environments (Vincenzo & Kobayashi 2018). The production of S typically occurs simultaneously with the production of Si via explosive O-burning (Pignatari et al. 2016), and S and Si are ejected in similar supernova events (Kobayashi et al. 2020). Therefore, GCE models predict that S/Si should be approximately constant in time and equal to solar (Brauner et al. 2023; Pignatari et al. 2023). This is confirmed by observations of stellar abundances (e.g. Chen et al. 2002). Following previous studies using the GALAH catalogue (Bitsch & Battistini 2020), we set [S/Si] = 0 for all stars.
Since all elemental abundances correlate with stellar metallicity, allowing metallicity to vary within our sample could obscure the true dependence of condensation temperatures on individual elemental abundances. As shown by Timmermann et al. (2023), condensation temperatures tend to increase linearly with metallicity, similar to their dependence on total pressure – this result arises from the same phenomenon – an increase in the partial pressure of the major gas species. Thus, we normalised stellar abundances in our sample to solar metallicity M⊙ by adding the difference between the metallicity of that star and the solar metallicity, M⊙ – Mi, to each star’s Ai values. We defined metallicity as
[image: equation](3)
for all elements i with measured abundances except H and He, and solar abundance A⊙,i from Asplund et al. (2009). This let us isolate the effect of uniformly increasing all elemental abundances (i.e. increasing metallicity) from the effects of varying individual element abundances. We ran a series of GGCHEM simulations using solar abundances, varying metallicity M from 8.0 to 10.0 (cf., Μ⊙ = 8.99). This was achieved by adding M – M⊙ to each abundance Ai, after which we computed the 50% condensation temperatures from the resulting condensation sequences. Within the GALAH catalogue, stellar metallicities span an order of magnitude, resulting in TC variations ranging from 72 Κ for Ni to 165 Κ for Al (Fig. 1; Appendix A). Thus, we simulated condensation sequences for metallicity-normalised abundances, determined the dependence of [image: equation] on elemental abundances, and added the metallicity dependence of [image: equation] separately. After filtering for data availability and reliability and normalising for metallicity, we removed 780 outliers using a Grubbs test for normal distributions. This step left us with a dataset of 91202 stars.
We ran condensation sequence simulations for a representative subset of this dataset, which we selected using a refined version of the Chaudhuri (1994) algorithm. In the original algorithm, the point with the highest data density is selected. This point, alongside its k = N/p neighbours, is removed, where Ν = 91202 is the dataset size and p = 1000 is the desired sample size. The process is repeated until the sample size is reached. This results in an over-representation of median-value points, reducing the information gained per condensation sequence simulation and under-representing the parameter space boundaries. Instead, we selected the point at the lowest data density, ensuring better coverage of the outer parameter space. We used this approach to select the final dataset of 1000 stars, which covers the same compositional space as the original catalogue, but with more emphasis on the tails of the distributions (Fig. 2).
	[image: thumbnail]	Fig. 1 Histogram of stellar metallicity (top) in the GALAH catalogue with solar metallicity for comparison (Asplund et al. 2009), and 50% condensation temperature of various elements as a function of host stellar metallicity (bottom). Each column of condensation temperatures is calculated from a condensation sequence with solar abundances scaled to the corresponding metallicity. Condensation temperatures are shown relative to the simulation with unsealed solar abundances (Table 1).



	[image: thumbnail]	Fig. 2 Stellar abundances within the GALAH catalogue (orange; Ν = 91 202) and within the sample for which we ran condensation sequence models (blue; Ν = 1000). Given our adjusted selection procedure, the selected sample places more emphasis on the tails of the distribution presented by the GALAH catalogue. Solar abundances are shown as a dashed black line (Asplund et al. 2009).



2.3 Bulk planet compositions
Finally, to simulate bulk planet compositions, we included disk composition-dependent element volatility by deriving parametrisations of 50% condensation temperatures as functions of stellar abundances from our condensation simulations. We calculated the 50% condensation temperatures ([image: equation] for element i, in K) from our simulations as the highest temperature at which the gas-phase abundance of element i drops below 50% (or log10 0.5 = –0.301) of its initial value (Eq. (1)). We used least-squares fitting to determine the optimal parameters to explain variation in [image: equation], selecting the subset that minimises the Bayesian information criterion. We then simulated bulk rocky planet compositions by multiplying stellar compositions ϵi with element depletion factors fi, with depletion factors based on the Earth–Sun devolatilisation trend,
[image: equation](4)
where α = 3.676 ± 0.142 and β = –11.556 ± 0.436 (Wang et al. 2019a), and [image: equation] is based on our parametrisations and the stellar abundances. This states that the elemental fractionation between star-planet is equivalent to that between the Sun-Earth with depletion factors based on element [image: equation], which change depending on the input composition and pressure. Using this exact relation between [image: equation] and fi results in compositions of planets with the same devolatilisation trend as Earth, providing a lower limit to rocky exoplanet compositional diversity.
	[image: thumbnail]	Fig. 3 Condensation temperatures (TC) of Fe and Ni, plotted against the logarithmic abundances of Fe and Ni (normalised to H=12; AFe, ANi) in those disks. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.



3 Condensation behaviour of refractory elements
3.1 Metal-forming elements
For each set of stellar abundances, we simulated the condensation sequence of a disk gas with matching composition and calculated 50% condensation temperatures [image: equation]. The primary constituents of metallic cores of rocky planets, Fe and Ni, exhibit a near-linear relationship between their condensation temperatures and abundances (Fig. 3). In our model, Fe and Ni exist as monatomic gases and condense primarily as pure metals, Fe0(s) and Ni0(s), with their condensation temperatures scaling with their partial pressures. Increasing Fe and Ni abundances raise the partial pressures of monatomic Fe and Ni gases, enhancing their condensation temperatures – similar to the effects of disk pressure and metallicity (Timmermann et al. 2023). Fe and Ni can form oxides in O-rich disks, but within our sample, this occurred only at lower temperatures (below 600 K, see also Lewis 1974) and did not affect their 50% condensation temperatures.
3.2 Refractory rock-forming elements
The condensation temperatures of the rock-forming elements Mg, Si, Ca, and Al depend directly on disk C/O (Fig. 4). At low C/O, where sufficient oxygen is available to form silicates and oxides, TC shows a weak decrease with increasing C/O.
As C/O increases and oxygen becomes limited, each element transitions to O-depleted condensation at a specific C/O ratio, and their condensation temperatures drop by 150–200 K across this transition. The C/O value at which an element transitions to O-depleted condensation behaviour scales with their condensation temperature in O-rich conditions. Refractory elements transition to O-depleted condensation at higher C/O ratios (Ca: C/O = 0.936, Al: C/O = 0.94) than the moderately refractory elements (Mg: C/O = 0.875, Si: C/O = 0.828). At C/O beyond these transitions, both [image: equation] and [image: equation] decrease by ~50 K before stabilising and becoming independent of C/O. Note that Mg can condense as MgS at high C/O, but this phase is only stable over a narrow temperature range (20–100 K; Fig. B.2) and does not condense in sufficiently high abundances to affect [image: equation]. In contrast, [image: equation] rises slightly (~40 K) at C/O = 1.045, while [image: equation] increases by over 400 K within a narrow range (C/O = 1.022–1.045) as the refractory SiC becomes more stable. Beyond this, [image: equation] stabilises and becomes independent of C/O. At high C/O, the volatility order of rock-forming elements (aside from O) differs significantly from that at near-solar C/O. Although at near-solar C/O Si is the most volatile of these four elements, it becomes the most refractory at high C/O, followed by Ca and Al with Mg becoming the most volatile.
While C/O primarily governs the broad shift from O-rich to O-depleted condensation, the specific C/O at which each element transitions also depends on its relative abundance to oxygen (X/O = ϵX/ϵO). Since this transition occurs when there is no longer sufficient oxygen to oxidise that element, it is inherently sensitive to X/O. For example, Mg undergoes O-depleted condensation at disk C/O as low as 0.75 in Mg-rich environments (Mg/O> 0.2), and as high as 0.92 for Mg-poor environments (Mg/O< 0.05; Fig. 4). The transition width reflects the amount of oxygen required to fully oxidise an element. Elements with lower abundances, such as Ca and Al, require little oxygen to fully oxidise, resulting in narrow transition ranges (0.05 C/O). In contrast, Si, which has a higher abundance and forms SiO2, requires more oxygen and thus transitions over a much broader C/O range (0.26). Similarly, Mg transitions across a range of C/O values of 0.17.
In addition to its dependence on C and O, [image: equation] is also influenced by the disk molar Mg/Si-ratio, as forsterite (Mg2SiO4, TC = 1354 K) condenses at a higher temperature than enstatite (MgSiO3, TC = 1316 K; Lodders 2003). At Mg/Si > 1.6, forsterite is both the primary Si-bearing condensate and the primary Mg-bearing condensate, leading to [image: equation]. However, at Mg/Si < 1.6, more Si condenses as the less refractory enstatite, gradually shifting [image: equation] to lower temperatures (Fig. 5). Forsterite still forms initially but contains less than 50% of available Si, and thus does not set [image: equation] at low disk Mg/Si ratios. In contrast, [image: equation] is independent of Mg/Si within our sample, as forsterite condensation is only limited by Si availability at much higher Mg/Si ratios. Instead, [image: equation] increases with both O and Mg abundances.
Similar to Si depending on Mg/Si, the condensation of Ca is affected by the molar Ca/Al ratio. At Ca/Al < 2.0, Ca condenses in highly refractory minerals such as gehlenite (Ca2Al2SiO7) and Ti-perovskite (CaTiO3). At higher Ca/Al, the less refractory larnite (Ca2SiO4) becomes the dominant Ca-bearing condensate, reducing [image: equation]. While the behaviour of Ca aligns with Timmermann et al. (2023), we found that [image: equation] was unaffected by disk Ca abundance. Instead, [image: equation] depends primarily on the Al abundance, as corundum (Al2O3), the primary Al-bearing high-T condensate, forms independently of Ca availability.
Overall, the condensation of Mg, Si, Ca, and Al is primarily governed by oxygen availability and each element’s abundance as they condense into rock-forming oxides. However, even when oxygen is abundant, condensation temperatures can vary by up to 100 K. This variability significantly affects depletion factors (Eq. (4)), altering the bulk planetary content of these elements by as much as 30%.
	[image: thumbnail]	Fig. 4 Condensation temperatures (TC) of the rock-forming elements Mg, Si, Ca, and Al, plotted against the molar C/O ratio in disks, based on stellar ϵC/ϵO values (top). Solar C/O = 0.55 (Asplund et al. 2009) is indicated as a vertical dashed line. All elements show a transition from high TC at low C/O to lower TC at higher C/O. For Mg, colouring condensation temperature by the disk Mg/O (= ϵMg / ϵO; bottom) reveals that the C/O value at which this transition occurs depends on Mg/O. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.



	[image: thumbnail]	Fig. 5 Condensation temperatures (TC) of Mg and Si, after subtracting a fit to the C/O-dependence of [image: equation] and [image: equation] (Fig. 4), plotted against the disk Mg/Si ratios. Here, a trend emerges between TC and the molar Mg/Si ratio of the disk (bottom) for Si, but not for Mg. Solar Mg/Si=1.23 (Asplund et al. 2009) is indicated as a vertical dashed line. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.



	[image: thumbnail]	Fig. 6 Condensation temperature (Tc) of Na, plotted against the molar disk C/O (top) and Mg/Si (bottom). Dots represent simulation results based on stellar abundance data for individual stars. Lines represent results for solar abundances with varying C (top) or varying Mg and Si while conserving bulk Mg+Si (bottom). Temperatures are derived from condensation sequence calculations at P = 10−4 bar.



3.3 Moderately volatile rock-forming elements
Similar to the other rock-forming elements (excluding O), Na transitions from O-rich to O-depleted condensation beyond a critical C/O-ratio of 0.819, leading to a decrease in [image: equation]. However, the molar disk Mg/Si ratio influences [image: equation] more strongly (200 K shift) than the disk C/O ratio (100 K shift; Fig. 6). For most disk compositions, Na condenses primarily as albite (NaAlSi3O8). Albite condenses approximately 50 K higher when quartz (SiO2) is stable (Fig. B.3), as excess Si promotes its formation. This occurs only at very low Mg/Si ratios (Mg/Si ≤ 0.83). At Mg/Si ≥ 1.5, albite is replaced by nepheline (NaAlSiO4), which is more volatile and remains stable up to Mg/Si=1.97. Beyond this, Na instead condenses as sodium metasilicate (Na2SiO3), a phase with an even lower condensation temperature. This highlights how variations in disk Mg/Si ratios shape the mineralogy of planetary building blocks.
4 Condensation behaviour of semi-volatile elements
The elements C and O are often classified as volatile due to their low 50% condensation temperatures. However, both elements exhibit a dual nature, condensing as both refractory and volatile condensates (see discussion in Wang et al. 2019a). A modest fraction of the disk oxygen budget (~20%) condenses as silicates at temperatures as high as 1700 K yet its 50% condensation temperature is only reached at 180 K (Lodders 2003). Taking this figure at face value would suggest that planets are depleted in oxygen compared to their host star by more than 99%. However, because some oxygen condenses in silicates, this does not accurately reflect planetary oxygen depletion compared to their host stars; for example, the Earth–Sun depletion factor is only ~80%. Similarly, carbon is less depleted in Earth than its 50% condensation temperature would suggest. Moreover, we show that the condensation trends of C and S are not monotonic with decreasing temperature, as equilibria at lower temperatures can destabilise C- and S-bearing phases that condensed at higher temperatures. In disks with high molar C/O ratios (C/O > 0.8), C initially condenses as graphite above 1100 K (Fig. 7), but reacts with hydrogen from the disk gas to form methane at lower temperatures, returning all carbon entirely to the gas phase (Larimer 1975). Similarly, at high disk C/O, sulphur initially condenses as CaS or MgS, but these condensates react with H2O in the gas phase to form oxides at lower temperatures, driving sulphur back to the gas phase. Thus, the traditional 50% TC description fails to capture the condensation behaviour of semi-volatile elements such as C, O, and S. Instead, we propose effective condensation temperatures (TC,eff) as a metric to characterise volatility of elements that do not exhibit monotonic condensation behaviour, enabling comparison to TC values of other elements. These TC,eff values are not mathematically equivalent to 50% condensation temperatures, and are merely proposed as a metric for comparison of volatility. The metric is a more accurate representation of gas-solid depletion patterns than 50% condensation temperatures (or temperature at any percentage of condensation) since it inherently captures non-monotonic behaviour based on actual condensate compositions.
We derived effective condensation temperatures by modelling how star-planet depletion factors arise from the condensation process. To determine these depletion factors, we compared the bulk composition of a hypothetical planet, which is assembled from equilibrium condensates, to that of its host star. We determined the bulk composition of this hypothetical planet by integrating the condensation sequence, which describes how solid composition evolves with temperature. This integration was weighted by a ‘feeding zone’ function, which represents the fraction of parent gas that equilibrated with planetary building materials as a function of temperature. Since Earth’s bulk composition largely reflects such an integration of the solar condensation sequence, we derived its temperature-space feeding zone (Fig. 7) by differentiating the Earth–Sun devolatilisation trend (Eq. (4)).
We calculated star-planet depletion factors by comparing the bulk compositions of these hypothetical planets to the composition of their host stars. Depletion factors are typically normalised to a highly refractory element such as Al. However, the condensation behaviour of Al is strongly influenced by disk C/O (Fig. 4). Instead, we normalised to Fe, whose condensation behaviour is more predictable (Fig. 3). The depletion factor (fi) of element i is defined in terms of the Fe depletion factor fFe,
[image: equation]
where fFe is determined from Eq. (4), using the relationship between [image: equation] and the stellar Fe abundance ([image: equation]; see Sec. A). Finally, we converted element depletion factors fi into effective condensation temperatures TC,eff by applying the same devolatilisation trend used for Fe. This approach gives a useful metric to evaluate element volatility given an Earth–Sun devolatilisation trend, although this TC,eff definition is bound to the trend with which it is derived, and is not valid for bodies with devolatilisation trends deviating from it. We explore the effect of varying the α and β parameters in Eq. (4) on TC,eff values in Appendix D. For the Earth–Sun devolatilisation trend, we predict an effective condensation temperature of oxygen in the solar disk of 894 K, which is within the range of 875±45 K found by Wang et al. (2019a). In contrast, carbon does not condense in the solar disk above the lowest temperature we investigated – 400 K – and thus the model produced [image: equation].
Realistically, this means [image: equation], in line with the estimate from Wang et al. [image: equation].
Unlike traditional 50% condensation temperatures, which significantly underestimate the abundances of volatile elements in rocky bodies, effective condensation temperatures reveal systematic trends between the condensation of C and O and the disk C/O ratio (Fig. 8). Once all available oxygen is consumed in the formation of oxides and CO gas, excess carbon condenses as graphite. This begins at C/O ≈ 0.7, with [image: equation] increasing steadily as disk C/O rises. We quantified this competition for oxygen using the ratio of all oxygen-bonding element abundances weighted by their oxide stoichiometry, to the abundance of oxygen, as
[image: equation](5)
excluding cations with abundances lower than ϵNa. Once this ratio reaches unity, carbon can condense as graphite in a limited temperature range (Fig. 7). At C/O greater than 1.04, the stability field of graphite extends to higher temperatures (Fig. B.1), increasingly dominating the solid-state composition (Fig. 7). In this regime, C/O becomes the primary control on [image: equation]. However, the depletion factor of C will never reach zero, as carbon reacts with H2 in the disk to form CH4 at lower temperatures (<750K Larimer & Bartholomay 1979), preventing [image: equation] from exceeding the devolatilisation cut-off temperature (1391 K for Earth; Wang et al. 2019a). Even in C-rich disks, low-temperature condensates remain predominantly silicates and oxides.
Because silicate and oxide condensates are prevalent in all disks at lower temperatures, regardless of C/O, [image: equation] is always greater than 500 K. It increases proportionally to oxide-forming element abundances, since higher concentration of these elements leads to greater oxygen condensation. Specifically, [image: equation] is directly proportional to Γ/O, where we define Γ = Σ – ϵC. However, as C/O increases and carbon sequesters a greater fraction of available oxygen, [image: equation] shifts to lower temperatures, though it remains directly proportional to Γ/O. In this high-C/O regime, [image: equation] is lower than the temperature at which graphite destabilises.
Similar to carbon, sulphur condensation is influenced by oxygen availability. In oxygen-rich disks (i.e. C/O < 0.8), FeS is the primary S-bearing condensate, with CaS forming in smaller quantities, noting that these may exist in solid-solution in FeS were these models to be implemented. In these disks, [image: equation] scales proportionally to ϵFe + ϵS.At Σ/O> 1.005, oxygen depletion allows MgS to condense and CaS to become more abundant. This results in an increase in [image: equation], which continues to an increase with Σ/O, and Mg and Ca abundances. However, even in these disks, [image: equation] rarely exceeds 1000 K. Thus, sulphur remains a MVE even under high C/O conditions.
	[image: thumbnail]	Fig. 7 Contribution of condensates to Earth’s bulk composition as a function of temperature (top), derived by differentiating the Earth–Sun devolatilisation trend from Wang et al. (2019a). Molar solid elemental composition in chemical equilibrium with the disk gas is plotted as a function of temperature, shown here for two disks from our sample with C/O = 0.9 (middle) and C/O = 1.25 (bottom), at P = 10−4 bar. Only elements with molar abundances greater than 0.25 mol% are shown.



	[image: thumbnail]	Fig. 8 Condensation temperatures of C (top), O (middle), and S (bottom) in disks with varying compositions. Temperatures are plotted against molar C/O ratios of disks (left) and Σ/O, which is defined as the sum of all elements binding with oxygen, multiplied with their oxide stoichiometry, divided by the oxygen abundance, or Γ/O, where Γ = Σ – ϵC (right). The 50% condensation temperatures are shown as red dots, while effective condensation temperatures (see text) are shown as blue dots. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.



	[image: thumbnail]	Fig. 9 Stellar (blue) and planetary (red) Fe, Mg, and Si abundances (left) and Ca, Al, and Na abundances (right), normalised to the sum of these three elements. Solar abundances (Asplund et al. 2009) and Earth composition (Wang et al. 2018) are plotted for comparison. While most planets and stars overlap, there are some clear components where Mg and/or Si are depleted.



5 Updated rocky exoplanet bulk compositions
Using TC parametrisations derived from the condensation behaviour (Appendix A), we refined estimates of bulk rocky exo-planet compositions (for planets with Earth-like devolatilisation trends) given stellar abundances from the GALAH catalogue (see Sect. 2.3). Our composition-dependent condensation models reveal two distinct populations of planets (Fig. 9): planets depleted in Mg (formed at C/O > 1.04) and planets depleted in both Mg and Si (formed at C/O = 0.84–1.04; Fig. 4). Planets forming at C/O ≤ 0.84 form with Fe, Mg, and Si abundances in very similar proportions as their host star, consistent with Spaargaren et al. (2023). Similarly, relative abundances of Ca and Al of planets are very similar to those of the host star (Fig. 9). We also find a depletion in Na compared to the host star, in line with previous work; however, we find a population of planets where this depletion is less severe, corresponding to low-Mg/Si disks, where Na is less volatile (Fig. 6).
The condensation temperatures of most rock-forming elements decrease significantly as the disk C/O increases from below 0.8 to 1.0 (Fig. 4), resulting in higher depletion factors for rock-forming elements. On the contrary, the condensation temperatures of metal-forming elements (Fe, Ni) are independent of C/O (Fig. 3). Thus, planets forming in disks with C/O between 0.8 and 1.0 have a greater fraction of metal-forming elements (Fig. 10), of 40–50 wt% rather than 20–40 wt%. Under the simple assumptions of pure Fe–Ni-cores, and reducing conditions so all Fe and Ni reside in the core, the Fe+Ni mass fraction corresponds to the core mass fraction (CMF); planets forming in disks with C/O between 0.8 and 1.0 are likely to have high CMFs. We also identify a population of planets with elevated bulk Mg/Si, reaching up to 2.5, in disks where Mg follows O-rich condensation while Si undergoes O-depleted condensation, decreasing [image: equation] considerably. At C/O between 1.02 and 1.04, [image: equation] increases drastically, and so planets forming in disks with C/O > 1.04 have Mg/Si typically below 0.5. Finally, we predict that some planets, formed in the C/O range leading to high metal-forming element abundances, also have minor element abundances (Xminor, defined as molar (Ca+Al+Na)/(Ca+Al+Na+Mg+Si)) increased from a nominal value of 5–12 mol% to fractions up to 20 mol%. Specifically, Ca and Al remain refractory up to C/O = 0.95, unlike Mg and Si, and their enrichment could lead to the presence of exotic minerals such as corundum, although their enrichment is not as high as predicted for some extremely refractory planets (e.g. Dorn et al. 2019). Overall, planets forming at moderately high C/O (0.8–1.0) exhibit distinct compositions, including higher CMFs, elevated bulk Mg/Si, and increased minor element abundances compared to planets forming at solar C/O.
	[image: thumbnail]	Fig. 10 Predicted planet mass fractions of core-forming elements Fe and Ni, mantle molar Mg/Si ratio, and mantle minor element (all elements aside from Fe, Mg, Si, and O) molar fraction, as a function of host stellar C/O. Compositions are calculated based on stellar abundances from the GALAH catalogue by applying disk composition-dependent depletion factors to each element. Earth composition is shown (yellow diamond) from Wang et al. (2018), and solar C/O = 0.54 (Asplund et al. 2009); further, the two systems shown in Fig. 7 are indicated (black squares).



6 Discussion
6.1 Condensation behaviour
A rocky planet’s bulk composition mirrors its host star (with caveats), but a given element in the planet is depleted compared to a refractory element and its stellar abundance, proportional to its volatility. Thus, studying the condensation behaviour of extrasolar PPDs reveals how element volatility varies among planet formation environments. For Mg, forsterite is invariably the host phase, such that [image: equation], whereas for Si, this holds only if Mg/Si > 1.5; at lower ratios, [image: equation] shifts towards the lower condensation temperature of enstatite. We find MgO condensing at Mg/Si ≥ 2.0, and SiO2 at Mg/Si ≤ 0.87, but these compounds condense at lower temperatures than forsterite and enstatite, and never affect [image: equation] or [image: equation].
In disks with C/O< 0.8, rock-forming elements (Mg, Si, Ca, Al, Na) condense as oxides or silicates, with their condensation temperatures scaling with oxygen availability (or oxygen fugacity), which decreases as more oxygen forms CO(g) at higher C/O. Thus, the volatility of these elements depends directly on disk C/O, where TC drops by 100 K as C/O increases from 0 to 0.8 (similar to results from Timmermann et al. 2023). As C/O exceeds 0.8, oxygen depletion by CO(g) formation reaches a critical level, causing a rapid TC drop (100–300 K) for the rock-forming elements in a very narrow C/O range (Larimer 1975). The exact C/O value at which this drop occurs for an element is proportional to the TC of that element, as more refractory elements (Ca and Al) condense first and occupy available oxygen, limiting the formation of oxides for less refractory species (Mg and Si Larimer & Bartholomay 1979). For Na, this TC drop is less severe, as its lower TC places it closer to the temperature at which CO reacts with disk H2, releasing oxygen (Larimer 1975). Unlike previous work (e.g. Larimer & Bartholomay 1979; Lodders & Fegley Jr 1993), we find that the TC drop varies with rock-forming element abundances, as these elements deplete oxygen from the gas upon condensation (e.g. Mg/O, Fig. 4). As a result, Mg and Si may become moderately volatile at C/O as low as 0.75, in disks with high Mg/O and Si/O. Considering elements beyond C and O is even more important when considering the volatility of C and S; these elements become significantly more refractory once oxygen abundance is insufficient to oxidise all C and rock-forming elements (i.e. Σ/O=1.0), which does not occur at a single C/O ratio (Fig. 8). Increased disk N/O is also shown to restrict oxygen availability (Shakespeare et al. 2025), though this only occurs at N/O> 0.75, and all our disks had Ν/O≤ 0.25. While C/O serves as a useful proxy for the volatility of most rock-forming elements, a full understanding requires accounting for all oxide-forming elements, whose collective abundances dictate oxygen availability and condensation pathways.
The first drop in TC of rock-forming elements marks a key shift in element volatility; at higher C/O ratios, a second, lower-magnitude transition occurs, beyond which the volatility of rock-forming elements becomes largely independent of C/O (Fig. 4). This second shift occurs as the condensation temperature of graphite increases with bulk disk C/O, leading to graphite condensation buffering the gas C/O ratio to 1.0 (Lodders & Fegley Jr 1997). As [image: equation] rises from below 1000 K at C/O < 0.98 to 2000 K at C/O = 2.0 (Lodders & Fegley Jr 1995), it overtakes the condensation temperatures of Ca and Al near C/O = 1.04 (Fig. B.1). As a result, above C/O = 1.04, [image: equation] stabilises at 1265 K, closely matching previous estimates (1240 K; Larimer & Bartholomay (1979), 1295 K; Lodders & Fegley Jr (1995)). Our model yields a lower [image: equation] (1230 K) than Lodders and Fegley Jr. (1316K) because the Gibbs energy datasets we used lack the condensate AlN, leading to Al2O3 as the primary Al condensate. However, Shakespeare et al. (2025) reports minimal AlN abundances in condensates for the range of bulk disk C/O ratios considered here, suggesting the absence of AlN does not significantly impact [image: equation].
Unlike Mg and Al, Si becomes increasingly refractory as C/O rises above 1.02, due to the stability of SiC, which acts as the primary Si condensate at C/O as low as 0.75 (Fig. B.2). However, at C/O < 1.02, less than 50% of Si condenses as SiC, as Si remains partially in the gas phase as SiO(g) and SiS(g). Only above C/O = 1.02 does increased SiC formation drive [image: equation] upward, until it stabilises at C/O = 1.10, where [image: equation] overtakes [image: equation] (Lodders & Fegley Jr 1995), making [image: equation] independent of C/O. While CaS can remove some SiS(g), the universally low Ca/Si ratio limits this effect to at most 6% of total Si, with negligible impact on [image: equation] (Lodders & Fegley Jr 1995). This highlights a limitation of using 50% condensation temperature to define volatility, as it likely underestimates the fraction of condensed Si in the range of C/O ratios where Si follows O-depleted condensation behaviour. However, since only 50% TC correlates with observed star-planet fractionation trends, alternative measures remain more uncertain.
At high bulk disk C/O, the primary Mg-bearing condensate remains forsterite, which can only be formed once SiC becomes unstable; thus, Mg condensation is primarily controlled by Si availability. MgS can form at similar temperatures to forsterite (Lodders & Fegley Jr 1995), but primarily in high-Mg/Si disks where low Si abundances limit the extent of forsterite formation, leaving excess Mg to condense as MgS (Fig. B.3); thus, condensation of MgS has no effect on [image: equation]. As a result, above C/O = 0.94, where SiC becomes significantly more stable (Fig. B.2), [image: equation] stabilises at 1060 K, closely matching Lodders et al. (1080 K). In a similar vein to MgS, previous work has found Fe3C as a potential condensate, but either as a metastable compound (Larimer & Bartholomay 1979), or with condensation temperature equal to that of metallic iron (Lodders & Fegley Jr 1995), and thus with no effect on iron volatility.
Finally, we find that when disk Σ/O > 1, sulphur becomes more refractory, with [image: equation] increasing by 100 K, although it remains moderately volatile. This trend is consistent with previous studies on rocky exoplanet compositions, which show that planets forming in high-C/O disks tend to have small S budgets (Bond et al. 2010b; Moriarty et al. 2014). In low-Fe/S disks ([Fe/S] < –0.67), pyrite (FeS2) can form, slightly increasing [image: equation] (Jorge et al. 2022). However, in our sample, where [Fe/S] ≥ –0.45, higher Fe availability prevents pyrite from forming as a stable condensate. Instead, sulphur volatility is controlled by the stability of FeS for low-C/O disks and CaS and MgS for high-C/O disks. In high-C/O disks, both CaS and MgS break down at lower temperatures once more oxygen becomes available due to CO(g) destabilisation (Fig. B.2). As a result, [image: equation] is primarily dictated by Σ/O, as oxygen availability ultimately determines the stability of sulphur-bearing condensates.
The condensation temperatures of elements depend not only on the individual abundances, but also on disk gas pressure P and metallicity M (Eq. (3)). Mid-plane gas pressure (this work: P = 1−4 bar) tends to scale with distance from the host star (Bitsch et al. 2015), stellar mass (Pascucci et al. 2016; Ansdell et al. 2017), and temperature (Lodders et al. 2025), and TC values increase by 40–80 K per order of magnitude of P (Timmermann et al. 2023). Similarly, TC values increase proportionally to log M by 70–160 K per order of magnitude of M (Fig. 1). Rock-forming elements scale more strongly with P and M the more refractory they are in the solar disk. Compared to the rock-forming elements, the metal-forming elements Fe and Ni scale more strongly with P and more weakly with M. When keeping relative element abundances (e.g. Fe/Si and Fe/Mg) equal to solar, an Earth-like planet can have CMF ranging from 25 wt.% to 38 wt.% based on M and P variations alone, where planets with the highest CMF exist around high-mass stars with low metallicity (taking CMF as the bulk planet Fe and Ni weight fraction). Carbon is a special case, as graphite condensation depends strongly on metallicity but not at all on gas pressure, while SiC increases moderately with both M and P (Lodders & Fegley Jr 1999; Adams & Lodders 2025). Thus, planets forming around low-mass, high-metallicity stars have a greater major refractory carbon budget, if the disk Σ/O is sufficiently high. Silicates start condensing in liquid state at P > 10−2 bar (Ebel et al. 2006), which could dissolve various gases and would considerably alter the depletion patterns of planets; however, such pressures are only relevant for massive stars, and are therefore not relevant to rocky exoplanets.
6.2 Planet compositions
Variations in disk composition alter the volatility of key elements, influencing the bulk compositions of the planets that form within them. We accounted for this dependence by substituting TC values into Eq. (4) that depend on disk chemistry, rather than using TC values from Lodders (2003). For planets that do not accrete carbon, incorporating disk composition-dependent TC values primarily lowers their Na and S abundances (Fig. 11), as the two elements are more volatile on average than in the solar disk. Further, we underestimate planet Ni abundances, given that GGCHEM lacks Fe-Ni alloys, which may lead to a slight underestimation of metallic core fractions (by ~0.3%). For other elements, we closely match bulk planet compositions between scenarios that do and do not account for disk composition-dependent condensation temperatures. Focusing on lithophile elements (i.e. elements that preferentially stay in the silicate mantle during core-mantle differentiation), only Na, the least abundant of the lithophile elements considered here, is affected by disk chemistry-dependent volatility. As a result, the mantle mineralogy of rocky exoplanets in disks with C/O < 0.75 remains similar to the range previously identified by Spaargaren et al. (2023). Following this range, we find that 0.8% of rocky planets form Mg-depleted mantle mineralogy, where pure SiO2 minerals (quartz, stishovite) enter the stable mantle mineral assemblage. This is a markedly smaller fraction than previous estimates, ranging from 10 to 50% (e.g. Brewer & Fischer 2016; Stonkutė et al. 2020; Clark et al. 2021), since these studies classify planets with Mg/Si < 1.0 as Mg-depleted, while petrological simulations show that this only occurs for Mg/Si < 0.75 (Spaargaren et al. 2023). The enhanced volatility of Si in low-Mg/Si disks reduces the occurrence of Mg-depleted mantle mineralogy further, and such planets should be exceedingly rare. Conversely, our models predict that 5% of all rocky planets have bulk Mg/Si > 1.6, which leads to planets bearing the Mg-rich, low-viscosity mineral magnesiowüstite (MgO) throughout their entire mantle (rather than just the lower mantle, as is the case for Earth). We likely underestimate the occurrence of these planets, as we did not account for the partitioning of Si into the metallic iron core here. Overall, exoplanet compositional diversity for low-C/O disks (C/O < 0.75) is very similar to previous estimates.
	[image: thumbnail]	Fig. 11 Bulk planet molar compositions obtained by applying the Earth–Sun depletion factors to stellar abundances (orange), and by applying depletion factors adjusted for condensation behaviour (blue), excluding planets containing C. The Fe+Ni mass fraction of the bulk planet is indicative of the planet’s CMF. Earth composition from Wang et al. (2018) is added for comparison (dashed line).



6.2.1 Core masses
Disk composition-dependent condensation behaviour leads to the emergence of metal-rich planets (i.e. planets rich in Fe and Ni). In disks with bulk C/O below 0.75, where Si condenses similarly to the solar disk, planets develop CMF (calculated here as the bulk planet mass fraction of Fe+Ni) of 19–41 wt.%, aligning with stellar abundance-based predictions (Adibekyan et al. 2021, 2024; Brinkman et al. 2024). Between C/O of 0.84 and 1.02, the lower [image: equation] and [image: equation] cause a distinct population to emerge with CMF reaching up to 50 wt.% (Fig. 10). Planets with C/O between 0.9 and 1.02, in particular, rarely have cores smaller than 40 wt.%. Such a population of high-CMF planets could help explain observations of exoplanets with greater CMF than expected from host stellar abundances (Adibekyan et al. 2024). However, uncertainties in observational data (Brinkman et al. 2024) and mass fraction of ices and volatiles, which are the result of a stochastic component of planet formation and are only minutely linked to host stellar abundances, might also explain these discrepancies. The existence of a dichotomy between these high-CMF planets and low-CMF planets forming in disks with bulk C/O below 0.75 should be tested through high-accuracy mass and radius measurements, combined with accurate measurements of host stellar C, O, Fe, Mg, and Si abundances. Such observations would provide a crucial test of our predicted condensation-driven trends in planetary composition.
Our model predicts a dichotomy in rocky exoplanet CMFs, with larger cores (40–50 wt%) forming in high C/O disks (0.85–1.0) and smaller cores (19–41 wt%) in low C/O disks (< 0. 75). These estimates assume all Fe and Ni reside in the core, which oversimplifies real planetary compositions. Earth, for example, has oxidised Fe in its mantle and light elements in its core. Exoplanet models predict a wide range of Fe oxidation states – from fully reduced to coreless planets (e.g. Hatalova et al. 2025) – which our model cannot capture, as oxidised iron can only condense at temperatures below 500 K (similar to Larimer & Bartholomay 1979). Nevertheless, disk C/O likely plays a significant role in controlling variations in CMF, and it offers a testable prediction: planets formed in high-C/O disks are expected, on average, to possess higher CMFs. Moreover, our model likely underestimates this effect, as it excludes Fe–Si alloy condensation, which is likely to occur in high-C/O environments (e.g. Ferrarotti & Gail 2002), and carbon’s siderophile behaviour (Kuramoto & Matsui 1996; Dasgupta et al. 2013). Mass-radius measurements, combined with high-accuracy stellar C and O (and ideally Fe, Mg, Si) abundances, can test this prediction across a large planet sample.
6.2.2 Refractory C and S in planets
Planets have been theorised to form with a major graphite budget for C/O ratios greater than 0.8 (Bond et al. 2010b; Carter-Bond et al. 2012), or as low as 0.65 when sequential condensation is considered (Moriarty et al. 2014). In comparison, we find planets forming with more than 1 mol% C for C/O as low as 0.6, while planets can form nominally C-free for disk C/O ratios up to 0.95 (Fig. 12). We posit that C/O alone is insufficient as a metric to predict the occurrence of carbon-bearing planets; instead, Σ/O better represents the potential of C condensation. Using Σ/O to constrain carbon condensation results in a slight increase in the occurrence of carbon-bearing planets; 12.36% of stars in the GALAH DR3.2 (after filters for data quality) could potentially host refractory carbon-bearing rocky planets (i.e. forms planets with more than 1 mol% C), while 11.90% of stars in the same sample have C/O > 0.8. For comparison, 3.71% of stars in the Hypatia catalogue (Hinkel et al. 2014), which focuses on the solar neighbourhood (i.e. stars within 200 pc from the Sun), could potentially host refractory carbon-bearing rocky planets, while 2.84% of stars in this catalogue have C/O > 0.8. The Hypatia catalogue contains fewer C-rich stars due to the focus on the solar neighbourhood, which is known to have a degree of chemical homogeneity (Bedell et al. 2018). These catalogues both establish that C-bearing planets, and by extension planets with elevated CMF, should exist and potentially be observable. While C/O ratios are known to be sensitive to line selection and prone to overestimation (e.g. Teske et al. 2013; Delgado Mena et al. 2021), the consistently higher fraction of C-rich stars in the GALAH sample supports the likely existence of a population of carbon-rich rocky planets. By extension, these may also include planets with elevated CMFs.
Rocky planets bearing refractory carbon have been theorised to form graphite crusts due to the low density of graphite (Madhusudhan et al. 2012; Hakim et al. 2019), and since the bulk planet carbon budget increases with disk C/O (Fig. 12), it is likely that the graphite lid also grows with increasing disk C/O. While carbon is known to exhibit siderophile behaviour (Kuramoto & Matsui 1996; Dasgupta et al. 2013), graphite may not fully chemically equilibrate with the metal (Keppler & Golabek 2019), and the lid still forms for planets with low carbon budgets. The planet carbon budget grows quickly with disk C/O, to 20–30 mol% at C/O=1.0, so the lid thickness likely increases over this range as well. Once the graphite stability field increases to higher temperatures at C/O > 1.04, planet carbon budgets increase to 40–80 mol%; however, these planets always retain an oxygen-rich silicate reservoir in their interiors, since these silicates still form at temperatures below 1000 K in high-C/O disks. Further, rocky planets primarily sampling low-temperature condensates could potentially form without accreting any refractory carbon, even in disks with C/O > 1.04, and so planet systems around high-C/O stars likely show chemical diversity, containing C-rich and C-poor planets (similar to the results of Bond et al. 2010b; Carter-Bond et al. 2012; Moriarty et al. 2014).
Planets forming in high-C/O disks also accrete SiC and sulphide phases, and especially SiC is theorised to form a major mantle phase (e.g. Bond et al. 2010b). However, stability of SiC is highly sensitive to oxidation state; it readily reacts with oxidised iron (Hakim et al. 2018) and water (Yoshimura et al. 1986; Allen-Sutter et al. 2020) to form SiO2 and graphite. Since water ice and hydrated silicates can readily form at lower temperatures, even in high-C/O environments (Pekmezci et al. 2019), it is likely that water delivery to rocky planets is still active, limiting the amount of SiC that can remain in their mantles. This is subject to the stochastic nature of water delivery, however, and these mechanisms have not been investigated in C-rich environments. The sulphides MgS and CaS are stable mantle phases for fO2 < IW–2 (Anzures et al. 2025), although metal-silicate partitioning of S in such reducing environments is poorly known. While [image: equation] increases with C/O, it remains a MVE with small abundances compared to Fe, Mg, and Si, and thus less than 2% of our sample has more than 1 mol% S in their mantles, before core-mantle partitioning has occurred.
	[image: thumbnail]	Fig. 12 Stellar C/O ratio (top) and bulk planet molar C concentration (bottom) among the Hypatia (orange) and GALAH (blue) stellar abundance catalogues.



6.3 Non-Earth-centric devolatilisation calculations
So far, bulk planet compositions we present were simulated using the Earth–Sun devolatilisation trend. It is not currently known how representative this trend is for exoplanets; in fact, it is reasonable to assume that exoplanet compositional diversity includes variations in devolatilisation patterns, as indicated by coupled dynamics-condensation sequence models (e.g. Bond et al. 2010b; Hatalova et al. 2025). It is known that Mars (Yoshizaki & McDonough 2020) and Vesta (Sossi et al. 2022), as well as most chondrites (e.g. Vollstaedt et al. 2020), follow different trends, and the metal-rich nature of Mercury cannot be explained by volatility-driven processes (Ebel & Stewart 2018). That said, our approach can be extended to bodies with different devolatilisation patterns, since element 50% condensation temperatures are solely dependent on disk conditions (composition, pressure), and are insensitive to formation pathways. This is not true for the TC,eff values, and to accurately determine the bulk C and S abundances of planets with different devolatilisation trends, condensate composition needs to be integrated with a different temperature-space feeding zone, following Section 4.
We estimated the devolatilisation patterns of Mars and Vesta based on their bulk compositions using least squares estimation by following the procedure of Wang et al. (2019a), to explore a wider range of exoplanet compositions, loosening our strict Earth-centric devolatilisation pattern assumption. We fitted the devolatilisation function (Eq. (4)) to the depletion factors of lithophile elements in Mars and Vesta, and found αMars = 2.984 ± 0.044 and βMars = –9.33 ± 0.41 (Yoshizaki & McDonough 2020), and αVesta = 10.80 ± 0.22 and βVesta = –33.4 ± 1.9 (Mittlefehldt 2015; Sossi et al. 2022). Mars is less volatile-depleted than Earth, and thus the effects of Mg and Si becoming more volatile at C/O between 0.8 and 1.02 is less pronounced, with CMF and Mg/Si only marginally increasing (Fig. 13). Similarly, the effective condensation temperatures of C and S are lower, since Mars naturally samples more material equilibrated with the disk gas at temperatures below the stability of graphite and in the stability of FeS. On the contrary, Vesta has a much steeper, more volatile-depleted pattern, and the volatility effects are more pronounced (c.f., a logistic-curve fit for Vesta in Sossi et al. (2022)). Exo-Vesta bodies (i.e. rocky bodies with the devolatilisation pattern of Vesta) can have CMF of up to 70 wt.%, Mg/Si far exceeding that of the Solar System, and the effective condensation temperatures of C and S are higher (note that at low Σ/O, [image: equation] is controlled by MnS rather than FeS). Thus, exo-Vesta bodies forming in high-C/O disks are more C- and S-enriched than exo-Earth and exo-Mars bodies. This approach can be extended to any rocky body with an arbitrary devolatilisation trend, which can show the range of α and β values (Eq. (4)) required for forming high-CMF planets or planets rich in refractory elements (Appendix D). However, [image: equation] and [image: equation] need to be estimated for each trend individually (Figs. C.1, C.2).
While our devolatilisation model (with adjusted parameters) can be extended to Mars and Vesta, applying it to exoplanets beyond those with known Solar System-like devolatilisation patterns would require planet formation models capable of predicting appropriate devolatilisation trends. Planetary compositions likely come from the stochastic accretion of smaller, variably devolatilised components (Sossi et al. 2022), with volatile loss occurring either during formation or subsequent evolutionary stages. Classical dynamical models, which simulate rocky planet formation via the accretion of incompletely condensed planetesimals (Bond et al. 2010b; Carter-Bond et al. 2012; Elser et al. 2012; Moriarty et al. 2014; Shakespeare et al. 2025; Hatalova et al. 2025), are capable of predicting planets with a wide diversity of devolatilisation patterns, including refractory-rich (Dorn et al. 2019), high core-mass fraction (Mah & Bitsch 2023), and coreless planets (Hatalova et al. 2025). In principle, these models could be used to derive depletion patterns that can then be applied to larger samples of exo-planetary systems, enabling statistical exploration of chemical diversity. However, most of these studies focus on a limited number of elements, which is usually insufficient to constrain a full devolatilisation trend. Moreover, while these studies are successful in reproducing the refractory element composition of the Earth and generally predict planetary bulk physical properties (such as mass and radius) well, many of these studies struggle with reproducing the Earth’s observed depletion of MVEs, such as Na and S (see Fig. 2 in Bond et al. (2010a), Fig. 4 in Elser et al. (2012), and Fig. 5 in Moriarty et al. (2014); cf. (Sossi et al. 2022)). This highlights a key gap that will need to be addressed before these models can be applied to infer devolatilisation trends and assess compositional diversity across broader exoplanet samples.
Alternative scenarios, such as pebble accretion with atmospheric pebble ablation, may explain some elemental ratios (e.g. S; Steinmeyer et al. 2023), but their general applicability remains to be tested. Other mechanisms – such as volatile loss from high disk altitudes (Sengupta et al. 2022), small molten bodies (Hin et al. 2017; Norris & Wood 2017; Sossi et al. 2019; Young et al. 2019), magma oceans (Benedikt et al. (2020), cf. Zhang & Driscoll (2025)), loss during impacts (O’Neill & Palme 2008; Pringle et al. 2014), or accretion of chondrule-like material (Vollstaedt et al. 2020) – may contribute to the observed depletion patterns, although their relative importance remains uncertain. Rather than assuming any specific formation pathway, our approach empirically constrains a lower bound on exoplanetary compositional diversity empirically, by applying the shapes of devolatilisation trends observed in Solar System bodies. This method does not aim to explain the origin of these patterns, nor does it rely on assumptions about the temperatures, timescales, or radial locations in the disk at which rocky planets form. While this method is currently limited to planets with Earth-like depletion patterns, it implicitly incorporates the full complexity of planet formation for such bodies and can be extended as models evolve to constrain devolatilisation patterns beyond the Solar System.
	[image: thumbnail]	Fig. 13 Core mass fractions (upper left), bulk molar Mg/Si ratio (upper right), and effective condensation temperatures of C (lower left) and S (lower right) for Earth, Mars, and Vesta. Results for Mars and Vesta are received by changing the shape of the devolatilisation curve (Eq. (4)) with estimates for Mars (αMars = 2.984 ± 0.044 and βMars = –9.33 ± 0.41) and Vesta (αVesta = 10.80 ± 0.22 and βVesta = –33.4 ± 1.9).



	[image: thumbnail]	Fig. 14 Element 50% condensation temperatures (K) for a disk gas with solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.



6.4 Condensation assumptions
Throughout this paper, planet compositions are assumed to follow a volatility-dependent elemental depletion trend defined under full chemical and phase equilibrium, consistent with many planet formation models (e.g. Larimer & Bartholomay 1979; Lodders & Fegley Jr 1995; Bond et al. 2010b; Timmermann et al. 2023). Most gas-solid reactions proceed rapidly above 600 K (e.g. Fe to FeS; Lauretta et al. 1996), if dust grains are sufficiently small (<0.01 μm; Gail 1998). However, the interiors of larger dust grains, pebbles, planetesimals, and proto-planets are shielded from direct interaction with the gas, and cease to equilibrate. Equilibrium chemistry can also cease at lower temperatures in high-C/O disks, as the hydrogenation of CO(g) and solid graphite is kinetically inhibited (Lewis & Prinn 1980), on timescales exceeding the dispersal of the nebular gas (e.g. Ercolano & Pascucci 2017). This is consistent with interstellar carbon being found mainly as CO, CO2, and in refractory solids (e.g. Chiar et al. 1995; Whittet et al. 2007; Bergin et al. 2015). Sequential condensation models have examined chemical evolution of condensates without continuous equilibrium (Cassen 1996; Petaev & Wood 1998; Moriarty et al. 2014; Li et al. 2020; Shakespeare et al. 2025), showing, for example, that graphite can condense at C/O ratios down to 0.6 (Moriarty et al. 2014). While full kinetic and shielding treatments are beyond the scope of this study, we approximated both by assuming that the solids remain in chemical equilibrium with the gas down to an inhibition temperature T0, below which the solids are fully isolated. We followed the sequential condensation implementation in GGCHEM, as introduced by Herbort et al. (2022), considering inhibition temperatures of 3000 K, 1400 K, 1000 K, and 600 K.
For a solar disk composition (Asplund et al. 2009), sequential condensation gives the same TC values for elements with equilibrium TC > 1000 K (Fig. 14). The only exception is Ca at T0 > 1800 K, since the initial Ca condensate under equilibrium conditions (Ca2Al2SiO7) contains A1, which has disappeared from the gas before this condensate can form. Instead, Ca forms Ca2SiO4, with slightly lower [image: equation]. Moderately volatile elements typically have lower TC under sequential condensation conditions, at least if T0 > TC. For example, both Na and K have sequential TC several 100 K lower than their equilibrium TC values, because their usual primary condensate (feldspar; (K,Na)AlSi3O8) requires Si and Al to form, which are both fully depleted in the disk gas. Instead, these elements condense as NaCl, KCl, and Na2S. As a result, [image: equation] is higher under sequential condensation assumptions than in the equilibrium condensation model. The sequential condensation approach mainly affects MVEs, which was used to explain some observed depletion patterns in the Solar System (Cassen 2001), although this requires a dynamical model with unrealistic parameters (Ciesla 2008).
Under equilibrium chemistry, the volatility of elements shifts significantly as oxygen becomes depleted due to CO(g) formation. The sequential condensation model reproduces these shifts in volatility, except for Na and K (Figs. 15, 16); the increased condensation of S at high temperatures prevents Na2S from forming, leading to all Na condensates being NaCl. This, in turn, leaves no Cl for condensing KCl, which results in K remaining gaseous. Thus, planets in high-C/O conditions may be more depleted in Na and K than we estimate assuming equilibrium condensation; this depends on how efficiently S can be freed by the conversion of MgS and CaS to oxides. Given how quickly metallic iron can be converted to FeS under contact with S-bearing gas at lower temperatures (Lauretta et al. 1996), it is likely that reactions between CaS and MgS and the disk gas are fast (full conversion of Fe to FeS takes place within 1000 years for an Fe grain of 1 metre), and thus Na and K should be able to condense even under sequential condensation conditions, though experiments are needed to confirm this.
Sulphur and carbon follow the equilibrium TC values well for high T0. Graphite is only stable above 700K (Figs. 7, B.1) and thus [image: equation] if T0 < 700 K. It is perhaps surprising that [image: equation] is similar to its equilibrium chemistry counterpart at higher T0, since the latter incorporates the disappearance of graphite from the solid at lower temperatures. This can be explained by the stability of MgS and CaS, which would extract oxygen from CO(g) to form oxides under equilibrium chemistry conditions, and the residual C condenses as graphite; thus, less graphite can form overall under sequential chemistry conditions, but the stability of graphite to lower T results in very similar [image: equation]. This increased stability of MgS and CaS also explains the higher [image: equation] for the sequential condensation model. Thus, the sequential condensation model predicts greater stability of S and similar stability of C as the equilibrium condensation model.
Our sequential condensation models show an increased volatility of Na, K, and S in solar-like compositions compared to equilibrium chemistry. This likely holds for physically shielded solids, but for smaller dust grains the incorporation of S is not kinetically inhibited (Lauretta et al. 1996), and Na and K typically condense into solid solutions with anorthite, which forms at 1387 K (Lodders 2003), and is thus likely not kinetically inhibited. Thus, kinetic inhibition should not play a role in setting element volatility in solar-like disks.
In high-C/O environments, sulphur becomes more refractory (similar to recent experimental results Libourel et al. 2025) and oxygen more volatile because CO(g) is no longer destroyed by hydrogenation. While both equilibrium and sequential condensation models for high-C/O disks predict O-poor planets at high temperatures and O-rich planets at lower temperatures (e.g. this work, Bond et al. 2010b; Moriarty et al. 2014), kinetic inhibition of CO(g) hydrogenation removes the O-rich branch, yielding only rocky planets dominated by graphite, iron, carbides, and sulphides. While equilibrium chemistry captures volatility of elements other than O, S, Na, and K well for Earth-like devolatilisation curves, it fails to do so for planets with devolatilisation patterns where element depletion only occurs for TC below the temperature at which chemical equilibrium predicts CO(g) hydrogenation. Thus, for high-C/O environments, caution is required when using element volatility derived from equilibrium chemistry. For most elements and environments, however, our results indicate that kinetic inhibition does not strongly affect the equilibrium volatility-depletion correlation, and equilibrium condensation temperatures remain a reasonable approximation.
	[image: thumbnail]	Fig. 15 Element 50% condensation temperatures (K) for a disk gas with C/O = 0.9 and otherwise solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.



	[image: thumbnail]	Fig. 16 Element 50% condensation temperatures (K) for a disk gas with C/O = 1.25 and otherwise solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.



7 Conclusions
We systematically characterised how element volatility varies with bulk PPD composition, by running condensation sequence simulations across a large statistical sample to calculate 50% condensation temperatures of major planet-building elements. When combined with the Earth–Sun devolatilisation trend – an empirical relationship linking elemental depletion to volatility – these updated condensation temperatures enable plausible simulations of rocky exoplanet compositions for the subset of rocky planets that exhibit Earth-like devolatilisation patterns. We therefore provide a robust and conservative lower limit to chemical diversity of rocky exoplanets. This approach provides a powerful means of predicting a subset of planetary compositions without requiring a complete understanding of the complex planet formation process. It allows us to assess how volatility variations shape the chemical makeup of rocky planets across diverse stellar environments. Our findings reveal key trends that govern the volatility of major planet-building elements (Fe, Mg, Si, Ca, Al, Na, Ni, C, S, and O):

	Volatility of Fe and Ni only depends on their own abundances and does not depend on other element abundances. Variations in planet CMF arise primarily from the condensation behaviour of lighter elements;


	In oxygen-rich environments, the condensation temperatures of rock-forming elements decrease with increasing C/O. Further, each element except Si becomes less volatile as its abundance increases; the volatility of Si increases because Si-rich minerals (quartz and enstatite) condense at lower temperatures than Mg-rich minerals (forsterite);


	Each rock-forming element exhibits a critical C/O transition point beyond which it follows an oxygen-depleted condensation pathway, where each element is significantly more volatile. These critical values depend on the element-to-oxygen ratio and its condensation temperature in oxygen-rich conditions;


	For disks with C/O>1.04, all element volatilities become independent of C/O. Condensation of graphite, which condenses in these disks at a higher temperature than most other elements, buffers the gas to C/O = 1.0;


	Sulphur remains moderately volatile in all disk environments, although it becomes somewhat more refractory as oxygen is depleted. Due to the limited stability of MgS and the universally low abundance of Ca compared to Si, the sulphur content of exoplanet mantles does not typically exceed 1 mol%;


	Carbon condensation as graphite is controlled by the ratio of oxide-forming elements to oxygen rather than C/O alone, allowing graphite to condense at C/O as low as 0.7. Based on stellar abundances in the GALAH catalogue, 12% ofall rocky planets should form with more than 1 mol% C in their interiors.



Notably, we identify a population of exoplanets forming in disks with C/O between 0.84 and 1.04, where the increased volatility of Mg and Si results in planets with high CMFs and mantles rich in refractory lithophile elements (such as Ca and Al). These planets are only mildly carbon-enriched due to the narrow temperature window for graphite condensation in this regime. Importantly, slight deviations in the shape of the devolatilisation trend, such as that of Vesta, can lead to planets with CMF consistent with super-Mercury observations. While stars with C/O > 1.04 are exceedingly rare, stars in this intermediate C/O range are likely to exist. Thus, high-CMF planets with Ca- and Al-rich mantles, which have a high mean density and should be observable with mass and radius measurements, may already be present among currently known rocky exoplanets.
By systematically linking condensation behaviour to disk composition, our framework enables the prediction of rocky exoplanet compositions for any specified devolatilisation trend. Because this approach does not rely on assumptions about specific planet formation pathways, it remains broadly applicable across diverse dynamical models and chemical environments. As formation models advance and begin to constrain devolatilisation patterns beyond the Solar System, our method will provide a crucial tool for translating those trends into robust predictions of planetary composition. In doing so, it expands the compositional landscape of rocky exoplanets and supports more nuanced interpretations of current and future exoplanet observations.
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Appendix A  Condensation temperature parametrisations
Based on our sample of 1000 GGCHEM simulations, we derive parametrisations of how element condensation temperature varies with the bulk PPD composition, which can be applied to all stellar abundances without simulating the condensation sequence for each star. We attempt to find mathematical fits to the condensation temperatures of our sample with the lowest Bayesian Information Criterion (BIC), where [image: equation] for data y, fit to the data ӯ, sample size n, and number of parameters required to produce the fit p. This process is performed for the 50% condensation temperatures of Na, Mg, Al, Si, Ca, Fe, and Ni, and for the effective condensation temperatures of C, O, and S (see Sect. 4).
A.1 Metallicity fits
As mentioned in Sect. 2, we simulate condensation sequences for stellar abundances with metallicity normalised to solar (metallicity M as defined in Eq. (3)), and add a metallicity function to the condensation temperature fits. These metallicity functions [image: equation] are based on a suite of GGCHEM simulations with solar abundances scaled to a range of metallicities. We fit polynomial functions of orders 1 through 10 to the element condensation temperatures from these simulations, and select the fit with the lowest BIC:
[image: equation](A.1)
where T is in K and M is log metallicity, as defined in Sect. 2. The volatiles, for which we consider effective condensation temperatures, show a more complex dependence on metallicity than the non-volatile elements, for which we consider the 50% condensation temperatures. These metallicity dependences are mainly derived for uniformly scaled solar abundances, except for [image: equation], which is based on a metallicity series where we first adjusted the C and O abundances such that C/O = 1.30, while keeping the sum of the C and O abundances constant.
A.2 Fe and Ni
Aside from metallicity, Fe and Ni only depend on their own abundances (Fig. 3). Therefore, simple polynomial fits to AFe and ANi, which are the log molar abundances of Fe and Ni normalised to H=12, describe the condensation temperatures of Fe [image: equation] and Ni [image: equation] well. Their condensation temperatures in K are given by
[image: equation](A.2)
and
[image: equation](A.3)
where the metallicity dependence is given by Eq. (A.1), and M⊙ = 8.99.
A.3 C/O-dependence
The elements Mg, Si, Ca, Al, and Na all have a very similar dependence on C/O in the O-rich regime (Figs. 4, 6). The function that fits these parts the best (i.e. with the lowest BIC) for all elements is the asymptotic function fa(x),
[image: equation](A.4)
with a coordinate transformation x′ = αx + β, where typically α < 0. This function is used to fit TC values for C/O smaller than the critical C/O values for each element. The area for C/O greater than the critical values is usually characterised by a short polynomial section and a flat section.
The critical C/O value between the O-rich and the O-depleted regime also depends on X/O for element X. Some fits are better by simply adjusting this critical C/O value, while for some elements the fit is better by replacing C/O by C/O′ = C/O + x1X/O + x2. These fits are again guided by finding the lowest BIC.
A.4 Ca
The C/O-dependence of Ca is best characterised by
[image: equation]
for C/Ocrit = 0.95 – 7.245(Ca/O – Ca/O⊙), C/Oup per = 1.045, and parameters for the asymptote function a = 1919.6, b = 1.356, n = 0.1396, α = –1.76 · 105, and β = 1.726 · 105.
Further, Ca depends on the abundance of itself, which differs in the O-rich and O-depleted settings,
[image: equation]
and on Ca/Al through a polynomial,
[image: equation]
where Ca/Al is the absolute stellar Ca/Al molar ratio, which corresponds to Ca/Al= ϵCa/ϵAl. Combining all of these equations, the full Tc parametrisation of Ca is
[image: equation](A.5)
A.5 Al
The C/O-dependence of Al is better characterised by using C/O’ = C/O+4.47 · Al/O – 0.022,
[image: equation]
for C/Ocrit = 0.95, C/Oupper = 1.039, and parameters for the asymptote function a = 9.563 · 104, b = 75.65, n = 0.03, α = –2.23 · 104, and β = 2.15 · 104.
Further, [image: equation] depends on the stellar abundances of Al and O, making the full description
[image: equation](A.6)
A.6 Mg
The C/O-dependence of Mg follows that of Al, using C/O’ = C/O+1.184 Mg/O–0.0856,
[image: equation]
for C/Ocrit = 0.88 and C/Oupper = 0.94, with asymptote function parameters a = 1387.91, b = 5.697, n = 0.588, α = –8193.75, and β = 7787.28.
Further, Mg depends on the Mg and O abundances, making the full description
[image: equation](A.7)
A.7 Si
The dependence of Si on C/O contains an additional segment, as it increases strongly in a narrow C/O-range before forming a plateau,
[image: equation]
for C/Ocrit = 0.85 – 1.8 * (Si/O – Si/O⊙), C/Omiddle = 1.022, C/Oupper = 1.0445, and the parameters for the asymptote function are a = 750.48, b = 5.7914 · 10−2, n = 3.333, α = –1, and β = 1.547. Further, the low-C/O section depends on Mg/Si and the molar ratio of all oxide-forming cations, multiplied by their oxide stoichiometry, divided by oxygen (Σ/O), where the cations are multiplied by their oxide stoichiometry and then summed up. These dependencies also have critical transitions, where
[image: equation]
for Mg/Silower = 0.73 and Mg/Siupper = 1.64, and
[image: equation]
for Σ/Ocrit = 1.0695.
Finally, the full dependence of Si condensation on disk chemistry is
[image: equation](A.8)
A.8 Na
The condensation behaviour of Na depends critically on both C/O and Mg/Si,
[image: equation]
where C/Ocrit = 0.77 – 28.82(Na/O – Na/O⊙), and with asymptote function parameters a = 947.54, b = 56.34, n = 1463.62, α = –2.52 · 10−3, β = 1.007. Further,
[image: equation]
with Mg/Silower = 0.836, Mg/Simiddle = 1.499, and Mg/Siupper = 1.975. Note that there is no Mg/Si-dependence between Mg/Silower and Mg/Simiddle. Further, Na depends on Na/Cl,
[image: equation]
Finally, the full dependence of Na condensation on disk chemistry is
[image: equation](A.9)
A.9 C
The condensation behaviour of C can be split into three sections: The section where C does not condense in our models [image: equation], the region where C starts to condense and depends mainly on Σ/O, and the region where C condensation depends primarily on C/O. It follows a similar shape for both sections where C condenses, primarily following the asymptote function, with
[image: equation]
where Σ/Ocrit = 1.0181, C/Ocrit = 1.079, and with asymptote function parameters for the Σ/O) section of a = 1575.77, b = 0.491, n = 0.613, α = 1, and β – 1.015, and for the C/O section the asymptote function has parameters a = 1343.53, b = 0.227, n = 0.808, α = 1, and β = –0.899. Adding the metallicity dependence, the full condensation behaviour parametrisation of C becomes
[image: equation](A.10)
A.10 O
The effective condensation temperature of O is strongly dependent on the presence of other condensates; adding rock-forming elements beyond the ones we consider in this work would alter [image: equation]. We recommend caution in applying this parametrisation, but will nonetheless give its general form, which is informative on its primary condensation behaviour. While carbon is the primary limiter on O condensation, as it locks oxygen away as CO gas, the primary control on [image: equation] is the abundances of rock-forming elements with which O can form oxides, compared to the abundance of oxygen that is available. Thus, using prior definition of Σ/O, let us define Γ = (Σ – ϵC); [image: equation] depends primarily on Γ/O. Its dependence is different for high and low C/O, with a transition to lower temperatures starting around C/O=0.7 and continuing to C/O=1.0, to a trend with a very similar slope. We can define two trends of [image: equation] with Γ/O, flower (Γ/O) and fupper (Γ/O), as well as a transition function t(C/O), such that
[image: equation]
where
[image: equation]
and
[image: equation]
Thus, the condensation behaviour of oxygen can be described by
[image: equation](A.11)
A.11 S
The effective condensation temperature of S primarily depends on Σ/O, with a transition from O-rich condensation, where [image: equation] typically stays below 700 K, to O-depleted condensation, where [image: equation] can reach up to 1100 K, at Σ/O = 1.005. If we define ϕ as log (ϵFe + ϵS), it can be characterised as
[image: equation]
where [image: equation], and
[image: equation]
Thus, in general, the condensation behaviour of S can be described by
[image: equation](A.12)

Appendix B  High-C/O condensate stability
In most disks, including the solar disk, rock-forming elements condense as oxides and silicates, forming common minerals. However, in high-C/O disks, these elements tend to condense as sulphides and carbides instead, due to the unavailability of oxygen. This region of compositional parameter space is also characterised by the condensation of graphite, which starts occurring as soon as the summed abundances of rock-forming elements plus carbon exceeds the abundance of oxygen (i.e. Σ/O; Fig. 8). While at first the condensation temperatures of rock-forming elements depend on C/O, the gaseous C/O is buffered to 1.0 as soon as graphite becomes the primary high-temperature condensate (Lodders & Fegley Jr 1997), and thus the condensation temperatures of these elements are no longer dependent on C/O. The condensation temperature of graphite starts increasing considerably at C/O=1.04, coinciding with the C/O at which [image: equation] and [image: equation] become independent of C/O (Fig. B.1). The condensation temperature of Si increases sharply once graphite becomes significantly more stable as a condensate, indicating the increased availability of C for condensation, although when the condensation temperature of graphite exceeds that of SiC, [image: equation] also becomes independent of bulk disk C/O.
	[image: thumbnail]	Fig. B.1 Graphite condensation stability range as a function of the bulk disk C/O ratio (blue). Condensation temperatures of carbon and rock-forming elements (red) are affected by increased graphite stability at C/O=1.04. Vertical green lines indicate transitions in TC behaviour, as detailed in Sect. A.



At high C/O, both Ca and Mg tend to form sulphides rather than oxides. Specifically CaS has a wide stability field, and becomes the primary Ca-bearing condensate at C/O as low as 0.8 (Fig. B.2). From this point, [image: equation] is identical to the condensation temperature of CaS. The stability of MgS is much more limited, however, and Mg primarily condenses as silicates even at high C/O. The width of the MgS stability field does correlate with disk Mg/Si (Fig. B.3), indicating that MgS formation is primarily linked to the availability of Si to form forsterite. Note that while we find a relation between [image: equation] and MgS condensation, we also assume constant S/Si due to the absence of S abundances in the GALAH catalogue. It is thus not possible to discern between the effects of Mg/S and Mg/Si. The effective condensation temperature of S increases when CaS and MgS start condensing, though [image: equation] is not clearly correlated to [image: equation] and [image: equation]. For Al, the primary condensate is always Al2O3, and their condensation temperatures directly correlate. Finally, [image: equation] is correlated to [image: equation]; however, condensation of SiC does not immediately take up more than half of the available Si. Therefore, [image: equation] is always lower than [image: equation] at high C/O. At low C/O, most elements have condensation temperatures correlating primarily with their own abundances, and the disk C/O ratio. One major exception is Na, which correlates stronger with Mg/Si than with C/O. As Mg/Si increases, the stable Na phase shifts from albite (NaAlSi3O8) to nepheline (NaAlSiO4) to sodium metasilicate (Na2SiO3), which also leads to a decreasing [image: equation]. Interestingly, the stability field of albite further depends on Mg/Si, and increases by 50 K once SiO2 becomes a stable condensate at low Mg/Si (Fig. B.3).
	[image: thumbnail]	Fig. B.2 Temperature and bulk disk C/O range at which the abundance of solid MgS, SiC, CaS, and Al2O3 exceeds 10−7nH, where nH is the molar H abundance of the gas. These solids form the primary condensates in high-C/O disks of the rock-forming elements Ca, Al, Mg, and Si, and of S. Condensation temperatures for these elements (red) are highly correlated with most of these condensate stability fields. Vertical green lines indicate transitions in TC behaviour, as detailed in Sect. A, and elements with constant TC at high C/O display the value of TC as a horizontal black line.



	[image: thumbnail]	Fig. B.3 Temperature and bulk disk Mg/Si range at which the abundances of solid MgS (left) and SiO2 (right) exceed 10−7nH, where nH is the molar Η abundance of the gas. The condensation temperature of Mg (left, red) at high C/O, indicated by a black line, is very similar to that of MgS. The condensation temperature of Na (right, red) is elevated when SiO2 is stable over a temperature range stretching below [image: equation].




Appendix C  Effective condensation temperatures
	[image: thumbnail]	Fig. C.1 Effective condensation temperatures (K) of C (left) and S (right) as a function of the devolatilisation trend, in the shape of Eq. (4). The bulk disk composition is solar (Lodders 2003), adjusting only C and Ο abundances such that bulk disk C/O ratios are 0.8 (top) and 0.9 (bottom), while conserving [image: equation]. We show TD = 10−β/α rather than parameter β on the y-axis. In addition, we show the lowest TD in which C may still condense. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.



The effective condensation temperatures of elements are specific to a particular devolatilisation trend. This is specifically relevant to C and S, which have condensation curves that are not monotonically increasing. To generalise our effective condensation temperature approach to planets beyond Earth-like volatile depletion patterns, we show [image: equation] and [image: equation] values for a range of devolatilisation trends (Figs. Cl, C.2). The effective temperatures increase steadily with both increasing α and β, although we note that increased TC,eff does not correspond to increased abundance of that element in the planet. Vesta uniformally has higher [image: equation] and [image: equation] than Earth, while Mars always has slightly lower temperatures (see also Fig. 13). Graphite also remains stable to lower temperatures as C/O increases.
	[image: thumbnail]	Fig. C.2 Effective condensation temperatures (Κ) of C (left) and S (right) as a function of the devolatilisation trend, in the shape of Eq. (4). The bulk disk composition is solar (Lodders 2003), adjusting only C and Ο abundances such that bulk disk C/O ratios are 1.0 (top) and 1.2 (bottom), while conserving [image: equation]. We show TD = 10−β/α rather than parameter β on the y-axis. In addition, we show the lowest TD in which C may still condense. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.




Appendix D  Devolatilisation controls on composition
Throughout most of the main paper, we focus on applying the Earth–Sun devolatilisation trend to stellar abundances to simulate exoplanet compositions. While these calculations can be extended to exoplanets with any arbitrary devolatilisation trend, the mechanisms behind shaping these trends are poorly understood. Here, we illustrate how the shape of the devolatilisation pattern affects the planet composition. We maintain the general shape of the Earth–Sun trend (Eq. (4)), and vary parameters α and β. We perform this for a range of disk C/O ratios, keeping all other abundances equal to solar. At solar C/O ratio, CMF (defined as bulk planet Fe+Ni mass fraction) are uniform in most of the parameter space (Fig. D.1). There is a narrow region at α > 11 and β < –35 where CMF goes to zero, as planets here only consist of Ca and Al oxides; however, it is very unlikely that such planets can actually form, given the small quantity of dust available for building planets. At higher C/O, a region appears at high α and Earth-like TD = 10−β/α where CMF can reach up to 70 wt%. This is caused by the lower condensation temperatures of Mg and Si at higher C/O, creating a window where planets sampling a narrow region in temperature space accrete Fe-bearing material but very little Mg- and Si-bearing material. Especially at C/O ≥ 0.9, a body with a similar devolatilisation trend to Vesta’s can have CMF as high as 70 wt% (Fig. 13). Thus, the shape of the devolatilisation trend plays a first-order role in shaping a planets structure.
Planets accrete high reservoirs of the refractory rock-forming elements Ca and Al when they primarily sample high-temperature space in low-C/O disks (C/O ≤ 0.9), with the Ca and Al concentrations decreasing quickly as the temperature-space feeding zone widens (i.e. α decreases), or when it samples only lower temperatures (i.e. TD = 10−β/α) decreases (Fig. D.2). At higher C/O, both Ca and Al become less refractory, and planets forming with major Ca+Al reservoirs occupy a small region of (α,β) parameter space, primarily at α > 11, similar to the high-CMF planets. This enrichment of Ca and Al disappears at high C/O, as graphite is stable to very high temperatures. At shallower devolatilisation trends (i.e. lower α) or trends sampling only low temperature space, the CMF and abundances of Ca and Al remain fairly uniform; here, primarily the abundances of MVEs vary, where especially Na could have a major effect on planet properties. We predict the widest variation in planet compositions for devolatilisation trends steeper than that of Earth or sampling a higher temperature range. However, the shape of the devolatilisation trend is an important control on planet composition throughout the entire parameter space, especially when more volatile material (e.g. water ice) is considered than what we cover here. Formation models that accurately reproduce the devolatilisation patterns observed in the Solar System are required to predict how devolatilisation patterns can vary among exoplanets, and should be able to expand our understanding of compositional diversity of rocky exoplanets further.
	[image: thumbnail]	Fig. D.1 CMF, in wt.%, of planets forming with various devolatilisation trend shapes, given in terms of α and TD = 10−β/α, where α and β are defined in Eq. (4). Disk compositions are largely solar, except in C and O abundances, where C/O is varied while preserving ϵC and ϵO. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.



	[image: thumbnail]	Fig. D.2 Molar refractory element (Ca and Al) abundance of planet mantles forming with various devolatilisation trend shapes, given in terms of α and TD = 10−β/α, where α and β are defined in Eq. (4). Disk compositions are largely solar, except in C and O abundances, where C/O is varied while preserving ϵC and ϵO. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated. Note that we plot mol% of Ca and Al here, which is limited by the abundance of oxygen that appears together with the refractory elements.
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Solar disk condensation temperatures based on GGCHEM.
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	[image: thumbnail]	Fig. 1 Histogram of stellar metallicity (top) in the GALAH catalogue with solar metallicity for comparison (Asplund et al. 2009), and 50% condensation temperature of various elements as a function of host stellar metallicity (bottom). Each column of condensation temperatures is calculated from a condensation sequence with solar abundances scaled to the corresponding metallicity. Condensation temperatures are shown relative to the simulation with unsealed solar abundances (Table 1).
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	[image: thumbnail]	Fig. 2 Stellar abundances within the GALAH catalogue (orange; Ν = 91 202) and within the sample for which we ran condensation sequence models (blue; Ν = 1000). Given our adjusted selection procedure, the selected sample places more emphasis on the tails of the distribution presented by the GALAH catalogue. Solar abundances are shown as a dashed black line (Asplund et al. 2009).
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	[image: thumbnail]	Fig. 3 Condensation temperatures (TC) of Fe and Ni, plotted against the logarithmic abundances of Fe and Ni (normalised to H=12; AFe, ANi) in those disks. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.
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	[image: thumbnail]	Fig. 4 Condensation temperatures (TC) of the rock-forming elements Mg, Si, Ca, and Al, plotted against the molar C/O ratio in disks, based on stellar ϵC/ϵO values (top). Solar C/O = 0.55 (Asplund et al. 2009) is indicated as a vertical dashed line. All elements show a transition from high TC at low C/O to lower TC at higher C/O. For Mg, colouring condensation temperature by the disk Mg/O (= ϵMg / ϵO; bottom) reveals that the C/O value at which this transition occurs depends on Mg/O. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.
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	[image: thumbnail]	Fig. 5 Condensation temperatures (TC) of Mg and Si, after subtracting a fit to the C/O-dependence of [image: equation] and [image: equation] (Fig. 4), plotted against the disk Mg/Si ratios. Here, a trend emerges between TC and the molar Mg/Si ratio of the disk (bottom) for Si, but not for Mg. Solar Mg/Si=1.23 (Asplund et al. 2009) is indicated as a vertical dashed line. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.
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	[image: thumbnail]	Fig. 6 Condensation temperature (Tc) of Na, plotted against the molar disk C/O (top) and Mg/Si (bottom). Dots represent simulation results based on stellar abundance data for individual stars. Lines represent results for solar abundances with varying C (top) or varying Mg and Si while conserving bulk Mg+Si (bottom). Temperatures are derived from condensation sequence calculations at P = 10−4 bar.
In the text



	[image: thumbnail]	Fig. 7 Contribution of condensates to Earth’s bulk composition as a function of temperature (top), derived by differentiating the Earth–Sun devolatilisation trend from Wang et al. (2019a). Molar solid elemental composition in chemical equilibrium with the disk gas is plotted as a function of temperature, shown here for two disks from our sample with C/O = 0.9 (middle) and C/O = 1.25 (bottom), at P = 10−4 bar. Only elements with molar abundances greater than 0.25 mol% are shown.
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	[image: thumbnail]	Fig. 8 Condensation temperatures of C (top), O (middle), and S (bottom) in disks with varying compositions. Temperatures are plotted against molar C/O ratios of disks (left) and Σ/O, which is defined as the sum of all elements binding with oxygen, multiplied with their oxide stoichiometry, divided by the oxygen abundance, or Γ/O, where Γ = Σ – ϵC (right). The 50% condensation temperatures are shown as red dots, while effective condensation temperatures (see text) are shown as blue dots. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.
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	[image: thumbnail]	Fig. 9 Stellar (blue) and planetary (red) Fe, Mg, and Si abundances (left) and Ca, Al, and Na abundances (right), normalised to the sum of these three elements. Solar abundances (Asplund et al. 2009) and Earth composition (Wang et al. 2018) are plotted for comparison. While most planets and stars overlap, there are some clear components where Mg and/or Si are depleted.
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	[image: thumbnail]	Fig. 10 Predicted planet mass fractions of core-forming elements Fe and Ni, mantle molar Mg/Si ratio, and mantle minor element (all elements aside from Fe, Mg, Si, and O) molar fraction, as a function of host stellar C/O. Compositions are calculated based on stellar abundances from the GALAH catalogue by applying disk composition-dependent depletion factors to each element. Earth composition is shown (yellow diamond) from Wang et al. (2018), and solar C/O = 0.54 (Asplund et al. 2009); further, the two systems shown in Fig. 7 are indicated (black squares).
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	[image: thumbnail]	Fig. 11 Bulk planet molar compositions obtained by applying the Earth–Sun depletion factors to stellar abundances (orange), and by applying depletion factors adjusted for condensation behaviour (blue), excluding planets containing C. The Fe+Ni mass fraction of the bulk planet is indicative of the planet’s CMF. Earth composition from Wang et al. (2018) is added for comparison (dashed line).
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	[image: thumbnail]	Fig. 12 Stellar C/O ratio (top) and bulk planet molar C concentration (bottom) among the Hypatia (orange) and GALAH (blue) stellar abundance catalogues.
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	[image: thumbnail]	Fig. 13 Core mass fractions (upper left), bulk molar Mg/Si ratio (upper right), and effective condensation temperatures of C (lower left) and S (lower right) for Earth, Mars, and Vesta. Results for Mars and Vesta are received by changing the shape of the devolatilisation curve (Eq. (4)) with estimates for Mars (αMars = 2.984 ± 0.044 and βMars = –9.33 ± 0.41) and Vesta (αVesta = 10.80 ± 0.22 and βVesta = –33.4 ± 1.9).
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	[image: thumbnail]	Fig. 14 Element 50% condensation temperatures (K) for a disk gas with solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.
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	[image: thumbnail]	Fig. 15 Element 50% condensation temperatures (K) for a disk gas with C/O = 0.9 and otherwise solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.
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	[image: thumbnail]	Fig. 16 Element 50% condensation temperatures (K) for a disk gas with C/O = 1.25 and otherwise solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.
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	[image: thumbnail]	Fig. B.1 Graphite condensation stability range as a function of the bulk disk C/O ratio (blue). Condensation temperatures of carbon and rock-forming elements (red) are affected by increased graphite stability at C/O=1.04. Vertical green lines indicate transitions in TC behaviour, as detailed in Sect. A.
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	[image: thumbnail]	Fig. B.2 Temperature and bulk disk C/O range at which the abundance of solid MgS, SiC, CaS, and Al2O3 exceeds 10−7nH, where nH is the molar H abundance of the gas. These solids form the primary condensates in high-C/O disks of the rock-forming elements Ca, Al, Mg, and Si, and of S. Condensation temperatures for these elements (red) are highly correlated with most of these condensate stability fields. Vertical green lines indicate transitions in TC behaviour, as detailed in Sect. A, and elements with constant TC at high C/O display the value of TC as a horizontal black line.
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	[image: thumbnail]	Fig. B.3 Temperature and bulk disk Mg/Si range at which the abundances of solid MgS (left) and SiO2 (right) exceed 10−7nH, where nH is the molar Η abundance of the gas. The condensation temperature of Mg (left, red) at high C/O, indicated by a black line, is very similar to that of MgS. The condensation temperature of Na (right, red) is elevated when SiO2 is stable over a temperature range stretching below [image: equation].
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	[image: thumbnail]	Fig. C.1 Effective condensation temperatures (K) of C (left) and S (right) as a function of the devolatilisation trend, in the shape of Eq. (4). The bulk disk composition is solar (Lodders 2003), adjusting only C and Ο abundances such that bulk disk C/O ratios are 0.8 (top) and 0.9 (bottom), while conserving [image: equation]. We show TD = 10−β/α rather than parameter β on the y-axis. In addition, we show the lowest TD in which C may still condense. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.
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	[image: thumbnail]	Fig. C.2 Effective condensation temperatures (Κ) of C (left) and S (right) as a function of the devolatilisation trend, in the shape of Eq. (4). The bulk disk composition is solar (Lodders 2003), adjusting only C and Ο abundances such that bulk disk C/O ratios are 1.0 (top) and 1.2 (bottom), while conserving [image: equation]. We show TD = 10−β/α rather than parameter β on the y-axis. In addition, we show the lowest TD in which C may still condense. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.
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	[image: thumbnail]	Fig. D.1 CMF, in wt.%, of planets forming with various devolatilisation trend shapes, given in terms of α and TD = 10−β/α, where α and β are defined in Eq. (4). Disk compositions are largely solar, except in C and O abundances, where C/O is varied while preserving ϵC and ϵO. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.
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	[image: thumbnail]	Fig. D.2 Molar refractory element (Ca and Al) abundance of planet mantles forming with various devolatilisation trend shapes, given in terms of α and TD = 10−β/α, where α and β are defined in Eq. (4). Disk compositions are largely solar, except in C and O abundances, where C/O is varied while preserving ϵC and ϵO. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated. Note that we plot mol% of Ca and Al here, which is limited by the abundance of oxygen that appears together with the refractory elements.
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      Table 1 

      Solar disk condensation temperatures based on GGCHEM.

      
        


	Element
	GGCHEM
	L03
	W19





	O
	<400
	180
	183



	Na
	941
	958
	1035



	Mg
	1336
	1336
	1343



	Al
	1652
	1653
	1652



	Si
	1320
	1310
	1314



	S
	661
	664
	672



	Ca
	1512
	1517
	1535



	Ti
	1571
	1582
	1565



	Fe
	1332
	1334
	1338



	Ni
	1282
	1353
	1363





      

      
Notes. Condensation temperatures TC (K) of elements in the solar disk simulated with GGCHEM (±5 K) using solar abundances from Lodders (2003), TC values from Lodders (2003) (L03), and TC values from Wood etal. (2019) (W19).
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        Histogram of stellar metallicity (top) in the GALAH catalogue with solar metallicity for comparison (Asplund et al. 2009), and 50% condensation temperature of various elements as a function of host stellar metallicity (bottom). Each column of condensation temperatures is calculated from a condensation sequence with solar abundances scaled to the corresponding metallicity. Condensation temperatures are shown relative to the simulation with unsealed solar abundances (Table 1).

      

    

  
    
      Fig. 2 
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        Stellar abundances within the GALAH catalogue (orange; Ν = 91 202) and within the sample for which we ran condensation sequence models (blue; Ν = 1000). Given our adjusted selection procedure, the selected sample places more emphasis on the tails of the distribution presented by the GALAH catalogue. Solar abundances are shown as a dashed black line (Asplund et al. 2009).

      

    

  
    
      Fig. 3 
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        Condensation temperatures (TC) of Fe and Ni, plotted against the logarithmic abundances of Fe and Ni (normalised to H=12; AFe, ANi) in those disks. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.

      

    

  
    
      Fig. 4 
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        Condensation temperatures (TC) of the rock-forming elements Mg, Si, Ca, and Al, plotted against the molar C/O ratio in disks, based on stellar ϵC/ϵO values (top). Solar C/O = 0.55 (Asplund et al. 2009) is indicated as a vertical dashed line. All elements show a transition from high TC at low C/O to lower TC at higher C/O. For Mg, colouring condensation temperature by the disk Mg/O (= ϵMg / ϵO; bottom) reveals that the C/O value at which this transition occurs depends on Mg/O. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.

      

    

  
    
      Fig. 5 
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        Condensation temperatures (TC) of Mg and Si, after subtracting a fit to the C/O-dependence of [image: equation] and [image: equation] (Fig. 4), plotted against the disk Mg/Si ratios. Here, a trend emerges between TC and the molar Mg/Si ratio of the disk (bottom) for Si, but not for Mg. Solar Mg/Si=1.23 (Asplund et al. 2009) is indicated as a vertical dashed line. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.

      

    

  
    
      Fig. 6 
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        Condensation temperature (Tc) of Na, plotted against the molar disk C/O (top) and Mg/Si (bottom). Dots represent simulation results based on stellar abundance data for individual stars. Lines represent results for solar abundances with varying C (top) or varying Mg and Si while conserving bulk Mg+Si (bottom). Temperatures are derived from condensation sequence calculations at P = 10−4 bar.

      

    

  
    
      Fig. 7 
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        Contribution of condensates to Earth’s bulk composition as a function of temperature (top), derived by differentiating the Earth–Sun devolatilisation trend from Wang et al. (2019a). Molar solid elemental composition in chemical equilibrium with the disk gas is plotted as a function of temperature, shown here for two disks from our sample with C/O = 0.9 (middle) and C/O = 1.25 (bottom), at P = 10−4 bar. Only elements with molar abundances greater than 0.25 mol% are shown.

      

    

  
    
      Fig. 8 
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        Condensation temperatures of C (top), O (middle), and S (bottom) in disks with varying compositions. Temperatures are plotted against molar C/O ratios of disks (left) and Σ/O, which is defined as the sum of all elements binding with oxygen, multiplied with their oxide stoichiometry, divided by the oxygen abundance, or Γ/O, where Γ = Σ – ϵC (right). The 50% condensation temperatures are shown as red dots, while effective condensation temperatures (see text) are shown as blue dots. Condensation temperatures are derived from condensation sequence calculations at P = 10−4 bar.

      

    

  
    
      Fig. 9 
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        Stellar (blue) and planetary (red) Fe, Mg, and Si abundances (left) and Ca, Al, and Na abundances (right), normalised to the sum of these three elements. Solar abundances (Asplund et al. 2009) and Earth composition (Wang et al. 2018) are plotted for comparison. While most planets and stars overlap, there are some clear components where Mg and/or Si are depleted.

      

    

  
    
      Fig. 10 
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        Predicted planet mass fractions of core-forming elements Fe and Ni, mantle molar Mg/Si ratio, and mantle minor element (all elements aside from Fe, Mg, Si, and O) molar fraction, as a function of host stellar C/O. Compositions are calculated based on stellar abundances from the GALAH catalogue by applying disk composition-dependent depletion factors to each element. Earth composition is shown (yellow diamond) from Wang et al. (2018), and solar C/O = 0.54 (Asplund et al. 2009); further, the two systems shown in Fig. 7 are indicated (black squares).

      

    

  
    
      Fig. 11 

      
        [image: thumbnail]
      

      
        Bulk planet molar compositions obtained by applying the Earth–Sun depletion factors to stellar abundances (orange), and by applying depletion factors adjusted for condensation behaviour (blue), excluding planets containing C. The Fe+Ni mass fraction of the bulk planet is indicative of the planet’s CMF. Earth composition from Wang et al. (2018) is added for comparison (dashed line).

      

    

  
    
      Fig. 12 
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        Stellar C/O ratio (top) and bulk planet molar C concentration (bottom) among the Hypatia (orange) and GALAH (blue) stellar abundance catalogues.

      

    

  
    
      Fig. 13 
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        Core mass fractions (upper left), bulk molar Mg/Si ratio (upper right), and effective condensation temperatures of C (lower left) and S (lower right) for Earth, Mars, and Vesta. Results for Mars and Vesta are received by changing the shape of the devolatilisation curve (Eq. (4)) with estimates for Mars (αMars = 2.984 ± 0.044 and βMars = –9.33 ± 0.41) and Vesta (αVesta = 10.80 ± 0.22 and βVesta = –33.4 ± 1.9).

      

    

  
    
      Fig. 14 
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        Element 50% condensation temperatures (K) for a disk gas with solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.

      

    

  
    
      Fig. 15 
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        Element 50% condensation temperatures (K) for a disk gas with C/O = 0.9 and otherwise solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.

      

    

  
    
      Fig. 16 
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        Element 50% condensation temperatures (K) for a disk gas with C/O = 1.25 and otherwise solar composition at 10−4 bar under equilibrium or sequential condensation assumptions. For the sequential condensation model, the solid composition is assumed to evolve under chemical equilibrium down to T0, below which solids do not interact chemically with the gas.

      

    

  
    
      Fig. B.1 
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        Graphite condensation stability range as a function of the bulk disk C/O ratio (blue). Condensation temperatures of carbon and rock-forming elements (red) are affected by increased graphite stability at C/O=1.04. Vertical green lines indicate transitions in TC behaviour, as detailed in Sect. A.

      

    

  
    
      Fig. B.2 
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        Temperature and bulk disk C/O range at which the abundance of solid MgS, SiC, CaS, and Al2O3 exceeds 10−7nH, where nH is the molar H abundance of the gas. These solids form the primary condensates in high-C/O disks of the rock-forming elements Ca, Al, Mg, and Si, and of S. Condensation temperatures for these elements (red) are highly correlated with most of these condensate stability fields. Vertical green lines indicate transitions in TC behaviour, as detailed in Sect. A, and elements with constant TC at high C/O display the value of TC as a horizontal black line.

      

    

  
    
      Fig. B.3 
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        Temperature and bulk disk Mg/Si range at which the abundances of solid MgS (left) and SiO2 (right) exceed 10−7nH, where nH is the molar Η abundance of the gas. The condensation temperature of Mg (left, red) at high C/O, indicated by a black line, is very similar to that of MgS. The condensation temperature of Na (right, red) is elevated when SiO2 is stable over a temperature range stretching below [image: equation].

      

    

  
    
      Fig. C.1 
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        Effective condensation temperatures (K) of C (left) and S (right) as a function of the devolatilisation trend, in the shape of Eq. (4). The bulk disk composition is solar (Lodders 2003), adjusting only C and Ο abundances such that bulk disk C/O ratios are 0.8 (top) and 0.9 (bottom), while conserving [image: equation]. We show TD = 10−β/α rather than parameter β on the y-axis. In addition, we show the lowest TD in which C may still condense. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.

      

    

  
    
      Fig. C.2 
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        Effective condensation temperatures (Κ) of C (left) and S (right) as a function of the devolatilisation trend, in the shape of Eq. (4). The bulk disk composition is solar (Lodders 2003), adjusting only C and Ο abundances such that bulk disk C/O ratios are 1.0 (top) and 1.2 (bottom), while conserving [image: equation]. We show TD = 10−β/α rather than parameter β on the y-axis. In addition, we show the lowest TD in which C may still condense. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.

      

    

  
    
      Fig. D.1 
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        CMF, in wt.%, of planets forming with various devolatilisation trend shapes, given in terms of α and TD = 10−β/α, where α and β are defined in Eq. (4). Disk compositions are largely solar, except in C and O abundances, where C/O is varied while preserving ϵC and ϵO. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated.

      

    

  
    
      Fig. D.2 
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        Molar refractory element (Ca and Al) abundance of planet mantles forming with various devolatilisation trend shapes, given in terms of α and TD = 10−β/α, where α and β are defined in Eq. (4). Disk compositions are largely solar, except in C and O abundances, where C/O is varied while preserving ϵC and ϵO. The devolatilisation trends of Earth (yellow diamond), Mars (red circle), and Vesta (blue square) are indicated. Note that we plot mol% of Ca and Al here, which is limited by the abundance of oxygen that appears together with the refractory elements.
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