
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Integrated OLR for psurf = 260 bar and Tsurf = 1000 K and different H2O to CO2 content. Mixing CO2 into the steam atmosphere mainly acts to cool the upper atmosphere layers toward the CO2 condensation curve. Only for [image: equation] (that is, [image: equation]) will the overall thermal emission increase again as the steep adiabat of a CO2- dominated atmosphere extends into the upper thermally emitting part of the atmosphere.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        TRAPPIST-1 g: Net flux (OLR-ASR) evolution for the magma ocean scenarios shown in Fig. 4; that is, for 1 TO, 5 TO, and 100 TO initial H2O and various initial CO2 mass fractions for an albedo of 0. We note simulations with an assumed albedo of 0.75 (not shown) are qualitatively similar but have a shorter regime with net flux limited by the runaway greenhouse radiation limit.

      

    

  
    
      Fig. 7 

      
        [image: thumbnail]
      

      
        Overview of magma ocean solidification time (left) and the remaining water in the solid mantle compared to initial water mass in percent (right) for TRAPPIST-1 e (red), f (green), and g (purple), considering various CO2 contents for albedo 0.75 (top panels) and albedo 0 (bottom panels). Solid lines represent scenarios with pure H2O atmospheres, dash-dotted lines denote scenarios with added CO2 scaled by 0.3x compared to the initial H2O mass, and dotted lines show scenarios with added CO2 equal to the initial water mass. Colored shaded regions denote the time, when the respective planet enters the habitable zone.

      

    

  
    
      Table 6 

      Combinations of core mass fractions and water mass fractions for TRAPPIST-1 e, f, and g that match the observed radii from Agol et al. (2021).

      
        


	
	H2O [wt-%]



	Fe [wt-%]
	e
	f
	g





	15
	–
	–
	0



	20
	–
	0
	1.1



	25
	0
	1.5
	3.1



	27
	0.6 (a)
	2.3
	3.8



	30
	1.7
	3.4
	5.0



	35
	3.5
	5.5
	7.9



	40
	5.5
	8.5
	10.9



	45
	8.3
	11.4
	14.1



	50
	11.3
	14.3
	17.0





      

      
Notes. (a)Desiccated (0 wt%) and Earth-like water composition of 0.03– 0.27 wt% are also possible within error bars.




    

  
    
      Fig. A.1 

      
        [image: thumbnail]
      

      
        Outgassing of H2O (blue) and CO2 (red) from different publications (ET: Elkins-Tanton (2008), Sch: Schaefer et al. (2016), LT: Lichtenberg et al. (2021), Ni: Nikolaou et al. (2019)). The data reference for ET and Sch is Papale (1997), for Ni these are Carroll & Holloway (1994) for H2O and Pan et al. (1991) for CO2, for LT these are Silver et al. (1990); Holtz et al. (1995); Moore & Carmichael (1998); Yamashita (1999); Gardner et al. (1999); Liu et al. (2005) for H2O and Mysen et al. (1975); Stolper & Holloway (1988); Pan etal. (1991); Blank et al. (1993); Dixon et al. (1995) for CO2.

      

    

  
    
      Table A.1 

      Placeholder for differentiation of mass balance equations.

      
        


	mass balance H2O
	mass balance CO2



	(volatile 1)
	(volatile 2)





	[image: equation]
	[image: equation]



	[image: equation]
	[image: equation]



	[image: equation]
	[image: equation]



	f = 3.44 × 10−8 (Schaefer) or 2.08 × 10−6 (E-T)
	v = 2.08 × 10−6 (E-T)



	e =0 (Schaefer) or −3 × 10−3 (E-T)
	u = −5 × 10−4 (E-T)



	exp1 = 1/0.74 (Schaefer) or 1/0.52 (E-T)
	exp2 = 1/0.45 (E-T)



	[image: equation]
	[image: equation]



	




	Both volatile systems



	




	h = Mliq



	[image: equation]



	[image: equation]





      

      
(1) Due to numerical reasons, we add in the code implementation mass budget correction terms to a1 and a2. See Sect. D for a description and discussion of code stability and performance.




    

  
    
      Fig. B.1 

      
        [image: thumbnail]
      

      
        Outgoing thermal flux for a pure H2O atmosphere on an Earth gravity planet (𝑔 = 9.81 m/s2) based on the analytic gray atmosphere and full RT calculations under different assumptions. The results of the full RT calculations in a vertically extended atmosphere (Full RT) with heat capacity varying with temperature, cP(T), are used for benchmarking (solid lines). The models are compared for the same surface temperatures and pressures, where different surface pressures are indicated by variations in color. Left panel: Results of full RT calculations with temperature-dependent cP (solid lines), full RT with constant cP (dashed lines), and the gray atmosphere model (dash-dotted lines). Right panel: Results of the corrected gray atmosphere (dash-dotted lines) compared to the full RT.

      

    

  
    
      Fig. B.2 

      
        [image: thumbnail]
      

      
        Left: Specific heat capacity versus temperature for constant cP (blue) and cP(T) (dark orange). Right: H2O pressure-temperature profiles for psurf = 260 bar and Tsurf = 1000 K (dash-dotted) and 2000 K (solid). Profiles assuming constant cP are shown in blue and profiles assuming temperature dependent cP are shown in dark orange. Note that for a 1000 K surface, the difference between the profiles is negligible.

      

    

  
    
      Fig. B.3 

      
        [image: thumbnail]
      

      
        Outgoing thermal flux for a pure CO2 atmosphere on an Earth gravity planet (𝑔 = 9.81 m/s2) are shown for gray atmosphere model with different assumptions. The results of the full RT in a vertically extended atmosphere (“Full RT”) is used for benchmarking (solid lines). The models are compared for the same surface temperatures and pressures, where different surface pressures are indicated by variations in color. Left panel: Results of the gray atmosphere model is shown for ĸ0(CO2) = 0.001 m2/kg (dashed lines) and ĸ0(CO2) = 0.05 m2/kg (dash- dotted lines). Right panel: Results of the corrected gray atmosphere is shown (dash-dotted lines) in comparison to the Full RT calculations.

      

    

  
    
      Fig. B.4 

      
        [image: thumbnail]
      

      
        Outgoing thermal flux for a mixed H2O-CO2 atmosphere on an Earth gravity planet (𝑔 = 9.81 m/s2) based on the corrected gray atmosphere (dashed lines) and full RT calculations with vertically extended atmosphere (solid lines) for the same surface temperatures and pressures, respectively. Different surface pressures are indicated by variations in color. Results are shown for two examples of a two component atmosphere with water volume mixing ratio [image: equation] (left panel) and [image: equation](right panel), respectively.

      

    

  
    
      Fig. B.5 

      
        [image: thumbnail]
      

      
        OLR limit for Earth with a two component H2O-CO2 atmosphere for different H2O volume mixing ratios using full RT (circles) vs. the parametric fit defined in Eq. (B.13) (solid line).

      

    

  
    
      Fig. B.6 

      
        [image: thumbnail]
      

      
        Left panel: Emission versus wavelength for a pure H2O atmosphere in the runaway greenhouse limit for different surface gravities. Right panel: OLR limit for a two component H2O-CO2 atmosphere and different surface gravities (circles) including the adjusted parametric fits (solid lines) using Eq. (B.15).

      

    

  
    
      Fig. C.4 

      
        [image: thumbnail]
      

      
        Earth magma ocean simulation setup for comparison with Elkins-Tanton (2008) with the traditional gray model but without greenhouse limit and the full RT grid model. Scenarios are as listed in Table C.1. The solid lines denote results of simulations with the gray atmosphere model. The dotted lines denote results of simulations with full RT. We note again that we show the net flux, which is equal ASR- OLR.

      

    

  
    
      Fig. C.7 

      
        [image: thumbnail]
      

      
        Earth magma ocean simulation that compares the mixed H2O- CO2 magma oceans of Elkins-Tanton (2008) (ET) and Nikolaou et al. (2019) (Ni) and with a wet case volatile budget (Table C.2). For most scenarios the full RT atmosphere model is used (red). The solid lines denote ET-simulations. The dash-dotted lines denote a wet simulation with the outgassing laws from Nikolaou et al. (2019). For the latter scenario, an additional simulation with the corrected gray atmosphere model is shown (purple lines). The dotted red line denotes a simulation with only H2O using the outgassing laws of Nikolaou et al. (2019) and the RT atmosphere model.

      

    

  
    
      Fig. C.8 

      
        [image: thumbnail]
      

      
        Volatile content in the magma ocean and the atmosphere for an Earth magma ocean simulation with the outgassing laws of Nikolaou et al. (2019), using the RT grid and for the dry case (top panels) and wet case (bottom panels). See Table C.2 for the respective volatile content of the simulations. Shown are melt fraction (left) and volume mixing ratio (VMR, right) for H2O (in blue) and CO2 (in dark red) for the mixed case and the cases with only H2O (dotted blue) and only CO2 (dotted red lines), respectively.

      

    

  
    
      Table C.3 

      MagmOc2.0 results for Earth to compare with Elkins-Tanton (2008, Tab. 3, Earth (2000 km)).

      
        


	melt fractionb [wt%]
	Dry case: 0.05 H2O (0.01/4 × 10-5){0.023}a CO2
	Wet case: 0.5 H2O (0.1/4 × 10-4){0.23}a CO2



	Initial massa [TO]
	1.02 H2O (0.21/0.48) CO2
	10.2 H2O (2.1/4.8) CO2



	




	Model*
	Elkins-Tanton
	MagmOc2.0 (Ni)
	Elkins-Tanton
	MagmOc2.0 (Nicolaou)





	Fraction of initial volatile content outgassed into the atmosphere [%]



	




	H2O
	70
	75
	91
	85



	CO2
	78
	99.84
	95
	99.85



	




	Final atmospheric pressure (sum of partial pressures of H2O and CO2) [bar]



	




	
	240
	261
	3150
	3687



	




	Solidification time, for [image: equation] and [image: equation] [m2/kg] for gray model [Myrs]



	




	
	0.06
	0.8
	2.4
	1.8



	




	Volatile content of liquids remaining [wt%]



	




	H2O
	1.5
	1.1
	5.3
	5.9



	CO2
	0.2
	0.003
	0.7
	0.03





      

      
*: Using the full RT grid model and the outgassing laws of Nikolaou et al. (2019).


a The CO2 content differs between the ET and Nicolaou-simulations. Thus, the content is given in brackets divided by slashes as ET/Nicolaou).


b : In the ET-simulations, all CO2 is assumed to be in the melt initially. In the Nicolaou (Ni)-simulations, however, we already start with a substantially outgassed CO2 atmosphere. For better comparison, we thus give here in curly brackets for the Nicolaou-simulation also the initial melt fraction assuming that all CO2 is dissolved.




    

  
    
      Fig. D.1 

      
        [image: thumbnail]
      

      
        TRAPPIST-1 g magma ocean evolution with different relative accuracies ϵ in the integration during runtime for no additional CO2 in the system (red: ϵ = 10–1, green: ϵ = 10–2, purple: ϵ = 10–3). Top panels show surface temperatures, middle panels show volatile partial pressures (solid: H2O, dotted: O2), bottom panels show net flux for initial water masses of 1 TO, 5 TO, and 100 TO from left to right.

      

    

  
    
      Fig. D.3 

      
        [image: thumbnail]
      

      
        TRAPPIST-1 g magma ocean evolution with different relative accuracies ϵ in the integration during runtime for additional Co2, the mass of which is scaled by a factor of 1 with the initial H2O masses in the system (red: ϵ = 10–1, green: ϵ = 10–2, purple: ϵ = 10–3). Top panels show surface temperatures, middle panels show volatile partial pressures (solid: H2O, dashed: CO2 dotted: O2), bottom panels show net flux for initial water masses of 1 TO, 5 TO, and 100 TO from left to right.

      

    

  
    
      Table D.1 

      Run times of TRAPPIST-1 g simulations with initial CO2 mass equal to the initial H2O mass.

      
        


	Initial water mass [TO]
	1
	2
	100





	RT atmosphere model



	




	ϵ = 10–1
	6 min 11 s
	6 min 4 s
	6 min 1 s



	ϵ = 10–2
	10 min 22 s
	11 min 25 s
	11 min 15 s



	ϵ = 10–3
	27 min 41 s
	22 min 54 s
	22 min 40 s



	




	Corrected gray atmosphere model



	




	ϵ = 10–1
	0 min 40 s
	0 min 41 s
	0 min 41 s



	ϵ = 10–2
	0 min 45 s
	0 min 48 s
	0 min 47 s



	ϵ = 10–3
	1 min 3 s
	1 min 2 s
	1 min 2





      

      
On a state-of-the-art multicore machine with different numerical accuracies ϵ.




    

  
    
      Table E.1 

      50% condensation temperatures and volume mixing ration for different molecules in the accretion disk.

      
        


	Molecule
	Tc [K]
	volume mixing ratio





	CO
	20
	0.45 ⋅ C/H



	CH4
	30
	0.45 ⋅ C/H



	CO2
	70
	0.1 ⋅ C/H



	NH3
	123
	N/H



	H2O
	150
	O/H - (3 ⋅ MgSiO3/H + 4 ⋅ Mg2SiO4/H + CO/H + 2 ⋅ CO2/H + 3 ⋅ Fe2O3/H + 4 ⋅ Fe3O4/H)



	Fe3O4
	371
	16 ⋅ (Fe/H - S/H)



	FeS
	664
	S/H



	MgSiO3
	1316
	Mg/H - 2·(Mg/H - Si/H)



	Fe2O3
	1328
	0.25 ⋅ (Fe/H - S/H)



	Mg2SiO4
	1336
	Mg/H - Si/H



	CaAl12O19
	1529
	(Al/H - Ca/H)/11



	Ca2Al2SiO7
	1659
	0.5·(Ca/H - CaAl12O19)
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