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Highlights 

• Numerical modelling of sulfide deposit genesis in martian lava flows. 

• Erosion and assimilation of sulfidic substrate triggers sulfide batch segregation. 

• Upgrade of precious metals (Ni, Cu and PGE) by sulfide-silicate melt equilibration.  

• Sulfate assimilation promotes SO2 degassing rather than sulfide supersaturation. 
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Abstract 

 

Mantle-derived volcanic rocks on Mars display physical and chemical commonalities with 

mafic-ultramafic ferropicrite and komatiite volcanism on the Earth. Terrestrial komatiites 

are common hosts of massive sulfide mineralization enriched in siderophile-chalcophile 

precious metals (i.e., Ni, Cu, and the platinum-group elements). These deposits correspond 

to the batch segregation and accumulation of immiscible sulfide liquids as a consequence 

of mechanical/thermo-mechanical erosion and assimilation of sulfur-rich bedrock during 

the turbulent flow of high-temperature and low-viscosity komatiite lava flows. This study 

adopts this mineralization model and presents numerical simulations of erosion and 

assimilation of sulfide- and sulfate-rich sedimentary substrates during the dynamic 

emplacement of (channelled) mafic-ultramafic lava flows on Mars.  

For sedimentary substrates containing adequate sulfide proportions (e.g., 1 wt% S), our 

simulations suggest that sulfide supersaturation in low-temperature (<1350 °C) flows could 
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be attained at <200 km distance, but may be postponed in high-temperature lavas flows 

(>1400 °C). The precious-metals tenor in the derived immiscible sulfide liquids may be 

significantly upgraded as a result of their prolonged equilibration with large volumes of 

silicate melts along flow conduits. The influence of sulfate assimilation on sulfide 

supersaturation in martian lava flows is addressed by simulations of melt-gas equilibration 

in the C-H-O-S fluid system. However, prolonged sulfide segregation and deposit genesis 

by means of sulfate assimilation appears to be limited by lava oxidation and the release of 

sulfur-rich gas. 

The identification of massive sulfide endowments on Mars is not possible from remote 

sensing data. Yet the results of this study aid to define regions for the potential occurrence 

of such mineral systems, which may be the large canyon systems Noctis Labyrinthus and 

Valles Marineris, or the Hesperian channel systems of Mars’ highlands (e.g., Kasei 

Valles), most of which have been periodically draped by mafic-ultramafic lavas. 

 

1. Introduction 

 

On Earth, Archean to Proterozoic high-temperature komatiite flows are hosts of massive 

sulfide mineralization enriched in siderophile-chalcophile precious metals (Ni, Cu and 

platinum-group elements, PGE). The erosion and assimilation of sulfur-rich substrates 

during the turbulent flow of high-temperature komatiite lavas accounted for sulfide 

supersaturation and the segregation of sulfide liquids above cotectic proportions (i.e., batch 

segregation). Their continuous equilibration with replenished silicate melts resulted in the 

upgrade of precious siderophile-chalcophile metals, and dynamic processes in the flows 

allowed for their concentration in physical traps such as local footwall 

depressions/embayments (Campbell and Naldrett, 1979; Arndt and Jenner, 1986; Lesher 

and Groves, 1986; Rice and Moore, 2001; Arndt et al., 2005; Barnes and Fiorentini, 2012. 

On Mars, evidence for mafic-ultramafic volcanic activity is widespread. Orbital and in-situ 

data suggest physical-chemical commonalities with high-temperature (up to ~1600 °C) 

komatiite and ferropicrite volcanism on the Earth (Baird and Clark 1984; Burns and Fisher 

1990; Filiberto, 2008; Grott et al., 2013; Lentz et al., 2011; Baumgartner et al., 2015). 

These similarities led Burns and Fisher (1990) to speculate whether similar sulfide 

occurrences have formed on Mars, but this idea gained limited attention since then (c.f., 

Baumgartner et al., 2015).  
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Evidence for orthomagmatic sulfide enrichments at Mars’ near surface remains scarce. 

Inferences from satellite missions are complicated by the general lack of remotely 

identifiable optical features of sulfides (e.g., via hyperspectral imagery). The areas covered 

by rovers and landers are necessarily limited (McSween et al., 2008; Grotzinger et al., 

2014; Sautter et al., 2014, 2015), and the in-situ investigations did not provide any 

indications for localized sulfide enrichments. Of course, the long-term preservation of 

sulfides at the surface would be hindered by their susceptibility to rapid oxidation in 

contact with the martian atmosphere, and existing sulfide deposits preserved at subsurface 

levels would only be exposed by large meteoritic impacts. Recent studies advocated that 

the high sulfate contents of sedimentary deposits may be related to the oxidation and 

alteration of orthomagmatic sulfides (Dehouck et al., 2012). However, such sulfate 

enrichments may have formed by volcanogenic sulfur release and sulfate precipitation 

during times of intense magmatism (Righter et al., 2009; Gaillard et al., 2013; Filiberto et 

al., 2016). The shergottite-nakhlite-chassignite (SNC-) meteorites contain orthomagmatic 

Fe-Ni-Cu sulfides, but the total abundances are within cotectic proportions expected from 

magmatic differentiation (Lorand et al., 2005; Chevrier et al., 2011). 

As similar to komatiite volcanism on the Earth, the study of Baumgartner et al. (2015) 

suggested that the erosion and assimilation of sulfur-rich substrates by turbulent high-

temperature lava flows could have triggered sulfide mineralization events on Mars. 

However, several key mechanisms in this model require evaluation. Morphological 

evidence exists for the occurrence of low-viscosity lavas, some of which drained as 

turbulent channel and tube flows along topographically controlled pathways. Previous 

studies focused on numerical simulation of the erosive capabilities of such channelled 

flows, but no attention was drawn on the diverse array of variably consolidated materials 

on Mars’ surface (Williams et al., 2005; Garry et al., 2007; Hurwitz et al., 2010; Jaeger et 

al., 2010; Hopper and Leverington, 2014; Cataldo et al., 2015), as well as the range of 

physical and chemical properties of mantle melts and related volcanic surface flows 

(Baratoux et al., 2011, 2013; Filiberto and Dasgupta, 2015). The effects of sulfide- or 

sulfate-rich substrate erosion/assimilation on specific physical and chemical lava 

characteristics, in particular with respect to the properties that control sulfide 

supersaturation and sulfide batch segregation (sulfide anions, S
2-

, in melt versus sulfur 

capacity at sulfide saturation, SCSS), remain unconstrained.  

The evaluation of large sulfide endowments on Mars must be a predictive modeling 

approach. Therefore, this study combines equations accounting for lava erosion (Huppert 
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and Sparks, 1985; Williams et al., 1998, 2001, 2005; Cataldo et al., 2015), with 

formulations for sulfide saturation (Righter et al. 2009; Jugo et al., 2010; Fortin, et al., 

2015) in a numerical model allowing for the batch segregation of immiscible sulfide 

liquids. Various scenarios are examined in which lavas assimilate substrates of variable 

composition and degree of consolidation. These scenarios include sulfide-rich regolith 

comparable to the regolith breccias Northwest Africa 7533 and Northwest Africa 7034 

(hereafter and NWA 7034 and NWA 7533; Agee et al., 2013; Humayun et al., 2013; 

Lorand et al., 2015; McCubbin et al., 2016), and the sulfate-rich sedimentary materials 

observed at landing sites (Squyres and Knoll, 2005; Squyres et al., 2012; Williams et al., 

2013; McLennan et al., 2014; Vaniman et al., 2014; Mangold et al., 2016; Thompson et al., 

2016).  

This study first examines the potential physical flow parameters and erosive capabilities of 

turbulent lava flows on Mars. The favorable conditions for sulfide supersaturation in terms 

of sulfide-rich substrate assimilation are then constrained by a sensitivity analysis for the 

lava, substrate and ambient parameters. The influence of sulfate assimilation is examined 

by thermodynamic simulations of melt-gas equilibration in the C-H-O-S fluid system (c.f., 

Burgisser et al., 2007, Gaillard et al., 2013; Burgisser et al. 2015). Consideration of mantle 

melting conditions and related melt compositions (Baratoux et al., 2011; Baratoux et al., 

2013; Filiberto and Dasgupta, 2015), as well as the diversity and spatial distribution of 

sulfur-rich lithologies (Bibring et al., 2006; King and McLennan, 2010; Gaillard et al., 

2013), allows for inferences on martian igneous environments in which massive sulfide 

mineralization may have formed. 

 

2. Background - erosion by turbulent lava flows on Mars 

 

Low-viscosity lavas usually inundate the local terrain as laminar flows (Reynolds number, 

Re, <2300) and drain along topographically controlled pathways in which fully developed 

turbulence (Re >2300) may occur. Turbulence accounts for enhanced erosion rates and the 

development of branching channels that become the main flow pathways. In principal, 

substrate erosion and assimilation by lava is governed by mechanical and thermal erosion. 

Efficient heat transfer in convective turbulent flows accounts for thermal erosion rates that 

are usually one or several orders of magnitude higher in than in conductive laminar flows 

(e.g., Hulme, 1973; Huppert and Sparks, 1985; Williams et al., 1998, 2005). Mechanical 

erosion is function of the shear stress of the lava on the ground, and thus increases 
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proportionally with the kinetic energy of the flow (Sklar and Dietrich, 1998; Hurwitz et al., 

2010, 2013). A third erosion regime is referred to as thermo-mechanical erosion (e.g., 

Huppert and Sparks, 1985; Williams et al. 1998; Hurwitz et al., 2010, 2013). It differs from 

pure thermal erosion only in that the substrate is mechanically mobilized as a result of low 

fractions of substrate melting. 

The martian surface contains evidence for erosion by such low-viscosity lava flows. 

Typical morphological features include channels and tubes at the flanks of shield 

volcanoes (Fig. 1a and Fig. 1b; e.g., Williams et al., 2005; Bleacher et al., 2007; Vaucher 

et al., 2009; Lopez et al., 2012; Crown and Ramsey, 2016). Channel systems also emanate 

at the peripheries of large igneous provinces (e.g., Granicus Valles west of the Elysium 

province; Fig. 1c), or are associated with low-shield and fissure-fed fluid expulsions. The 

channels at Athabasca Valles (Fig. 1d), with Amazonian flows that emanate at Cerberus 

Tholi and drain into Elysium Planitia, are the best studied channel structures that at least 

partially formed by lava erosion (Plescia, 1990; Hurwitz et al., 2010; Jaeger et al., 2010; 

Cataldo et al., 2015). The long outflow channels of the Hesperian are usually interpreted as 

products of enormous water outbursts or the prolonged drainage of meteoric water (Carr, 

1979; Milton, 1973; Clifford, 1993; Leask et al., 2007; Warner et al., 2009). Indeed, they 

share morphological commonalities with water-carved depressions on Earth, including 

sinuosity and meandering geometries, streamlined islands and longitudinal grooves. 

However, channels formed by lava share similar features, which complicates interpretation 

of their origin on the basis of remote imagery. 

A paradigm shift towards erosion by turbulent lava was advocated by recent studies 

(Leverington, 2004, 2007, 2009, 2011; Leone, 2014), as the planet-wide formation of 

channel systems by water relies on impractical hydrodynamical and hydrogeological 

assumptions. Also, limited correspondence exists between hypothesized planet-wide 

shallow water reservoirs and the abundances of hydrated minerals on Mars’ surface. 

Although controversially discussed, erosion by lava may have been a key mechanism for 

the formation of several channel systems that were initially interpreted to be exclusively 

carved by water, such as Hrad Valles (Hopper and Leverington, 2014) and Kasei Valles 

(Dundas and Keszthelyi, 2014). 

 

3. Numerical methods 
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3.1. Lava flow and erosion modeling 

 

The numerical lava flow and erosion equations proposed by Williams et al. (1998, 2001) 

are solved numerically using IDL, and have been extended with several new capabilities. 

The numerical model is developed for steady-state channel and tube flows in which 

turbulence is fully developed (Reynolds number, Re, >2300). The simulation requires the 

specification of ambient conditions and physical-chemical properties of the flowing lava 

and substrate. Auxiliary equations are used to determine the evolving lava characteristics 

(i.e., due to lava cooling, fractionation and substrate assimilation) at incremental steps. 

The progression of flow is simulated with incremental calculations (x) that are initiated 

with the calculation of the initial lava flow velocity (v), Reynolds number (Re) and flow 

thickness (h), using equations for turbulent channel and tube flows: 

 






)sin(hg
v  (eq. 1), 

2)64.1ln(Re)79.0(   (eq. 2), 

l

l QRe



  (eq. 3), 

v

Q
h  (eq. 4), 

 

in which Q is flow rate per unit width, α is ground slope, g is surface gravity (~3.71 m
2
·s

-

1
), and λ is the Fanning friction factor between lava and substrate (Kakaç et al., 1987); see 

Table 1 for notations and parameter entities. The bulk density of lava (ρl) is calculated 

from the chemical composition of the melt using the model of Lange and Carmichael 

(1987), and accounting for the crystal (olivine) fraction (X) in the flow. The incremental 

mass fraction of crystallization (ΔX) is calculated following temperature-dependent olivine 

saturation in the lava assuming constant olivine crystallization rates (ΔX/ΔT; calculated in 

MELTS; Ghiorsio and Sack, 1995). The bulk viscosity of lava (μl) is computed by the 

formulations given in Giordano et al. (2008) for the melt fraction, and in conjunction with 

the Einstein-Roscoe equation for the crystal fraction. Gas bubbles influence the rheology 

and thermal properties of flowing lava. However, detailed calculations are omitted because 

these influences remain poorly constrained (Pinkerton and Stevenson, 1992; Manga et al., 

1998; Massol and Jaupart, 1999; Cataldo et al., 2015). 
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The temperature decrease of lava (ΔT) over an incremental flow distance (and thus flow 

time, Δt) is calculated at each simulation step following Hulme (1973), Huppert and Sparks 

(1985), and Williams et al. (1998). Heat loss to the base and the top of the flow, assuming 

the presence of an insulating upper flow crust that is maintained at the solidus temperature 

of lava (Tsol), energy consumed by thermo-mechanical substrate erosion, and heat released 

by crystal fractionation, is accounted for by: 
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  (eq. 9), 

 

in which T is lava temperature, Ems is thermal energy per unit volume required to melt 

substrate and initiate thermo-mechanical erosion, Ehs is thermal energy per unit volume 

required to heat substrate to lava temperature, hT is convective heat transfer coefficient, 

and Pr is Prandtl number. The scenario-dependent input parameters are the solidus 

temperature of lava, the melting temperature of substrate (Tms), the density and specific 

heat capacity of the substrate (ρs and cs), the substrate melting fraction for thermo-

mechanical erosion (fms), the latent heat of substrate melting (Ls), the viscosity of molten 

substrate (μs), and the ambient temperature (Ta). The heat release during crystallization 

(X'(T)) is accounted for by the formulation by Huppert and Sparks (1985). The specific 

heat capacity of lava (cl) is derived from the data in Lange and Navrotsky (1992). The 

thermal conductivity (kl) and the latent heat of crystallisation of lava (Ll) may show 

variation during flow and cooling of lava, but these parameters are held constant given 

their insignificant influence on the simulation results. 

The total lava erosion rate (u) is computed using the equations given in Sklar and Dietrich 

(1998) and Hurwitz et al. (2010, 2013) for mechanical erosion (umech), as well as Hulme 

(1973), Huppert and Sparks (1985) and Williams et al. (1998) for thermo-mechanical 

erosion (utherm): 
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  (eq. 12), 

 

in which mechanical erosion is function of the flow power per unit width (Ω) and a 

mechanical erodibility constant of the substrate (Ks = ratio between the erodibility and the 

strength of the substrate; Sklar and Dietrich, 1998; Hurwitz et al., 2010). An incremental 

calculation step is complete with the calculation of the new oxide mass fractions in the 

melt fraction of lava (Mi
melt

) through volume and mass balance calculations for ΔX and 

ΔS: 
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  (14), 

 

in which Mi
Ol

 is the mass fraction of oxide i in olivine, and Mi
Ass 

is the mass fraction in the 

assimilant assuming instantaneous assimilation of the mechanically eroded substrate (see 

section 6.1.). Melt-olivine partitioning of Mg and Fe is estimated by the equations given in 

Toplis et al. (2005). The new lava composition and temperature is used to calculate oxygen 

fugacity (fO2; Kress and Carmichael, 1991), SCSS (Fortin et al., 2015; Jugo et al., 2010), 

and the speciation of sulfur (S
6+

/ƩS, in which ƩS is S
2- 

+ S
6+

) in the melt. The following 

incremental calculation step is initiated by a fourth-order Runge-Kutta calculation scheme 

for the thermal evolution of lava (i.e., eq. (5) and eq. (9)). 

 

3.2. Volatile degassing in the C-H-O-S fluid system 

 

The development of a numerical code to simultaneously solve the coupling between 

thermal evolution, assimilation of sulfate and volatile degassing during flow of lava is 

beyond the scope of this study. Nonetheless, the potential influence of sulfate assimilation 

on the thermodynamic stability of volatiles and the sulfur inventory of the melt fraction 

was approximated using isobaric volatile degassing simulations in the C-H-O-S fluid 
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system previously described in Burgisser and Scaillet (2007), Burgisser et al. (2015) and 

Gaillard et al. (2013). Modeling relies on equilibrium between individual volatile species 

(H2, O2, H2O, H2S, S2, SO2, CO, CO2 and CH4) in gas phases: 
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H   (eq. 15), 
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2

1
OCH

2

1
  (eq. 19). 

 

The equilibrium constants for each reaction are taken from Ohmoto et al. (1977), Robie et 

al. (1979) and Symonds and Read (1993). Thermodynamic equilibrium between melt and 

gas is described by: 

 

]melt[]melt[2]gas[
2 OH2O2OH    (eq. 20), 

]melt[
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]gas[
2 HH   (eq. 21), 
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]melt[2
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32

]gas[
2

]melt[ OFeO
2

1
FeO2   (eq. 24), 

]gas[
2

]melt[2]melt[2
4 O2SSO  

 (eq. 25). 

 

The iron-buffered redox condition in the melt phase is determined by eq. (24). Equation 

(25) considers the redox-dependent stability of sulfate (S
6+

) and sulfide (S
2-

) in the melt, 

and thus describes the assimilation and dissolution of sulfate. The equilibrium constants 

are taken from O'Neill and Mavrogenes (2002), Mungall et al. (2015), Iacono-Marziano et 

al. (2012), Kress and Carmichael (1991), and Jugo et al. (2010). 

Isobaric open-system volatile degassing simulation requires incremental equilibrium 

calculations considering the physical and chemical parameter variations in the melt and 
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exsolved gas fractions. However, this approach suffers from the unknown amount of gas 

continuously released from the lava flow (i.e., open-system degassing; Iacovino, 2015; 

Burgisser et al., 2015). Therefore, we consider incremental melt-gas equilibrium 

calculations without physical separation (closed-system degassing). The simulation first 

requires the input of total iron in the melt, the mass fraction of gas (wg), as well as the 

species fugacities fO2, fH2O and fCO2 in the melt at a given equilibrium temperature and 

equilibrium pressure (Pe). The equilibrium reactions in eq. (15) to eq. (25) are jointly 

solved with solubility laws and allow for the calculation of i) the unknown volatile 

fugacities and molar fractions in the gas and melt components, and ii) the atomic mass 

fractions of C, H, O and S in the system. The same equations are then solved to determine 

the weight fraction of gas at a specified lava eruption pressure assuming (closed-system) 

mass conservation of the atomic volatile species determined in the previous step (Burgisser 

and Scaillet, 2007; Burgisser et al., 2015).  

The influence of continuous sulfate assimilation on volatile degassing is simulated by 

equilibrium calculations following the incremental addition of sulfur species in the 

substratum (i.e., XSO4 and XSO4·2H2O for anhydrous and hydrous sulfate). The tabulated 

results are implemented in the lava flow and erosion model under the premise that 

variations in lava temperature and major oxide concentrations due to lava cooling, 

fractionation and assimilation, are insignificant for degassing rates of the different volatile 

species, which are dictated by equilibrium pressure, volatile concentrations and redox 

equilibrium (Burgisser and Scaillet, 2007; Gaillard et al., 2013; Burgisser et al., 2015). 

 

4. Model scenarios and physical-chemical parameters of lava and substrate 

 

A variety of scenarios are considered, in which Late Noachian to Amazonian turbulent lava 

flows interact with variably consolidated sulfide- or sulfate-rich substrates assuming 

present-day surface temperature (Ta = -60 °C) on Mars. Previous studies utilized ground 

slopes and geometries of lava channels derived from remote imagery and laser altimetry to 

determine the parameters of steady-state lava flows in the turbulent flow regimes, 

including instantaneous flow thicknesses and velocities, as well as channel erosion rates 

and potential eruption durations (Williams et al., 2005; Jaeger et al., 2010; Hurwitz et al., 

2010; Hopper and Leverington, 2014; Dundas and Keszthelyi, 2014; Cataldo et al., 2015). 

In accordance with these studies, we consider a range of ground slopes (0.1-1.0 °) and flow 

rates per unit width (Q = 200-1400 m
2
·s

-1
) that account for flow thicknesses of ~20-100 m. 
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Selected scenarios are investigated in the context of examining favourable conditions for 

sulfide mineralization formation. Physical-chemical input parameters of lava and substrate 

are discussed in the following, and summarized in Table 2 and Table 3. 

 

4.1.Lava parameters 

 

The lava parameters are selected in light of the evolving conditions of partial melting and 

cooling of the martian mantle since the Early Noachian, as expressed by the diverse array 

of magma compositions observed on Mars’ surface (McSween et al., 2009; Grott et al., 

2013; Filiberto and Dasgupta, 2015). Late Noachian and Hesperian volcanism is 

represented by the Adirondack-class basalts (hereafter ADR) Humphrey, Adirondack and 

Mazatzal at Gusev Crater, which presumably represent near-primary mantle melts (mantle 

melting pressure (Pm) and temperature (Tm) of ~1.2 GPa and ~1380 °C, respectively; Table 

1; Monders et al., 2007; Filiberto et al., 2008; Table. 2). Constraints of Amazonian 

volcanism are of two types. Remote sensing studies suggest that Amazonian volcanic 

provinces are characterized by low-degree mantle melts that equilibrated at high pressure 

(Stockstill-Cahill et al., 2008; Baratoux et al., 2011). We consider melt compositions 

inferred from high-pressure melting experiments of the primitive mantle (hereafter LDM; 

Pm ~2.2 GPa, and Tm ~1350 °C; Collinet et. al., 2015; Table 2). In contrast, the olivine-

phyric shergottites provide evidence for high-degree mantle melts even at recent times (<1 

Ga) as a possible consequence of incomplete degassing of a wet mantle (Balta et al. 2013). 

This type of volcanism is hereby considered by the high-temperature mantle melt parental 

to Yamato-980459 (hereafter Y-980459 or Y98; Pm ~1.2 GPa, and Tm ~1540 °C; Greshake 

et al., 2004; Musselwhite et al., 2006; Table 2), and serves as a proxy for Noachian-

Hesperian mantle melts that may be hotter than ADR (Filiberto and Dasgupta, 2015).  

The maximum eruption temperatures (T0) are estimated by decompression from the 

inferred mantle melting pressures (Pm) and temperatures (Tm) along a mantle adiabat to the 

surface (Putirka, 2005). Lowering T0 below the liquidus temperatures (Tliq; computed in 

MELTS, Table 2) allows for the simulation of multi-stage magmatic scenarios that include 

the accumulation of olivine xenocrysts, as typically observed in olivine-phyric shergottites 

(Greshake et al., 2004; Balta et al., 2015). Thermal conductivity (kl) and the latent heat of 

crystallisation (Ll) are held constant in the simulations, with estimates that are adopted 

from Hurwitz et al. (2010). Constraints of oxygen fugacity (fO2, hereafter given in log-unit 

differences from the quartz-fayalite-magnetite buffer, ΔQFM) are required for the volatile 
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degassing simulation during sulfate assimilation. Estimates come from the study of olivine-

phyric shergottites and magmatic rocks analyzed at Gusev Crater, with fO2 that typically 

falls between ~QFM-4 and ~QFM (e.g., Herd et al., 2002; Goodrich et al., 2003; McKay et 

al., 2004; Schmidt et al., 2013; Balta et al., 2015). A narrow range of low fO2 values 

(QFM-4 and QFM-2; Table 2) is chosen for this study. Sulfur concentrations are adopted 

from the Late-Amazonian shergottites (<500-3000 ppm S; Shirai and Ebihara, 2004; 

Righter et al., 2009; Franz et al., 2014; Ding et al., 2015). 

 

4.2. Substrate parameters 

 

On Mars, sulfate-rich substrates include regolith and sedimentary rocks (e.g., 

conglomerates, sandstones and mudstones) as observed at landing sites such as Gale Crater 

and Endeavour Crater (Williams et al., 2013; Grotzinger et al., 2014; McLennan et al., 

2014; Milliken et al., 2014; Vaniman et al., 2014; Mangold et al., 2016; Thompson et al., 

2016). These lithologies essentially consist of mafic/intermediate igneous clasts in matrices 

cemented by clays/sulfates. Therefore, the sulfate-rich model substrate is a 50:50 (by wt%) 

mixture of Adirondack-class basalt and soil at Gale Crater (Schmidt et al., 2014). Though 

evidence for subsurface H2O ice suggests that certain flows may interacted with ice-rich 

substrate, the consequence of pore ice will be investigated in future studies because the 

number of variable parameters investigated herein is already large. Up to ~8 wt% SO3 was 

reported from martian regolith, but analyses at landing sites indicate local enrichments of 

up to ~30-40 wt% SO3 (King and McLennan, 2010; Gaillard et al., 2013). We choose 

volume fractions of hydrous and anhydrous sulfate (XSO4 or XSO4·2H2O, in which X is a 

divalent cation) that account for 5 wt% SO3 (Table 3). The bulk density (ρs) and heat 

capacity (cs) is computed from the proportions of clast and matrix components 

(Schorghofer et al., 2010; Hurwitz et al., 2010) by assuming a pore space fraction (fp) of 

0.1 (Table 3).  

The sulfide-rich model substrate is assumed to be chemically and physically equivalent to 

the regolith breccias NWA 7533, NWA 7034, and pairings (Agee et al., 2013; Humayun et 

al., 2013; Lorand et al., 2015; McCubbin et al., 2016), which may be common regolith 

components in (Noachian) low-albedo regions (Cannon et al., 2015). These specimens 

consist of mafic to intermediate igneous clasts with quenched melt and fine-grained 

pyroxene- and feldspar-rich matrix material cemented by clay minerals and SiO2-rich glass 

(Agee et al.,2013; Humayun et al., 2013; McCubbin et al., 2016). Whole-rock analysis of 
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NWA 7533 indicates ~0.1 wt% S contained as hydrothermal or sedimentary pyrite (Lorand 

et al., 2015), but the sulfur-rich nature of the martian crust suggests that regolith materials 

could contain higher bulk sulfur concentrations. Hence, bulk sulfur concentrations of 1 

wt% are utilized to assess its influence on sulfide liquid segregation and sulfide 

mineralization events. A bulk density of 3000 kg·m
-3

 is estimated for this regolith type. 

The heat capacity of this type of regolith is assumed to be similar to basaltic crust (Table 

3). These estimates have very limited influence on the simulation results. 

For both substrate types, the latent heat of fusion (Ls) and the melting fraction required for 

thermo-mechanical erosion (fms) are model assumptions (Table 3), which also have limited 

influence on the simulation results. The substrate melting temperature (Tms) is assumed to 

be equivalent to the melting temperatures of the components that provide structural 

integrity. Melting of both substrate types may be initiated with plagioclase and clay 

melting at ~1100 °C (Drouet et al., 2004; Gavin et al., 2010). Mechanical substrate 

erodibility constants (Ks) have considerable influence on the simulation results. The reader 

is referred to Hurwitz et al. (2010, 2013) for the parameter estimates of strongly 

consolidated (0.5·10
-8

 Pa
-1

), moderately consolidated (1·10
-8

 Pa
-1

), and unconsolidated 

(2.5·10
-8

 Pa
-1

) bedrock. 

 

5. Modeling results 

 

5.1. Physical controls on erosion rates 

 

A model sensitivity analysis was undertaken for a broad range of input parameters (i.e., 

lava and substrate type, ground slope, flow rate, eruption temperature and mechanical 

erodibility constant) aiming to identify the parameters that critically influence substrate 

erosion and assimilation. We explore the strong influence of ground slope (α = 0.1-1.0 °) 

and flow rate per unit width (Q = 200-1400 m
2
·s

-1
) on flow velocity and flow thickness, 

which on the contrary are relatively insensitive to lava chemistry and temperature. For 

instance, the low-flux (200 m
2
∙s

-1
) emplacement of ADR lava (T0 = Tliq; Table 2) over 

steep ground slope (1.0 °) has a flow velocity (~5-6 m·s
-1

) that is the same as in the case of 

high flow rate per unit width (1400 m
2
·s

-1
) and shallow sloped ground (0.1 °). However, 

the latter scenario results in thicker flows (~15 m and ~95 m, respectively; Fig. 2a). 

Mechanical erosion is proportional to ground slope, flow rate and the mechanical 

erodibility of the substrate. Detailed comparison between mechanical and thermo-
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mechanical erosion is done for ADR and Y98 lava emplacement by holding parameters 

other than flow rate per unit width (Q = 200-1400 m
2
·s

-1
), mechanical erodibility constants 

(Ks = 0.5·10
-8

 to 2.5·10
-8

 Pa
-1

) and lava eruption temperature (Table 2) equal. In these 

scenarios, thermo-mechanical erosion rates of ~1-4 m·d
-1

 are viable for Adirondack-class 

lava emplacement (T0 = 1260-1360 °C) and substrate melting at 1100 °C. High-

temperature Y98 lava (T0 = 1420-1520 °C) could account for thermo-mechanical erosion 

rates in the ~4-12 m·d
-1

 range (Fig. 2b). Mechanical erosion is usually more efficient than 

thermo-mechanical erosion, with the exception of high-temperature Y98 lava that interacts 

with strongly to moderately consolidated substrate at <600 m
2
·s

-1
 flow rate per unit width 

(Fig. 2b). 

Evolving physical-chemical lava parameters as function of flow distance are reported for 

ADR, LDM and Y98 lava (with T0 = Tliq; Table 2) emplacing over moderately 

consolidated sulfide-rich substrate at same ground slope (α = 0.1 °) and substrate melting 

temperature (Tms = 1100 °C), but different flow rates per unit width (Q = 200, 800 and 

1400 m
2
·s

-1
); Fig. 3. The lava thickness increases with flow propagation because of lava 

cooling, increasing viscosity, and thus decreasing flow velocity (Fig. 3a). Convective heat 

release is most efficient at high temperatures and accounts for fast cooling in thin flows. 

Y98 lava with ~25 m thickness would cool from initially 1500 °C to ~1300 °C at 1400 km, 

but the temperature would only decrease to ~1360-1390 °C in the case of ~60-65 m flow 

height over the same flow distance (Fig. 3b). Adirondack-class lava with lower initial 

temperature cools at slower rate; i.e., from 1360 °C to ~1230 °C in ~25 m thick flows, and 

to ~1290-1310 °C in ~60-65 m thick flows (Fig. 3b). As opposed to thick flows, rapid 

cooling of thin flows accounts for viscosities of >10 Pa·s, but turbulence is maintained (Re 

>>10
4
) even at flow distances of 1400 km (Fig. 3c and Fig. 3d). 

Mechanical erosion is the dominant erosion regime for the given substrate types, and 

remains essentially constant during flow progression. The decreases of total erosion and 

lava contamination rates with flow distance (>30 vol% at 1400 km; Fig. 3f) are related to 

the decreases in thermo-mechanical erosion rates (Fig. 3e). 

 

6. Influence of cooling, assimilation and volatile degassing on sulfide supersaturation  

 

6.1. Assimilation of sulfide-rich substrate 

 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 

As magma ascends and erupts onto the surface, the volatilization of sulfur-rich compounds 

commonly results in decreased sulfur concentrations dissolved in the melt. However, 

detailed volatile degassing calculations are omitted in the case of assimilation of sulfidic 

substrate, where volatile degassing would have limited influence on the sulfur inventory of 

the melt in the flow (see section 6.1.). Sulfide supersaturation may essentially be controlled 

by the physical and thermal substrate erosion processes, due to which the emplacement of 

ADR, LDM and Y98 lava (with 1500 ppm S) is hereafter simulated for 0.1 and 1.0 ° 

ground slopes, 200 and 1400 m
2
∙s

-1
 flow rates per unit width, and under consideration of 

variable eruption temperatures (Table 2) and mechanical erodibility constants for strongly 

consolidated to unconsolidated substrates (Ks = 0.5∙10
-8

 to 2.5∙10
-8

 Pa
-1

). 

Ground slope and the mechanical substrate erodibility, as opposed to volume flux and 

physical-chemical lava parameters (i.e., chemical composition, temperature and rheology), 

dictate (mechanical) erosion, sulfur assimilation and sulfide immiscibility. For instance, 

irrespective of the flow rate and eruption temperature of ADR lava, sulfide supersaturation 

at <50 km may be obtained by the interaction with unconsolidated substrate at steep 

ground slopes (1.0 °), but is not reached within ~50-200 km in the case of strongly 

consolidated substrate. Sulfide supersaturation is deferred at 0.1 ° ground slope, at which 

the flow is less energetic and mechanical erosion less efficient. Sulfide immiscibility takes 

place at ~180 km if moderately consolidated substrate, low eruption temperature (1260 °C) 

and low flow rate per unit width (200 m
2
∙s

-1
) is considered, but is not reached until >1000 

km in the end-member scenario of strongly consolidated substrate, high eruption 

temperature (1360 °C) and high flow rate per unit width (1400 m
2
∙s

-1
); Fig. 4a. 

The latter results illustrate the positive effects of low flow rates and low eruption 

temperatures on the attainment of sulfide supersaturation. The melt SCSS trajectories in 

cooler flows are shifted towards lower values than in hotter ones, but yet show narrower 

variations with flow distance (Fig. 4a and Fig. 4c). As dependent on the model scenario, 

the SCSS of ADR lava with 1360 °C decreases from ~3000 ppm S to ~2400-2900 ppm S 

at the intersection with the S
2-

 trajectory, but experiences only limited variation (~2200-

2400 ppm S) at lower eruption temperatures (Fig. 4a). While low lava flow rates account 

for low mechanical erosion and sulfur assimilation rates, the flows are thinner and cool 

quicker than thicker flows (Fig. 3b), due to which the SCSS trajectories are steeper and 

promote sulfide segregation closer to the source. The SCSS of a silicate melt is dependent 

on its chemistry (particularly Fe
2+

 as a ligand for S
2-

; O’Neill and Mavrogenes, 2002; 

Fortin et al., 2015). Nevertheless, compositional differences between the chosen lava types 
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and any variations due to fractional crystallization and substrate erosion during flow have 

neglectable influence on the SCSS and sulfide batch segregation. 

 

6.2. Assimilation of sulfate-rich substrate 

 

The oxidative property of sulfate requires detailed consideration in the erosion simulation 

of sulfate-rich sedimentary materials. Lava oxidation may happen in response to the 

(partial) reduction of sulfate to sulfide (S
6+ 

→ S
2-

) in the melt, but compensated by the 

simultaneous oxidation of ferrous to ferric iron (Fe
2+ 

→ Fe
3+

), as well as the partial 

transformation of SO3 to SO2 and other volatile sulfur compounds in gas phases. The 

equilibrium data for eq. (16) S2
[gas]

 ↔ SO2
[gas]

, eq. (22) S2
[gas]

 ↔ S
2- [melt]

 and eq. (25) SO4
2- 

[melt]
 ↔ S

2- [melt]
 implies that the capacity of silicate melts to reduce S

6+
 to S

2-
 is primarily 

dependent on the pressure and the redox conditions. Table 4 summarizes degassing 

calculations for anhydrous and hydrous sulfates. They combine the FeO concentrations and 

ascertained eruption temperatures of ADR and Y98 lava (FeO = 16 wt% and 20 wt%, and 

T0 = 1350 and 1500 °C, respectively), different equilibrium pressures (Pe = 5 and 100 bar), 

as well as oxygen fugacity (fO2 = QFM-4 and QFM-2) and sulfur (S
 
= 0, 1500 and 3000 

ppm S) estimates for mantle melts (Table 2). Five bar equilibrium pressure may correspond 

to the depth-averaged or basal load pressure in ~80 m or ~40 m flows with 3300 kg·m
3
 

density. The simulation at 100 bar allow to assess the influence of high pressure on 

degassing rates. 

Figure 5 illustrates the strong controls of pressure and initial oxygen fugacity on the 

reduction of sedimentary sulfate to S
2-

. At 5 bar, the interaction of anhydrous sulfate 

(XSO4) with strongly reduced (fO2 = QFM-4) ADR lava containing 1500 ppm S may 

reduce ~0.2 wt% SO3 until a maximum of ~2100 ppm S
2-

 in the melt. The positive effect of 

higher pressure on total sulfur (S
2-

 or S
6+

) in the melt is manifested by the simulations at 

100 bar, where a maximum of ~2800 ppm S is reached (Fig. 5a and Table 4). These values 

are tipping points due to melt oxidation (Fig 5b), above which less S
2-

 is gained by the 

reduction of SO3 than released as SO2 (Fig. 5c). The increased production of SO2 at the 

expense of S
2-

 in the melt accounts for the relaxation of the fO2 trajectory. The simulation 

of less reduced ADR melt (fO2 = QFM-2) at 5 bar is accommodated by the instantaneous 

expulsion of SO2 (Fig. 5c), thus resulting in peak concentrations of ~1750 ppm S
2-

 only 

(Fig. 5a). Up to 3000 ppm S is chosen for the high-temperature Y98 lava because of 

comparatively higher SCSS at eruption (~4000-5000 ppm S for Y98 at 1420-1520 °C; Fig. 
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4c). The small differences between the simulations of Y98 and ADR melt (Fig. 5d to Fig. 

5f) at respective oxygen fugacities and pressures demonstrate the limited influence of melt 

composition and temperature on the sulfate simulations. The addition of SO3 to reduced 

Y98 melt that contains 1500 ppm S at 5 bar results in a maximum 2000 ppm S dissolved in 

the melt (Fig. 5d), which is only ~100 ppm less than in the case of ADR (Fig. 5a). The 

reduction of hydrous sulfate (XSO4∙H2O) to S
2-

 is least efficient. As reported for ADR lava 

at QFM-2 (Table 4), the release of large amounts of SO2-H2O-rich gas accounts for an 

increase from ~1500 to ~1600 ppm S
2-

 in the melt (Fig. 5a). 

Because of the low capacity of silicate melts to transform and dissolve sulfate as S
2-

 (Fig. 5 

and Table 4), the integration of results from the lava erosion and volatile degassing 

simulations is restricted to physical-chemical lava and substrate parameters that would 

account for sulfide supersaturation at the lowest S
2-

 and SCSS values. As demonstrated by 

the erosion and assimilation simulations of sulfide-rich substrate (Fig, 4), such may be 

achieved at low eruption temperatures, relatively high flow rate per unit width (Q = 800 

m
2
∙s

-1
), shallow sloped ground (α = 0.1 °), and strongly to moderately consolidated 

substrate (Q = 800 m
2
∙s

-1
). In addition, only the degassing calculations for strongly reduced 

(fO2 = QFM-4) lavas and anhydrous sulfate in the assimilant require consideration (Table 

4; see simulation 1 for ADR and LDM, and simulation 8 for Y98). Nonetheless, sulfide 

supersaturation is hampered by SO2 degassing at the expense of S
2-

 in the melt prior to the 

intersection with the SCSS trajectory (Fig. 6a and Fig. 6b). The high-flux emplacement of 

low-temperature LDM lava over strongly consolidated substrate at shallow ground slope is 

exceptional in that a narrow window of sulfide segregation may be promoted by the low 

SCSS at low temperatures, as well as the delayed increase of S
2-

 that accounts for sulfide 

(super-) saturation prior to the extensive release of sulfur-rich gas. However, sulfide 

saturation would only be achieved at high flow distances, with sulfide liquid segregation 

only at near-cotectic proportions because of the shallow sloped S
2-

 and SCSS trajectories at 

intersection (Fig. 6b). 

 

7. Discussion 

 

7.1. Model uncertainties 

 

Sulfur assimilation as a mineralization process for massive sulfides in martian mafic-

ultramafic volcanic systems is explored by detailed numerical simulations of turbulent 
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flow and erosion of unconsolidated to strongly consolidated, either sulfide or sulfate-rich 

substrate. Thermodynamic simulations in the C-H-O-S fluid system address the question of 

whether the interaction of reduced lavas (fO2 <<QFM) with sedimentary sulfate serves as a 

feasible process for sulfide supersaturation. The interpretation of simulation results is 

hereafter re-examined against sources of errors arising from underlying modeling 

assumptions, and uncertainties introduced by the model input parameter estimates. 

Mechanical and thermo-mechanical erosion and assimilation of bedrock by steady-state 

lava flows is controversially discussed. The interaction of high-temperature lavas with cold 

sedimentary substrate may not always immediately result in thermal erosion, but could 

account for an aphanitic contact zone (chilled margin) that counteracts thermal erosion. 

Nevertheless, field observations among komatiites suggest that at least convective high-

temperature flows in the turbulent flow regime are capable to rapidly heat and melt such 

barriers by the passage of large volumes of hot lava (Huppert and Sparks, 1989; Hill et al., 

1995; Greeley et al., 1998). A potentially more important source of error is mechanical 

erosion, which is herein assumed to be proportional to the shear stress that parallels the 

flow of lava (Sklar and Dietrich, 1998; Hurwitz et al., 2010). Alternative approaches 

consider the lava load pressure as the dominant factor that drives physical abrasion 

(Siewert and Ferlito, 2010). In addition, mechanical erodibility constants remain poorly 

constrained (Hurwitz et al., 2010, 2013). Small variations among weakly to strongly 

consolidated substrate can significantly influence the simulation results, in particular if low 

ground slopes are considered (see Fig. 4a, Fig. 4b and Fig. 4c). 

The mass balance expressions for the substrate erosion and assimilation process (eq. (13) 

and eq. (14)) assume instantaneous mixing of sulfur from the mechanically and thermo-

mechanically eroded substrate into turbulently flowing lava. However, such simplified 

processes likely do not hold true for high-flux flows that interact with strongly 

consolidated materials, potentially mobilizing and carrying centimetre- to meter-sized 

xenoliths over some distance prior to melting and dissolution in the lava (e.g., Jaeger et al., 

2010; Hurwitz et al., 2010; Cataldo et al., 2015; Robertson et al., 2015). However, 

comparatively faster assimilation will occur during the erosion of porous and moderately 

consolidated substrate. In this case any fragments will be smaller, more easily 

dismembered by turbulent fluid sheer stress, and sulfur may thus be more rapidly liberated 

and assimilated by the flowing lava through thermal sulfate decomposition (Frost et al., 

2006), or time-dependent melting and dissolution of sulfides (Robertson et al., 2015, 

2016). Notably, pyrite, such as is the dominant sulfide species in the regolith breccias 
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NWA 7533 and NWA 7034 (Lorand et al., 2015), may release sulfur at lower temperatures 

(i.e., incongruent melting to pyrrhotite at >750 °C; Toulmin and Barton, 1964) than 

silicate-oxide melting at >1100 °C. The same may hold true for sedimentary sulfates (e.g., 

thermal decomposition of hydronium-jarosite in the ~600-900 °C range; Frost et al., 2006). 

The thermodynamic calculation of volatile degassing as function of sulfate assimilation in 

flowing lava required significant simplifications. Volatile-degassing was omitted for the 

simulation of reduced (fO2 <QFM-2) and water-deficient (<0.1 wt% H2O) lava flows that 

interact with (dry) sulfide-rich substrate. Only limited proportions of the assimilated sulfur 

may be exsolved as gas species. This approximation is supported by the low sulfur 

volatilization rates in the low-pressure (0.01-1 bar) simulations for reduced and water-

deficient magmas in Gaillard et al. (2013). The negative effect of pressure on degassing 

also suggests that any sulfur loss would be lower at comparatively higher pressures in 

channelled lava flows; i.e., depth-averaged load pressures of ~1-6 bar calculated for ~3300 

kg∙m
-3

 lava density and flow thicknesses of ~20-100 m (Fig. 3a). Nonetheless, it is clear 

that sulfur degassing will occur. Other known simplifications imply that our simulations 

must be considered as a semi-quantitative approach only. The chaotic movement of gas 

bubbles during the turbulent flow of lava would inevitably account for their infinitely fast 

equilibration at different pressure regimes. In addition, the employed model does not 

accounts for the unknown amounts of gas that can be released at the flow tops (i.e., closed-

system approximation). 

Another source of uncertainty in the thermodynamic simulation of sulfate assimilation is 

the unknown effect of sulfate reduction (S
6-

 → S
2-

; eq. (24)) and concomitant iron 

oxidation (Fe
2+

 → Fe
3+

; eq. (25)) on the stability of ion-oxide phases. Our simulations 

indicate that this process accounts for the rapid oxidation of initially reduced (fO2 ≤QFM-

2) silicate melts, at least up until high production rates of SO2-rich gas (Table 4 and Fig. 

5c). However, it is plausible that the oxidation of Fe
2+

 to Fe
3+

 accounts for the precipitation 

of iron-oxides (e.g., ferric iron-rich spinel phases, such as magnetite). These phases can 

efficiently sequester Fe
3+

 from silicate melts, may counteract melt oxidation by sulfate 

assimilation, and could facilitate to the more efficient transformation of SO3 to S
2- 

than 

predicted in this study. 

 

7.2. Favourable conditions for precious metal-rich sulfide genesis 
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It has been suggested that near-surface sulfide enrichments on Mars could have formed by 

erosion and assimilation of sulfate-rich sedimentary materials by reduced high-temperature 

lava flows in the turbulent flow regime (Baumgartner et al., 2015). However, our 

thermodynamic simulations indicate that the feasibility of this process is limited, at least 

with respect to prolonged sulfide (batch) segregation. While the thermodynamic 

simulations comprise simplifications, it is likely that even strongly reduced lavas (fO2 

<QFM-2) dissolve only low fractions of sulfate as S
2-

 prior to extreme SO2 degassing 

(Table 4 and Fig. 5). Such small increases are unlikely to result in prolonged sulfide 

immiscibility (Fig. 6), particularly if the low bulk sulfur concentrations of primitive 

shergottites (e.g., Y-980459 with <1500 ppm S; Table 2) are reasonable proxies for the 

source magmas. 

The volatile degassing calculations (Table 4) suggest that narrow windows of sulfide 

saturation by means of sulfate assimilation could occur if the sulfur concentrations at 

magma eruption are close to the SCSS (~4000-5000 ppm S for Y98, and ~2000-3000 ppm 

S for ADR and LDM; Fig. 4a, Fig. 4b and Fig. 4c). However, martian mantle-derived 

magmas may essentially emplace at sulfide undersaturated conditions (Baumgartner et al., 

2017a, 2017b; Wang and Becker, 2017; among others). The martian mantle is considered 

to be rich in sulfur (~400-2200 ppm S; Righter et al., 2009; Gaillard et al., 2013; Ding et 

al., 2015; Wang and Becker, 2017) with respect to the Earth (~250 ppm S; McDonough 

and Sun, 1995). Sulfide saturation or insufficient dissolution of mantle sulfides can occur 

even if moderate sulfur concentrations in the mantle (~700 ppm S), high SCSS in the 

derived melts (~3500-4000 ppm S) and <20% mantle melting is considered (Ding et al., 

2014, 2015). Gaps between sulfur and the SCSS may be promoted by volatile release and 

the increasing solubility of sulfur during magma ascent and decompression (O’Neill and 

Mavrogenes, 2002; Righter et al., 2009; Gaillard et al., 2013; Ding et al., 2014, 2015). 

Above all, increases of S
2-

 in the lava by means of hydrous sulfate assimilation may be 

negligible (Fig. 5 and Table 4). Conditions favoring the formation and preservation of dry 

sulfates may have rarely been met at Mars’ near-surface during wet periods in the 

Noachian and early Hesperian epochs (Bibring et al., 2006; King and McLennan, 2010; 

Gaillard et al., 2013; Ehlmann and Edwards, 2014). 

In spite of uncertainties in the erosion and assimilation model for sulfide-rich regolith 

materials, the simulation results (Fig. 4a to Fig. 4c) suggest that this scenario could have 

been an efficient trigger for sulfide mineralization events. Our study also allows inferences 

concerning their modes of occurrences with respect to the diverse array of potential lava, 
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substrate and ambient parameters. Irrespective of lava type and eruption temperature, 

sulfide batch segregation would be promoted by high ground slopes (Fig. 4a, Fig. 4b and 

Fig. 4c), at which mechanical erosion and the flux of sulfur into the lava is most efficient. 

Increased erosion at high ground slopes (>1 °) minimizes the uncertainty introduced by the 

mechanical erodibility constants. Batch segregation of sulfide liquids would be promoted 

within ~200 km of low-temperature flows (Fig. 4a, Fig. 4b and Fig. 4c), provided that the 

substrate is rich in sulfides (e.g., 1 wt% S) and that sulfur is readily released from the 

assimilant. Lower sulfur concentrations in the magma and the assimilant would shift 

sulfide immiscibility towards higher flow distances, but any differences would be smaller 

on steep surfaces, where mechanical erosion and the flux of sulfur into the lava is high. 

Noteworthy, as opposed to emplacement over shallow sloped ground (<1 °), rapid 

assimilation of sulfur would account for higher degrees of sulfide supersaturation and 

sulfide liquid segregation. 

 

7.3. Enrichment of Ni, Cu and PGE 

 

An important question that requires evaluation is whether massive sulfide mineralization in 

martian lava flows would be similarly enriched in Ni, Cu and the PGE with respect to their 

komatiite-hosted equivalents on the Earth. The importance of the siderophile-chalcophile 

metal inventory of mantle sources and derived melts was recently discussed in 

Baumgartner et al. (2015). As far as the PGE are concerned, the mantle concentrations 

appear to be at broadly comparable, yet slightly lower concentrations on Mars than on the 

Earth (0.009 and 0.007  CI-chondrite, respectively; Day et al., 2016 and references 

therein). These signatures likely reflect pressure-dependent core-mantle equilibration in 

primordial magma oceans, possibly in combination with influences by the accretion of a 

late chondritic veneer (Brandon et al., 2012; Righter et al., 2015). The low Ni and Cu 

concentrations in shergottites suggest only ~400 ppm Ni and ~6 ppm Cu in the primitive 

mantle (Dreibus and Wänke, 1985; Righter and Chabot, 2011), whereas Earth’s primitive 

mantle was estimated to exhibit higher abundances of ~1960 ppm Ni and ~30 ppm Cu 

(McDonough and Sun, 1995). These differences comply with planetary accretion and 

differentiation models; i.e., core-mantle differentiation at lower pressures on Mars (~15 

GPa) than on the Earth (~30 GPa); Righter and Chabot (2011); Righter et al. (2015); Yang 

et al. (2015). 
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In line with these considerations, martian high-degree mantle melts, such as those parental 

to the Amazonian Y-980459 shergottite (Y98) and the Hesperian Adirondack-class basalts 

(ADR) simulated in this study, may only contain ~200-250 ppm Ni, which is significantly 

below the estimates of ~700-1000 ppm for komatiites and ferropicrites (Baumgartner et al., 

2015 and references therein). The concentrations of Ni may be lower in Amazonian low-

degree mantle melts (LDM). Nickel in the mantles of both planets is predominately hosted 

by olivine through substitution with Mg and Fe, thus accounting for increases in Ni in 

mantle melts that parallel higher degrees of partial melting. Yet, this relationship may be 

less pronounced on Mars. Indeed, the iron-rich nature of the mantle implies that iron-rich 

olivine would participate earlier in mantle melting processes than on the Earth (Bertka and 

Holloway, 1994a, 1994b; Baratoux et al., 2011; Collinet et al., 2015). A positive 

relationship with the degree of melting may hold true for Cu and PGE. These elements 

may be hosted by sulfides, which will be more easily dissolved into the melts at higher 

degrees of mantle melting (Righter et al., 2015; Lorand and Luguet, 2016; Baumgartner et 

al., 2017b).  

Mineralization events for Ni-rich sulfides would be promoted by the early attainment of 

sulfide supersaturation during cooling and fractionation of lava. Otherwise, Ni (and part of 

the compatible PGE Os, Ir and Ru) would be sequestered by crystallizing olivine (and 

spinel phases) prior to collection by immiscible sulfides (Baumgartner et al., 2015). Of 

major importance for the upgrade of precious metals could be the dynamic emplacement of 

high-flux lava flows. The enrichments of Ni, Cu and the PGE in komatiite-hosted sulfide 

deposits is testimony of the prolonged equilibration between sulfide liquids and new 

magma pulses along the flows (i.e., R-factor = effective sulfide/silicate ratio; Campbell and 

Naldrett, 1979; Lesher and Campbell, 1993). This process accounts for the continuous 

collection of siderophile-chalcophile elements according to their sulfide-silicate 

partitioning coefficients (D
metal-silicate

 ~10
3
 for Ni and Cu, and ~10

4-
10

5
 for the PGE); Patten 

et al. (2013); Mungall and Brenan (2014); Brenan et al. (2016). Similar processes can be 

ascertained for voluminous high-flux lava flows on Mars, in which the deficiencies in Ni 

and Cu relative to komatiites and ferropicrites may be partially compensated by 

comparatively higher R-factors. 

 

7.4. Genesis of sulfide mineralization - where and when? 
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The analysis of the simulation results allows for inferences concerning the potential 

localization of large sulfide occurrences at Mars’ near-surface. Mineralization events may 

have occurred when fertile mantle melts dynamically interacted as high-flux lava flows 

with sulfidic materials. Our numerical simulations suggest that sulfide batch segregation as 

function of flow distance is in decreasing order promoted by high ground slope, low 

substrate consolidation, as well as low lava temperatures and flow rates. The limited 

accessibility of surface geology for direct investigation hampers the search for volcanic 

environments that meet these criteria, and requires translation of this understanding into 

remotely identifiable targeting elements. However, a major obstacle is that sulfides lack 

distinctive features in the near-visible to thermal emission spectrum. This prohibits the 

survey of Mars’ for low-viscosity lava flows that interleaved with sulfide-rich substrates. 

Although these difficulties hamper detailed examinations at the scale of individual lava 

flows, potential candidates for large sulfide endowments may be discussed at the regional 

scale. The relatively shallow sloped flanks of Alba Mons (Tharsis province) and Tyrrhena 

Patera (Circum-Hellas volcanic province) may be testimony of high-temperature and fluid 

mafic-ultramafic lava expulsions. Indeed, lava tubes and channels are major flow types at 

the flanks of both volcanoes (Cattermole, 1990; Ivanov and Head, 2006; Williams et al., 

2009). They inundate the local topography or incise into the volcanic bedrocks. Similar 

channels occur at the flanks of other large montes and low shield expulsions at Tharsis, 

Elysium and the Circum-Hellas region (Fig. 1a and Fig. 1b; c.f., Williams et al., 2005; 

Bleacher et al., 2007; Vaucher et al., 2009; Lopez et al., 2012; Crown and Ramsey, 2016; 

among others). They vanish at peripheral regions of the Montes, or can extend for 

hundreds of kilometres over the volcanic plateaus (e.g., Garry et al., 2007). However, none 

of these surficial flows bear evidence for their interaction with (sulfidic) regoliths or 

sedimentary materials, but apparently incised into basaltic bedrocks or pyroclastic deposits. 

More detailed clues on potentially mineralized volcanic suits may be given by the large 

canyon systems Noctis Labyrinthus and Valles Marineris, as well as the large (up to 1000+ 

km) Hesperian outflow channels in vicinity to the Tharsis and Elysium provinces (e.g., 

Kasei Valles, Maja Valles, Manga Valles, Hrad Valles, and others), all of which incised 

into heavily brecciated Noachian crust. The formation of the latter remains controversially 

discussed, in particular with respect to the question of whether enormous volumes of 

flowing lava or water have been the main erosion agents (Leverington, 2011; Leone, 

2014). If erosion by low-viscosity lava was a key mechanism, it is possible that some flows 

interleaved with sulfide-rich materials, such as (sulfide-bearing) regolith or intercalated 
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sedimentary materials that cover Noachian terrains (Hartmann and Barlow, 2006). Similar 

processes may have post-dated channel formation. As similar to Valles Marineris, most 

outflow channels are filled by interleaving successions of volcanic flood lavas and fluvio-

glacial sediments above heavily brecciated Noachian basements (McEwen et al., 1999; 

Mangold et al., 2008; Chapman et al., 2010; Keske et al., 2015; Rice and Baker, 2015). 

The slopes of these depressions are usually well above 0.1 °, as required for sulfide 

mineralization events through efficient erosion/assimilation of (sulfidic) substrates by 

turbulent lava flooding (Fig. 4a, Fig. 4b and Fig. 4c). 

 

8. Conclusions 

 

Potential mineralization events for komatiite-type massive sulfides in martian mantle-

derived igneous provinces were examined by numerical simulation of turbulent lava 

emplacement and associated erosion/assimilation of variably consolidated sulfur-rich 

materials that cover Mars’ surface. The integration of the simulation results with the spatial 

distribution of sulfur-rich sedimentary materials and the known physical-chemical 

characteristics (i.e., composition, temperature, redox condition, and sulfur concentration) 

of mantle-derived igneous activity lead to the following conclusions: 

 The numerical simulations of mechanical and thermo-mechanical erosion by 

physically and chemically diverse lavas in the turbulent flow regime confirm their 

capability to assimilate sulfur from sulfide- or sulfate-bearing sedimentary materials. 

Examination of sulfide supersaturation by erosion and assimilation of sulfide-rich 

regolith provides clues regarding the parameters that control the rapid assimilation of 

sulfur until sulfide supersaturation. Sulfide batch segregation is in decreasing order 

controlled by ground slope, substrate consolidation, lava temperature and flow rate. 

 Provided that the substrates contain significant proportions of (sedimentary or 

hydrothermal) sulfides, steep ground slopes (> 1 °) would always account for high 

erosion rates, and if the eroded substrate is readily assimilated in the flow, sulfide 

supersaturation proximal to the flow sources; i.e., <400 km for high-temperature flows 

(>1400 °C), and <200 km for Hesperian to Amazonian low-temperature  flows (<1350 

°C). Sulfide batch segregation at comparable flow distances over flat terrains (<1 °) 

may be promoted by unconsolidated substrates.  

 Thermodynamic calculations concerning the influence of (hydrous) sulfate 

assimilation on redox conditions and the stability of sulfur-rich volatile species 



ACCEPTED MANUSCRIPT

ACCEPTED M
ANUSCRIP

T

 

elucidate the limited viability of such a process to account for sulfide supersaturation 

and massive sulfide genesis. Martian mafic-ultramafic magmas may only assimilate 

and reduce small amounts of sulfate (S
6+

) to sulfide (S
2-

) prior to rapid melt oxidation 

and the production of SO2. Hence, sulfate assimilation appears to be incapable of 

driving prolonged sulfide batch segregation in initially reduced (fO2 <<QFM) and 

sulfide undersaturated mantle melts. 

 The enrichment of terrestrial komatiite-hosted massive sulfides in siderophile-

chalcophile elements (i.e., Ni, Cu and the PGE) led us to consider the question of 

whether similar precious-metal fertilities can be expected if massive sulfides have 

formed on Mars. Despite lower Ni and Cu concentrations in martian mantle reservoirs 

and derived melts relative to the Earth, the prolonged equilibration between 

immiscible sulfide liquids and new pulses of lava along the flows could partially 

outweigh the Ni and Cu deficiencies in martian magmas. 

This study indicates that large orthomagmatic sulfide endowments on Mars could have 

formed if (channelled) erosive mafic-ultramafic lava flows spatially interleaved with 

sulfide-bearing bedrocks at steep slopes. This conclusion should be taken into 

consideration by future studies concerning sulfide deposit genesis in martian igneous 

systems. The likely locations of massive orthomagmatic sulfide deposits on Mars remain 

uncertain. Nonetheless, promising candidates could be the large canyon systems Noctis 

Labyrinthus and Valles Marineris, as well as the Hesperian channel systems of the 

Southern highlands, which were periodically draped by mafic-ultramafic lava flows. 
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Figure 1. a) Volcanic vent and associated lava channel NE of Ascraeus Mons (High 

Resolution Imaging Science Experiment, HiRISE, image ESP-030348-1925 superimposed 

on High Resolution Stereo Colour Imager, HRSC, image H-2021-0001-ND3); b) Partially 

collapsed lava tubes at the southern flank of the Arsia Mons shield volcano (HRSC image 

H-0263-0000-ND4 superimposed on Thermal Emission Imaging System, THEMIS, Day 

IR global mosaic); c) Granicus Valles, and its surroundings. The channel system emanates 

west of Elysium Mons and propagates into the Utopia Planitia lowland (THEMIS, Day IR 

global mosaic); d) Channelled lava flows at Athabasca Valles (Elysium region) that 

emanate at Cerberus Fossae (THEMIS, Day IR global mosaic). 
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Figure 2. a) Dependency of flow height (h) and flow velocity (v) on lava flow rate per unit 

width (Q) and ground slope (α) for Hesperian Adirondack-class (ADR) lava (with T=Tliq, 

Table 2, and the corresponding viscosity calculated with the equations in Giordano et al., 

2008). Flow height increases with flow rate, but decreases with ground slope. Flow 

velocity is inversely proportional to flow height b) Dependency of mechanical erosion 

(umech) on flow rate per unit width, (Q = 200 to 1400 m
2
∙s

-1
) and the erodibility constants 

for variably consolidated substrates (Ks = 0.5∙10
-8

 to 2.5∙10
-8

 Pa
-1

). Thermo-mechanical 

erosion (utherm) by Adirondack-class (ADR) and Y-980459 (Y98) lava is explored for 

variable flow rates and eruption temperatures (Table 2). The ground slope (α) is 0.1 °, and 

the substrate melting temperature (Tms) is 1100 °C. See text, Table 2, and Table 3, for 

discussion of the physical-chemical model input parameters, and Table 1 for abbreviations 

and entities. 
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Figure 3. Flow of Hesperian Adirondack-class lava (ADR), Amazonian low-degree mantle 

melt (LDM) and Y-980459 lava (Y98) as function of flow distance over moderately 
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consolidated (Ks = 1∙10
-8

 Pa
-1

) sulfide-rich model substrate (Table 3). Model ground slope 

(α) is 0.2 °, substrate melting temperature (Tms) is 1100 °C, and flow rates per unit width 

(Q) of 200, 800 and 1400 m
2
∙s

-1
. a) flow height; b) lava temperature; c) lava viscosity; d) 

Reynolds number; e) total erosion rate; f) fraction of assimilated substrate. The abrupt 

changes in the lava viscosity and Reynolds number trajectories in (c) and (d) are due to the 

onset of olivine fractionation (T <Tliq). See text, Table 2, and Table 3, for discussion of the 

physical-chemical model input parameters, and Table 1 for abbreviations and entities. 
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Figure 4. Simulations of sulfide saturation in Noachian-Hesperian Adirondack-class 

(ADR), Amazonian low-degree mantle melt (LDM) and Amazonian Y-980459 (Y98) lava 

flows as function of flow distance (1400 km) over sulfide-rich model substrate. Sulfide 

saturation is explored for different ground slopes (α = 0.1 and 1.0 °), flow rates per unit 

width (Q = 200 and 1400 m
2
∙s

-1
), eruption temperatures (Table 2), and mechanical 

erodibility constants that are appropriate for strongly consolidated to unconsolidated 

sedimentary substrates (Ks = 0.5∙10
-8

 to 2.5∙10
-8

 Pa
-1

). Each data point represents sulfide 

supersaturation in a respective modeling scenario, which is achieved at the intersection of 

S
2-

 and SCSS during flow, erosion and assimilation. The trajectories of S
2-

 and SCSS are 

exemplary shown by dashed grey lines in (a) for a selected ADR lava emplacement 

scenario, in which α = 0.1 °, Q = 200 m
2
∙s

-1
, T0 = 1360 °C, and strongly consolidated 

substrate accounts for sulfide batch segregation at ~600 km flow distance. The black and 

red lines connect simulations in which all model input parameters other than the 

mechanical erodibility constants are held equal. Substrate melting is assumed to be 

initiated with plagioclase/clay melting at 1100 °C. Initial sulfur in the melt and in the 
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substrate is 1500 ppm S and 1 wt% S, respectively. See text, Table 2, and Table 3, for 

discussion of the physical-chemical model input parameters, and Table 1 for abbreviations 

and entities. 
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Figure 5. Results of isobaric and isothermal closed-system melt-gas equilibrium 

calculations in the C-H-O-S fluid system for the stepwise assimilation of anhydrous 

(XSO4) and hydrous (XSO4·2H2O) sulfate: i) Hesperian Adirondack-class (ADR) lava and 

Amazonian low-degree mantle melt (LDM) with 1350 °C and 20 wt% FeO,  ii) Amazonian 

Y-980459 (Y98) melt with 1500 °C and 16 wt% FeO. Sulfur in melt (a and d), oxygen 

fugacity (b and e), and SO2 in the gas (c and f), are plotted versus SO3 assimilated. The 

detailed calculation results are listed in Table 4. 
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Figure 6. Modeling of sulfide saturation in Hesperian Adirondack-class (ADR), 

Amazonian low-degree mantle melt (LDM) and Y-980459 (Y98) lava flows at variable 

eruption temperatures as function of flow distance over unconsolidated (Ks = 2.5∙10
-8

 Pa
-1

) 

to strongly consolidated (Ks = 0.5∙10
-8

 Pa
-1

) sulfate-rich model substrate that contains 5 

wt% SO3 as anhydrous sulfate (XSO4). Lava erosion simulations are done for shallow 

ground slope (α = 0.1 °) and intermediate flow rate per unit width (Q = 800 m
2
∙s

-1
). 

Substrate melting is initiated at 1100 °C. The S
2-

 in melt trajectories are derived from the 

volatile degassing calculations at 5 bar, low oxygen fugacity (fO2 = QFM-4), 1500 ppm S 

for ADR and LDM, and 3000 ppm S for Y98 (Table 4). Sulfide saturation in (b) is attained 

at the intersection of the S
2-

 and the SCSS trajectories. See text, Table 2, Table 3, and 

Table 4, for discussion of the physical-chemical model input parameters, and Table 1 for 

abbreviations and entities. 
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Tables 

 

Table 1. Notations and parameter entities. 

α Ground slope (°) 

ΔS Incremental substrate assimilation rate 

ΔT Incremental temperature decrease of lava (°C) 

ΔT Incremental flow time (s) 

Δx Incremental flow distance (m) 

ΔX Incremental mass fraction of olivine crystallization (°C
-1

) 

ΔX/ΔT Temperature-dependent olivine crystallization rate (°C
-1

) 

λ Fanning friction factor between lava and substrate 

μs Viscosity of molten substrate (Pa·s) 

μl Bulk viscosity of lava (Pa·s) 

ρl Bulk density of lava (kg·m
-3

) 

ρs Bulk density of substrate (kg·m
-3

) 

Ω Flow power per unit width (W·m
-2

) 

cl Specific heat capacity of lava (J·kg
-1

·°C
-1

) 

cs Specific heat capacity of substrate (J·kg
-1

·°C
-1

) 

Ems Thermal energy per unit volume required to melt substrate (J·m
-3

) 

Ehs Thermal energy per unit volume required to heat substrate (J·m
-3

)  

fp Pore space fraction in substrate 

fms Substrate melting fraction for thermo-mechanical erosion 

g Surface gravity at the equator of Mars (m·s
-2

) 

h Flow thickness (m) 

hT Heat transfer coefficient (W·m
-2

·°C
-1

) 

kl Thermal conductivity of lava (W·m
-1

·°C
-1

) 

Ks Mechanical erodibility constant of substrate (Pa
-1

)  

Ll Latent heat of lava crystallisation (J·kg
-1

) 

Ls Latent heat of fusion of substrate (J·kg
-1

) 

Mi
melt

 Oxide mass fraction in the melt fraction of lava 

Mi
ass

 Oxide mass fraction in the assimilant 

Mi
ol

 Oxide mass fraction in crystallizing olivine 

Pe Equilibrium pressure of the melt and gas phase (bar)  

Pm Mantle melting pressure (Pa) 

Pr Prandtl number 

Q Flow rate per unit width (m
2
·s

-1
) 

R Universal gas constant (J·mol
-1

·°C
 -1

) 

Re Reynolds number 

T0 Eruption temperature of lava (°C) 

Tliq Liquidus temperature of lava (°C) 

Tsol Solidus temperature of lava (°C) 

Ta Ambient temperature (°C) 

Tm Mantle melting temperature (°C) 

Tms Melting temperature of substrate (°C) 

u Total lava erosion rate (m·s
-1

 or m·d
-1

 - meter per day) 

umech Mechanical lava erosion rate (m·s
-1

 or m·d
-1

 - meter per day) 

utherm Thermo-mechanical lava erosion rate (m·s
-1

 or m·d
-1

 - meter per day) 
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v Lava flow velocity (m·s
-1

) 

wg Weight fraction of gas in lava 

x Incremental calculation step 

X Mass fraction of crystals in lava 

X'(T) Rate of change of crystal fraction with temperature (°C
-1

) 

 

Table 2. Physical and chemical lava parameters. 

Lava type ADR LDM Y98 

Chemical composition    

SiO2 (wt%) 46.96 44.13 50.14 

TiO2 0.56 1.11 0.48 

Al2O3 10.93 11.21 6.09 

FeO 19.23 16.16 16.03 

MnO 0.42 0.46 0.44 

MgO 10.65 10.71 18.37 

CaO 8.02 8.28 7.31 

Na2O 2.56 4.14 0.81 

K2O 0.10 0.97 0.02 

P2O5 0.57 2.83 0.31 

S (ppm)                                                           0-3000 

Physical parameters    

Pm (GPa) 1.3 2.2 1.2 

Tm (°C) 1380 1350 1540 

T0 (°C) 1260-1360 1260-1340 1420-1520 

Tliq (°C) 1290 1310 1430 

kl (J·m
-1

·s
-1

·°C
-1

) 2 

Ll (J·kg
-1

) 5·10
5
 

fO2 (ΔQFM) QFM-4 and QFM-2 

ADR = Noachian-Hesperian Adirondack-class basalt; LDM = Amazonian low-degree 

mantle melt; Y98 = Amazonian Y-980459 olivine-phyric shergottite. See text for 

discussion on parameter estimates and Table 1 for parameter abbreviations. 

 

Table 3. Physical and chemical substrate parameters. 

Substrate type Sulfide-rich substrate Sulfate-rich substrate 

Chemical composition 

SiO2 (wt%) 49.76 45.11 

TiO2 1.03 0.88 

Al2O3 11.73 10.22 

FeO 13.60 19.28 

MnO 0.30 0.42 

MgO 8.18 9.71 

CaO 9.35 7.68 

Na2O 3.91 2.65 

K2O 0.34 0.31 

P2O5 0.79 0.74 

S, SO3 1.00 3.00 
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Physical parameters 

ρs (kg·m
-3

) 3000 2500 

cs (J·K
-1

·kg
-1

) 1500 1200 

Ls (J·kg
-1

) 4·10
5
 

Tms (°C) 1100 

fms 0.2 

See text for discussion on parameter estimates and Table 1 for parameter abbreviations. 
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Table. 4. Results of isobaric and isothermal closed-system melt-gas equilibrium calculations in the C-H-O-S fluid system for the stepwise 

assimilation of anhydrous (XSO4) and hydrous (XSO4·2H2O) sulfate by martian mantle melts. 

SO3 

assimilat

ed 

Gas 

fraction 
XH2O  XH2 XH2S XSO2 XS2 XCO XCO2 fO2 S

6+
/ƩS S

2-
 S

6+
  

lava lava gas gas gas gas gas gas gas melt melt melt melt 
wt% wt%               ΔQFM   ppm ppm 

Simulation 1, ADR, Assimilant = XSO4, Pe = 5 bar, T = 1350 °C, fO2 = QFM-4,  S = 1500 ppm,  FeO  = 20 wt% 

0.00 <0.001 0.433 0.378 0.009 <0.001 <0.001 0.131 0.048 -3.92 1.1E-10 1500 <1 

0.10 <0.001 0.596 0.103 0.017 0.003 0.001 0.098 0.182 -1.94 1.0E-06 1747 <1 

0.20 0.001 0.589 0.033 0.020 0.122 0.019 0.032 0.186 -0.95 1.0E-04 2073 <1 

0.30 0.002 0.477 0.018 0.016 0.357 0.038 0.010 0.083 -0.64 4.2E-04 2067 1 

0.40 0.004 0.399 0.014 0.013 0.475 0.043 0.006 0.052 -0.54 6.6E-04 1946 1 

0.55 0.006 0.328 0.010 0.009 0.573 0.042 0.003 0.034 -0.45 1.0E-03 1746 2 

0.70 0.007 0.282 0.008 0.007 0.636 0.038 0.002 0.026 -0.39 1.3E-03 1553 2 

0.85 0.009 0.249 0.007 0.006 0.682 0.034 0.002 0.021 -0.33 1.7E-03 1371 2 

1.00 0.010 0.225 0.006 0.004 0.716 0.029 0.001 0.018 -0.28 2.2E-03 1202 3 

Simulation 2, ADR, Assimilant = XSO4, Pe = 100 bar, T  = 1350 °C, fO2 = QFM-4,  S = 1500 ppm,  FeO  = 20 wt% 

0.00 <0.001 0.035 0.064 0.001 <0.001 <0.001 0.767 0.133 -4.00 7.9E-11 1500 <1 

0.10 <0.001 0.036 0.007 0.001 <0.001 <0.001 0.348 0.609 -1.99 8.3E-07 1750 <1 

0.20 <0.001 0.036 0.002 0.001 0.009 0.001 0.127 0.824 -0.85 1.6E-04 2149 <1 

0.30 <0.001 0.036 0.001 0.001 0.151 0.010 0.048 0.753 -0.08 5.5E-03 2518 14 

0.40 0.001 0.036 <0.001 0.002 0.596 0.028 0.013 0.324 0.30 3.1E-02 2677 85 

0.55 0.002 0.035 <0.001 0.001 0.824 0.032 0.004 0.102 0.41 5.0E-02 2541 133 

0.70 0.003 0.035 <0.001 0.001 0.874 0.030 0.002 0.058 0.45 5.9E-02 2346 148 

0.85 0.005 0.034 <0.001 0.001 0.896 0.027 0.001 0.040 0.48 6.8E-02 2153 156 

1.00 0.007 0.033 <0.001 0.001 0.909 0.024 0.001 0.031 0.51 7.7E-02 1964 163 

Simulation 3, ADR, Assimilant = XSO4·2H2O, Pe = 5bar, T = 1350 °C, fO2 = QFM-2,  S = 1500 ppm,  FeO  = 20 wt% 

0.00 <0.001 0.586 0.102 0.018 0.004 0.002 0.102 0.187 -1.95 1.0E-06 1500 <1 
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0.10 0.001 0.711 0.042 0.026 0.107 0.019 0.015 0.080 -1.01 7.6E-05 1594 <1 

0.20 0.002 0.661 0.030 0.023 0.218 0.028 0.005 0.035 -0.79 2.1E-04 1484 <1 

0.30 0.004 0.634 0.026 0.019 0.267 0.028 0.003 0.022 -0.69 3.3E-04 1324 <1 

0.40 0.005 0.621 0.024 0.017 0.295 0.025 0.002 0.016 -0.63 4.4E-04 1169 1 

0.55 0.007 0.611 0.021 0.014 0.321 0.021 0.001 0.012 -0.55 6.3E-04 964 1 

0.70 0.010 0.606 0.019 0.011 0.337 0.016 0.001 0.009 -0.48 8.7E-04 788 1 

0.85 0.012 0.605 0.018 0.009 0.348 0.012 0.001 0.008 -0.40 1.3E-03 635 1 

1.00 0.014 0.605 0.016 0.007 0.356 0.009 0.001 0.007 -0.33 1.7E-03 501 1 

Simulation 4, Y98, Assimilant = XSO4, Pe = 5 bar, T = 1500 °C, fO2 = QFM-4, S = 1500 ppm,  FeO  = 16 wt% 

0.00 <0.001 0.438 0.372 0.009 <0.001 <0.001 0.137 0.043 -3.91 1.2E-10 1495 <1 

0.10 <0.001 0.600 0.086 0.015 0.024 0.005 0.094 0.176 -1.71 3.0E-06 1882 <1 

0.20 0.001 0.513 0.032 0.014 0.290 0.029 0.023 0.098 -1.00 7.9E-05 1998 <1 

0.30 0.002 0.418 0.022 0.010 0.448 0.036 0.011 0.054 -0.86 1.5E-04 1881 <1 

0.40 0.003 0.358 0.018 0.008 0.534 0.037 0.007 0.038 -0.79 2.1E-04 1743 <1 

0.60 0.006 0.275 0.011 0.004 0.659 0.025 0.003 0.022 -0.61 4.8E-04 1175 1 

0.80 0.007 0.243 0.009 0.003 0.703 0.021 0.003 0.018 -0.55 6.3E-04 1002 1 

1.00 0.009 0.219 0.008 0.002 0.737 0.017 0.002 0.015 -0.48 8.7E-04 838 1 

Simulation 5, Y98, Assimilant = XSO4, Pe = 100 bar, T = 1500 °C, fO2 = QFM-4, S = 3000 ppm,  FeO  = 16 wt% 

0.00 <0.001 0.028 0.046 0.001 <0.001 <0.001 0.793 0.132 -3.82 1.8E-10 2962 <1 

0.10 <0.001 0.029 0.004 0.001 0.002 0.001 0.341 0.622 -1.74 2.6E-06 3362 <1 

0.20 <0.001 0.029 0.001 0.001 0.110 0.013 0.109 0.736 -0.60 5.0E-04 3720 2 

0.30 0.001 0.029 0.001 0.001 0.495 0.036 0.036 0.401 -0.17 3.6E-03 3805 14 

0.40 0.002 0.029 0.001 0.001 0.680 0.043 0.018 0.228 -0.07 5.7E-03 3701 21 

0.60 0.004 0.028 0.001 0.001 0.800 0.044 0.009 0.118 0.00 7.9E-03 3419 27 

0.80 0.006 0.027 0.001 0.001 0.846 0.040 0.006 0.079 0.04 9.5E-03 3129 30 

1.00 0.008 0.026 <0.001 0.001 0.872 0.036 0.004 0.06 0.08 1.1E-02 2849 33 

Simulation 6, Y98, Assimilant = XSO4, Pe = 5 bar, T = 1350 °C; fO2 = QFM-2;  S = 1500 ppm,  FeO  = 16 wt% 

0.00 <0.001 0.584 0.108 0.012 0.008 0.002 0.117 0.169 -1.94 1.0E-06 1493 <1 

0.10 0.001 0.532 0.033 0.012 0.255 0.022 0.028 0.119 -0.99 8.3E-05 1708 <1 
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0.20 0.002 0.426 0.022 0.009 0.445 0.029 0.011 0.057 -0.82 1.8E-04 1743 <1 

0.30 0.003 0.363 0.017 0.007 0.538 0.030 0.007 0.039 -0.74 2.6E-04 1607 <1 

0.40 0.004 0.320 0.014 0.006 0.597 0.028 0.005 0.030 -0.68 3.5E-04 1468 1 

0.55 0.006 0.275 0.011 0.004 0.659 0.025 0.003 0.022 -0.61 4.8E-04 1269 1 

0.70 0.007 0.243 0.009 0.003 0.703 0.021 0.003 0.018 -0.55 6.3E-04 1082 1 

0.85 0.009 0.219 0.008 0.002 0.737 0.017 0.002 0.015 -0.48 8.7E-04 905 1 

1.00 0.010 0.200 0.006 0.002 0.764 0.013 0.002 0.013 -0.41 1.2E-03 742 1 

Simulation 7, Y98, Assimilant = XSO4, Pe = 5 bar, T = 1500 °C, fO2 = QFM-2, S = 0 ppm,  FeO  = 16 wt% 

0.00 <0.001 0.590 0.109 <0.001 <0.001 <0.001 0.123 0.178 -1.93 1.1E-06 0 <1 

0.10 <0.001 0.593 0.028 0.003 0.127 0.002 0.037 0.210 -0.75 2.5E-04 371 <1 

0.20 0.001 0.476 0.016 0.002 0.410 0.004 0.010 0.081 -0.43 1.1E-03 394 <1 

0.30 0.002 0.401 0.011 0.002 0.526 0.004 0.005 0.050 -0.30 2.0E-03 326 1 

0.40 0.003 0.352 0.009 0.001 0.594 0.003 0.004 0.038 -0.20 3.2E-03 254 1 

0.55 0.005 0.303 0.006 0.001 0.658 0.002 0.002 0.028 -0.03 6.9E-03 158 1 

0.70 0.006 0.269 0.004 <0.001 0.702 <0.001 0.001 0.023 0.17 1.7E-02 86 1 

0.85 0.008 0.245 0.003 <0.001 0.731 <0.001 0.001 0.020 0.39 4.6E-02 42 2 

1.00 0.009 0.225 0.002 <0.001 0.755 <0.001 0.001 0.017 0.63 1.3E-01 18 3 

Simulation 8, Y98, Assimilant = XSO4, Pe = 5 bar, T = 1500 °C, fO2 = QFM-4, S = 3000 ppm,  FeO  = 16 wt% 

0.00 <0.001 0.435 0.369 0.017 <0.001 <0.001 0.135 0.043 -3.91 1.2E-10 2991 <1 

0.10 0.001 0.587 0.086 0.026 0.039 0.015 0.087 0.159 -1.73 2.8E-06 3362 <1 

0.20 0.002 0.484 0.036 0.022 0.295 0.060 0.023 0.081 -1.15 4.0E-05 3375 <1 

0.30 0.003 0.396 0.026 0.017 0.430 0.072 0.012 0.048 -1.02 7.2E-05 3201 <1 

0.40 0.006 0.342 0.021 0.014 0.507 0.074 0.008 0.035 -0.96 9.5E-05 3021 <1 

0.60 0.007 0.275 0.011 0.004 0.659 0.025 0.003 0.022 -0.61 4.8E-04 2821 1 

0.80 0.009 0.243 0.009 0.003 0.703 0.021 0.003 0.018 -0.55 6.3E-04 2626 2 

1.00 0.010 0.219 0.008 0.002 0.737 0.017 0.002 0.015 -0.48 8.7E-04 2414 2 

See text, Table 2 and Table 3 for discussion of the physical and chemical model input parameters, and Table 1 for parameter abbreviations and 

entities. ADR = Noachian-Hesperian Adirondack-class basalt; Y98 = Amazonian Y-980459 olivine-phyric shergottite. 


