
Vol.:(0123456789)

Acta Geochim (2026) 45:1–14 

https://doi.org/10.1007/s11631-025-00819-1

                     REVIEW ARTICLE 

 Light elements in the Martian core 

                                                                  Yinfang     Yang   1,2      ·   Shuangmeng     Zhai   1         

 Received: 2 June 2025 / Revised: 20 July 2025 / Accepted: 17 August 2025   / Published online: 18 September 2025

©   The Author(s), under exclusive licence to Science Press and Institute of Geochemistry, CAS and Springer-Verlag GmbH Germany, part of 

Springer Nature      2025  

       1  Introduction 

 Mars is a smaller terrestrial planet than Earth, but it may 

have experienced a similar early evolution to the Earth. It 

once had a thick atmosphere (Kite  2019 ; Heard and Kite 

 2020 ), significant water activity (Martín-Torres et  al. 

 2015 ; Jones  2018 ; Nazari-Sharabian et al.  2020 ) and an 

active magnetic fi eld (Stevenson  2001 ; Elkins-Tanton et al. 

 2003 ; Mittelholz et al.  2020 ), making it one of the plan-

ets that could potentially harbor extraterrestrial life. It is 

also a primary focus of current deep space exploration. 

After the launched InSight mission in 2018, Mars became 

the second extraterrestrial planet from which seismic data 

were obtained (Cottaar and Koelemeijer  2021 ; Khan et al. 

 2022 ). The preliminary analysis results on those data from 

InSight indicate that Mars has a large core with a radius of 

1790–1870 km and a density of approximately 5.7–6.3 g/

cm³ (Stähler et al.  2021 ). Subsequent studies by Irving et al. 

( 2023 ) and Le Maistre et al. ( 2023 ) slightly improved that 

model with a new core radius of 1780–1890 km and a den-

sity of 5.96–6.3 g/cm³, highly consistent with the results of 

cosmochemistry combined with geodesy (1730–1860 km) 

(Sohl and Spohn  1997 ; Rivoldini et al.  2011 ; Khan et al. 

 2018 ). However, recent studies have proposed a subversive 

model. Khan et al. ( 2023 ) and Samuel et al. ( 2023 ), by intro-

ducing a molten silicate layer at the core-mantle boundary 

(CMB) (Fig.  1 ), have reduced the radius of the Martian core 

to 1630–1705 km and increased the density to 6.5–6.65 g/

cm³. This structure may be more consistent with the con-

straints of high-resolution marsquake signals. Notably, in 

the preliminary analysis and subsequent studies, the inver-

sion results of InSight seismic data show that the Martian 

core contains many light elements. In addition, under the 

Martian core’s pressure and temperature (P-T) conditions 

(~ 2100 K, 21–40 GPa), the core’s density is approximately 
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27% smaller than that of pure liquid iron (Khan et al.  2023 ). 

This abnormal density defi cit can be explained by the mixing 

eff ects of light elements such as sulfur (S), carbon (C) and 

oxygen (O), which play a crucial role in understanding the 

formation and evolution of the Martian core and the plan-

etary diff erentiation process.         

 Light elements have an atomic weight lower than that of 

liquid iron and can signifi cantly reduce the density of the 

Martian core (iron-nickel) (Nishida et al.  2016 ; Sakamaki 

et al.  2016 ; Hirose et al.  2021 ). Meanwhile, light elements 

can lower the melting point and thermal conductivity of iron 

(Ohta et al.  2016 ; Hirose et al.  2021 ). This characteristic 

may delay the crystallization process of the core, thereby 

aff ecting the maintenance of the global magnetic fi eld and 

the termination of the dynamo on Mars in its early stage 

(4.5–3.6 Ga) (Stevenson  2001 ; Mittelholz et al.  2020 ; Hsieh 

et al.  2024 ). On the other hand, light elements can change the 

sound velocity of liquid iron, thus infl uencing the physical 

property of the core (Terasaki et al.  2019 ; Nishida et al. 

 2020 ; Huang et al.  2023 ). The Martian core has an obvious 

density defi cit, but its sound velocity is similar to that of liq-

uid iron (Fig.  2 ). Molecular dynamics results indicate that C 

and silicon (Si) can increase the sound velocity of liquid iron 

(Terasaki et al.  2019 ; Huang et al.  2023 ). However, the iso-

topic analysis results of SNC (Shergotty-Nakhla-Chassigny) 

meteorites have cast doubt on the presence of C and Si in the 

Martian core (Grady et al.  2004 ; Wood et al.  2013 ; Zambardi 

et al.  2013 ; Dauphas et al.  2015 ; Yoshizaki and McDonough 

 2020 ). Therefore, there is still no consensus on the types, 

contents and forms of light elements in the Martian core, 

as well as their impacts on the Martian core under the cor-

responding P-T conditions. It is shown that the existence of 

other light elements remains controversial except for S and 

O, which are recognized by most studies.         

 This review focuses on the investigations of the Mar-

tian core’s chemical composition. We extensively collect 

  Fig. 1       The internal structure of 

Mars [modifi ed from Yoshizaki 

and McDonough ( 2020 )]  

  Fig. 2       The density and sound velocity of the Martian core and pure liquid iron, where green, yellow and blue curves represent the Martian 

model data (Khan et al.  2018 ), the red curve represents the inversion results from seismic data (Khan et al.  2023 ; Samuel et al.  2023 ), the black 

curve represents the data for liquid Fe at 2000 K (Kuwayama et al.  2020 ), and the purple curve represents the liquid Fe data calculated in this 

study  
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literature and comprehensively analyze high P-T experi-

ments, marsquake data, molecular dynamics simulations 

and Martian meteorite studies. This review delves into the 

nature, abundances and distribution of light elements in the 

Martian core. 

     2   Marsquake data inversion 

 The seismic data from Mars were collected by the InSight 

mission, which was launched by the US in 2018. The mis-

sion carried three main scientifi c instruments, i.e., the Seis-

mic Experiment for Interior Structure (SEIS), the Heat Flow 

and Physical Properties Package  (HP 3 ) and the Rotation and 

Interior Structure Experiment (RISE) (Smrekar et al.  2019 ). 

The aim was to carry out Mars interior exploration using 

seismic surveys, geodesy and thermal transport, focusing on 

the structure and evolution of the Martian interior. 

 To date, the Mars Quake Service (MQS) of InSight has 

identifi ed over 1000 distinct marsquake events (Clinton 

et al.  2021 ). Based on the high-quality marsquake and 

radio data from the InSight mission, and the geodetic data 

and cosmochemical models, the radius and density of the 

Martian core have been precisely constrained. Stähler et al. 

( 2021 ) analyzed six marsquake events (S0173a, S0235b, 

S0407a, S0409d, S0484a, S0325a) and inverted them 

together with geodetic data, constraining the radius of 

the liquid metallic core to 1830 ± 40 km and inferring an 

average core density of 5.7–6.3 g/cm³. Irving et al. ( 2023 ) 

observed high-quality seismic phases (secondary-kernel-

secondary, SKS) passing through the Martian core in the 

S0976a and S1000a marsquake events, which yielded a 

smaller core radius (1780–1810 km) and a larger core den-

sity (6.2–6.3 g/cm³). The estimates from both Stähler et al. 

( 2021 ) and Irving et al. ( 2023 ) were based on the assump-

tion of a homogeneous Martian mantle. However, recent 

observations have shown abnormally slow P-wave propa-

gation at the CMB of Mars (Khan et al.  2023 ) (Fig.  2 ), 

suggesting a diff erent material composition. Samuel et al. 

( 2021 ) proposed that a basal layer enriched with iron 

and heat-producing elements may have formed because 

of the early solidifi cation of a magma ocean, potentially 

giving rise to a molten silicate layer above the Martian 

core. Samuel et al. ( 2023 ) and Khan et al. ( 2023 ) further 

analyzed seismic phases, providing geophysical evidence 

for a molten silicate layer at the top of the Martian core. 

Combining their fi ndings with previous results, they recal-

culated the radius and density of the Martian core. Com-

pared to earlier models, the new values suggest a smaller 

radius (1630–1705 km) and a larger density (6.50–6.66 g/

cm³) of the Martian core. 

 This suggests that the light elements in the Martian core 

include S, O, C and hydrogen (H), with the highest content 

of S, followed by O and C, and the lowest content of H 

(Stähler et al.  2021 ; Irving et al.  2023 ; Le Maistre et al. 

 2023 ), as listed in Table  1 . Khan et al. ( 2023 ) found that 

Martian core is composed of 85–91 wt% Fe–Ni and 9–15 

wt% light elements, with the light element content being 

lower than in other studies (16–22 wt%) (Stähler et al. 

 2021 ; Irving et al.  2023 ; Le Maistre et al.  2023 ). How-

ever, the Martian core still lacks the most crucial seismic 

data (Fig.  3 ). Therefore, determination of the structure and 

composition of the Martian core requires further seismic 

inversion and analysis with additional data in the future.          

  Table 1       Varieties and abundances of light elements in Martian core  

 Means that the absence or low level is not specifi ed 

  Light elements (in wt%, unless otherwise indicated)    Method    References  

  S    O    C    H    P    Si  

  10–17     < 4     < 1.4    –    –    –    Mass balance calculations    Steenstra and Westrenen ( 2018 )  

  18–19     < 1    0.5–1.4    –    –    1.82 ppm    Theoretical calculations based on experimental 

parameters  

  Brennan et al. ( 2020 )  

  6.6    5.2    –    0.9    0.33    –    Theoretical calculations based on Martian meteor-

ites and space observation data  

  Yoshizaki and McDonough ( 2020 )  

  10–15     < 5     < 1     < 1    –    –    InSight Fire Seismic Data Inversion    Stähler et al. ( 2021 )  

  ≈9     ≤ 2.5     ≥ 3     ≤ 0.5    –    –    Inverse calculations in geophysics and cosmo-

chemistry  

  Khan et al. ( 2022 )  

  14–19    1.3–3.5    –    –    –     ≤ 0.07    High P-T experiments and theoretical calculations    Gendre et al. ( 2022 )  

  13–17    2–3    1–2     ~ 1    –    –    Analysis of InSight radio tracking data    Le Maistre et al. ( 2023 )  

  15.4–16.5    2.9–3.2    1.2–1.4    0.5–0.6    –    –    Inversion of the SKS seismic phase by InSight    Irving et al. ( 2023 )  

  7–17.6    0.3–1.9    0.4–1.7    –    –    –    High-pressure melting experiment    Yokoo and Hirose ( 2024 )  
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     3   Iron-light element system 

 High P-T experiments are widely applied in the deep 

exploration of the Earth and play a crucial role in the 

research on the mantle and core. Fe-light element phase 

diagrams under high P-T conditions are important for 

understanding the elemental composition and solid-liquid 

phase characteristics of planetary core (Komabayashi 

 2021 ; Li and Fei  2014 ). The results of Fe-light element 

systems carried out corresponding to the conditions of 

the Martian core are summarized in Table  2 . The phase 

diagrams mainly focus on binary systems (Fe–S) and ter-

nary systems (Fe–S–O, Fe–S–H, Fe–Ni–S, Fe–Ni–Si), 

with two studies on quaternary systems (Fe–Ni–S–C, 

Fe–S–O–C); studies of more complex systems are still 

relatively lacking.  

    3.1   Fe-S and Fe–Ni–S systems 

 It is believed that the Martian core is dominated by Fe, 

Ni and some light elements. S is considered the primary 

light element in the Martian core. Therefore, the Fe–S 

and Fe–Ni–S systems have been widely investigated. If 

S is the only light element in the Martian core, 30 wt% 

sulfur would be required (Terasaki et al.  2019 ; Stähler 

et al.  2021 ) to match the density profi le, which exceeds 

the upper limit of cosmochemical estimates (18–19%) 

  Fig. 3        a  The seismic wave ray paths of the model without a solid inner core proposed by Sohl and Spohn ( 1997 ) [modifi ed according to Helf-

frich ( 2017 )].  b  The ray paths of the marsquake data from the InSight mission, where TBL is the thermal boundary layer and BML is the basal 

mantle layer [modifi ed according to Samuel et al. ( 2023 )]  

  Table 2       Results of Fe-light element systems under Martian core conditions  

  System    Experimental conditions    Results    References  

  Fe–Ni–S    23–40 GPa, 1400–2000 K    14.2 wt% S    Fei and Bertka ( 2005 )  

  Fe–Ni–S    18–52 GPa, 1275–2300 K    The core of Mars is believed to be liquid    Fei et al. ( 2006 )  

  Fe–S, Fe–Ni–S    23–40 GPa, 1113–1973 K    12–16 wt% S    Stewart et al. ( 2007 )  

  Fe–Ni–S    19–23 GPa, 1073–1373 K    Ni signifi cantly increases the solubility of S    Zhang and Fei ( 2008 )  

  Fe–Ni–S–C    6–13 GPa, 2073–2273 K    10–16 wt% S, 0.25–0.9 wt% C    Tsuno et al. ( 2018 )  

  Fe–S, Fe–S–O    14–20 GPa, 1673–2123 K    O has almost no eff ect on the liquidus temperature    Pommier et al. ( 2018 )  

  Fe–Ni–Si, Fe–Ni–S    0–13 GPa, 1240–2250 K    32.4 wt% S or 30.3 wt% Si    Terasaki et al. ( 2019 )  

  Fe–S    5–20 GPa, 1700–2300 K    S has almost no eff ect on the  V P  of liquid Fe    Nishida et al. ( 2020 )  

  Fe–S, Fe–Ni–S    20 GPa, 1473–2073 K    The lower boundary of the CMB temperature for a fully molten 

core is defi ned as 1250–1500 K  

  Gilfoy and Li ( 2020 )  

  Fe–S–H    23–45 GPa, 1150–4579 K    A new phase of  FeS x H y  was discovered at 36 GPa, where x≈1 and 

y≈1  

  Piet et al. ( 2021 )  

  Fe–S–O    2–12 GPa, 1673–2473 K    14–19 wt% S, 1.3–3.5 wt% O    Gendre et al. ( 2022 )  

  Fe–S–O–C    26–49 GPa, 1270–2510 K    7.0–17.6 wt% S, 0.3–1.9 wt% O, 0.4–1.7 wt% C    Yokoo and Hirose ( 2024 )  
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(Steenstra and van Westrenen  2018 ; Brennan et al.  2020 ). 

In the Fe-S system, S can signifi cantly lower the melting 

temperature of Fe (Fig.   4 ). The addition of Ni slightly 

changes the liquidus and lowers the eutectic temperature 

(Stewart et al.  2007 ) but increases the solubility of sulfur 

in liquid Fe (Zhang and Fei  2008 ). Moreover, S can sig-

nifi cantly reduce the sound velocity and bulk modulus of 

liquid Fe (Terasaki et al.  2019 ). However, the experimental 

study by Nishida et al. ( 2020 ) shows that under pressure 

conditions close to those of the Martian core (~ 40 GPa), 

the weakening eff ect of sulfur on the sound velocity of 

liquid iron gradually weakens and eventually becomes 

negligible (Fig.  5 ). In contrast, Huang et al. ( 2023 ) sys-

tematically calculated the quantitative eff ects of S molar 

concentration on the sound velocity and density of liquid 

Fe through ab initio molecular dynamics simulations. The 

results show that the density of liquid Fe has a signifi cant 

negative correlation with the S concentration under the 

conditions of both 19 GPa/2100 K and 35 GPa/2400 K 

(Fig.  6 a). However, the infl uence of the S concentration on 

the sound velocity of liquid Fe exhibits pressure depend-

ence. As the pressure condition increases, the infl uence 

of S on the sound velocity of liquid Fe gradually weakens 

(Fig.  6 b). The simulation results of Huang et al. ( 2023 ) 

share certain commonalities with the experimental results 

of Nishida et al. ( 2020 ), but there are still signifi cant dif-

ferences. Although the simulation by Huang et al. ( 2023 ) 

incorporated the influence of magnetic effects on the 

equation of state (EOS) of iron-rich liquids, it has not yet 

fully bridged the gap between fi rst-principles molecular 

dynamics simulations and high P-T experimental results. 

The latest research by Liu and Jing ( 2025 ) shows that the 

results obtained by adopting component-dependent pres-

sure correction are more consistent with the experimental 

results than the constant pressure correction results used 

by Huang et al. ( 2023 ). This composition dependence was 

largely ignored in earlier studies. However, the impact 

of other light elements on pressure correction remains 

unclear, and further investigations are required.                         

 Yoshizaki and McDonough ( 2020 ) proposed that the S 

content in the Martian core is 6.6 wt% based on cosmo-

chemical models. However, high P-T experiments show 

that the solubility of S in iron alloy is relatively high, rang-

ing from 7 wt% to 19 wt% (Gendre et al.  2022 ; Yokoo and 

Hirose  2024 ), which is closer to the inversion results of 

InSight (10–16.5 wt% S) (Stähler et al.  2021 ; Irving et al. 

 2023 ; Le Maistre et al.  2023 ). Man et al. ( 2025 ) further 

studied the Fe-S system and suggested that when the S 

content is 18–22 wt%, a solid Martian inner core with a 

composition of  Fe 4+x S 3  may form. Although the S content 

range in the study of Man et al. ( 2025 ) exceeds the upper 

limit estimated by cosmochemistry, it provides certain ref-

erences for subsequent multi-system research and the state 

of the Martian core. 

  Fig. 4        a  Liquidus curve and eutectic points of the Fe-light element system, where the S content is used as the x axis in the Fe–S–O system.  b  
High-pressure melting curves of the Fe-light element system and Fe alloys. References: Bo1992 = Boehler ( 1992 ); Sh1993 = Shen et al. ( 1993 ); 

She1998 = Shen et al. ( 1998 ); Fe2000 = Fei et al. ( 2000 ); Ch2008 = Chen et al. ( 2008 ); St2007a = Stewart and Schmidt ( 2007 ); St2007 = Stew-

art et al. ( 2007 ); Sa2009 = Sakamaki et al. ( 2009 ); Fe2014 = Fei and Brosh ( 2014 ); Zh2016 = Zhang et al. ( 2016 ); Li2016 = Liu et al. ( 2016 ); 

Mo2017 = Morard et al. ( 2017 ); Pr2018 = Prommier et al. ( 2018 ); An2013 = Anzellini et al. ( 2013 ); Hi2019 = Hirosc et al. ( 2019 ); Gi2020 = 

Gilfoy ( 2020 ); La2022 = Lai et al. ( 2022 )  



6 Acta Geochim (2026) 45:1–14

     3.2   Fe–Ni–Si systems 

 Hirose et  al. ( 2019 ) showed that the melting curves of 

Fe–FeSi were similar to those of Fe (Shen et al.  1998 ; Zhang 

et al.  2016 ) (Fig.  4 b), which proves that Si basically has a 

small eff ect on the liquidus of Fe. If the silicon content in 

the core is relatively high, a solid inner core may form under 

the current P-T conditions of the Martian core. However, Si 

  Fig. 5       The curves of the density ( a ) and sound velocity ( b ) of Fe-light elements under Martian pressures. The position of the dashed-line box 

represents the range of Martian core density and sound velocity obtained from the inversion of InSight marsquake data (Irving et al.  2023 ; Sam-

uel et al.  2023 ). The Fe–C data are from Nakajima et al. ( 2015 ) (the density data after 10 GPa were obtained by extrapolating the data from this 

reference); the Fe–P data are from Kinoshita et al. ( 2020 ); the data for  Fe 89 S 11  and  Fe 40 S 17 H 43  are from Liu and Jing ( 2025 ); the data for  Fe 75 S 25  

are from Li et al. ( 2024b ); the data for  Fe 80 S 20 ,  Fe 57 S 43  and liquid Fe are from Nishida et al. ( 2020 ); the data for Fe–Ni–S and Fe–Ni–Si are from 

Terasaki et al. ( 2019 )  

  Fig. 6       The eff ect of light elements X (X = Ni, S, C, O and H) at the CMB and at a depth of 2800 km on the density and sound velocity of liquid 

Fe (modifi ed from Huang et al. ( 2023 ), where the range of  V  P  is referenced from Mars models and seismic wave detection results)  
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is a lithophile element and only exhibits siderophile proper-

ties at low oxygen fugacity (IW-4.5) (Fischer et al.  2015 ). 

The relatively high oxygen fugacity (IW-2 to -1) during the 

formation of the Martian core (Yoshizaki and McDonough 

 2020 ) limits the siderophile nature of Si. Besides, through 

cosmochemical analysis, Zambardi et al. ( 2013 ) and Dau-

phas et al. ( 2015 ) found that no Si isotopic fractionation was 

caused by metal-silicate separation in Martian meteorites. 

This evidence points to an extremely low content or even 

the absence of Si in the Martian core. 

 By using fi rst-principles molecular dynamics simulations, 

Umemoto and Hirose ( 2020 ) calculated the ability of light 

elements to reduce the density of liquid Fe. Their results 

showed an order of Si > S > O > C≈H, indicating that Si has 

the greatest ability to reduce the density of liquid Fe due 

to the substitutional doping. Moreover, the bulk modulus 

of liquid Fe remains constant with Si content (Terasaki 

et al.  2019 ). Thus, the sound velocity of Si-rich liquid Fe 

is higher than that of pure liquid Fe and S-rich liquid Fe 

(Fig.  5 ) (Terasaki et al.  2019 ; Yamada et al.  2023 ). Mean-

while, at 300 K, the incorporation of Si increases the  V P  of 

body-centered cubic (bcc) Fe by 0.074(15) km/s (Li et al. 

 2024a ). Early Martian core models and recent SKS seismic 

wave data from Insight show that the sound velocity in the 

Martian core is similar to that of pure liquid Fe, and even 

slightly higher than that of pure liquid Fe (Fig.  2 ). Based on 

the equation of state for liquid Fe proposed by Kuwayama 

et al. ( 2020 ), we calculated the density and sound veloc-

ity of liquid Fe under Martian core conditions. Under the 

CMB condition, the calculated sound velocity of liquid Fe 

is 4.9–5.1 km/s, slightly lower than the seismic wave results 

(4.9–5.5 km/s) (Irving et al.  2023 ; Samuel et al.  2023 ). Other 

light elements (S, O and H) reduce the sound velocity of 

liquid Fe (Huang et al.  2023 ), providing the possibility of 

the presence of Si in the Martian core. 

     3.3   Fe–H and Fe–S–H systems 

 H is abundant in the solar system. It is lithophile under low 

temperatures and low pressures, but becomes siderophile 

under high pressures (20–30 GPa) (Oka et al.  2022 ). Suzuki 

et al. ( 1984 ) found that the melting temperature of the Fe-H 

system at about 5.4 GPa was  500 K lower than that of 

pure iron, demonstrating that H eff ectively lowers the melt-

ing point of pure iron. Recently, Yuan and Steinle-Neumann 

( 2023 ) showed that the melting point of Fe decreases by 

700–900 K for 0.34% H at 330 GPa. Figure  4 b shows that 

the liquidus of the H-containing system is signifi cantly lower 

than those of the other systems. 

 In the Fe–S–H system, the addition of H leads to the 

emergence of a new phase containing both S and H  (FeS x H y , 

where x≈1 and y≈1), and it also aff ects the stability of  Fe 3 S 

(Piet et al.  2021 ; Wei et al.  2024 ). Infl uenced by pressure, 

 FeS x H y  appears when the pressure is > 35 GPa, while Fe–H 

and Fe–S alloys appear separately at 23–35 GPa (Piet et al. 

 2021 ). In addition, Wei et al. ( 2024 ) studied the eff ect of H 

content on the Fe–S system at 30–40 GPa. Their research 

shows that when the H content is low (≤ 0.06 wt%), the  Fe 3 S 

phase is stable; when there is low S and high H (H ≥ 0.14 

wt% and S ≤ 16 wt%), Fe-H and Fe-S alloys coexist; when 

the H content is too high (≥ 0.33 wt%),  FeS x H y  appears. The 

preliminary inversion results of InSight seismic data and the 

analysis of Martian meteorites show that the H content is 

0.5–1 wt% (Yoshizaki and McDonough  2020 ; Stähler et al. 

 2021 ; Khan et al.  2022 ; Le Maistre et al.  2023 ; Irving et al. 

 2023 ), and further research by Khan et al. ( 2023 ) suggests 

that the H content in the Martian core can be up to 2 wt%. 

Therefore, based on current studies of H content in the Mar-

tian core, it is diffi  cult for the  Fe 3 S phase to exist stably, and 

the  FeS x H y  phase is more likely to form there. The ab initio 

molecular dynamics show that H can reduce the density of 

liquid iron, but its eff ect on the sound velocity is not obvious 

(Huang et al.  2023 ) (Fig.  6 ). Liu and Jing ( 2025 ) obtained 

similar results using fi rst-principles molecular dynamics 

simulations. They also calculated that the density of the 

Fe–S–H system can match that of the Martian core, but the 

corresponding sound velocity is always slightly lower than 

the P-wave velocity observed from Martian seismic data. 

Therefore, the presence of C or Si in the core is necessary 

to increase the sound velocity. 

     3.4   Fe–S and Fe–P–S systems 

 Iron phosphides are widely found in meteorites (Skála and 

Císařová  2005 ; Chantel et al.  2018 ). Therefore, phospho-

rus (P) is considered one of the candidate light elements 

in planetary cores. P is a moderate siderophile element 

and becomes more siderophile under reducing conditions 

(Newsom and Drake  1983 ). The Martian surface soil is 

rich in P (Greenwood and Blake  2006 ), and the P content 

in the Martian mantle is approximately 5–10 times that of 

the Earth’s mantle (Gellert et al.  2006 ; Ming et al.  2008 ; 

Gu et al.  2019 ). Furthermore, P has a high partition coef-

fi cient between liquid silicates and liquid metals, suggest-

ing that a signifi cant amount of P could be incorporated 

into the Martian core (Gu et al.  2019 ). Stewart and Schmidt 

( 2007 ) studied the Fe–P–S system at 23 GPa. Compared to 

the Fe–S system in Stewart et al. ( 2007 ), the eutectic point 

temperature of the Fe–P system is higher than that of the 

Fe–S system (Fig.   4 a). The liquidus of the Fe–P system 

shows diff erent trends with the content of light elements. 

When the content of light elements is low (< 14 wt%), the 

liquidus temperature of the Fe–P system is lower than that of 

the Fe–S system, and vice versa, it is higher than that of the 

Fe–S system (Fig.  4 a). Chantel et al. ( 2018 ) studied the Fe–P 

system under low pressure (2–7 GPa) and found that the 
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liquidus temperature of the Fe–P system exhibits a bimodal 

characteristic regarding composition: for P-poor components 

(Fe-5 wt% P), the liquidus has a positive correlation with 

pressure, while for P-rich components (Fe-10 wt% P), it 

has a negative correlation. Moreover, they believe that this 

compositional dependence implies that the P content can 

regulate the crystallization direction of the core. However, 

due to the relatively low-pressure conditions in this study, it 

remains unclear whether such a pattern still holds under the 

pressure conditions of the Martian core. More research data 

are needed in the future to support this. 

 Based on the cosmochemical analysis of Martian mete-

orites by Yoshizaki and McDonough ( 2020 ), the P content 

of the Martian core is constrained to be approximately 0.33 

wt%. When combined with the research results of Chantel 

et al. ( 2018 ), the Martian core is more inclined to the crystal-

lization mechanism of the "snowing-core model", that is, 

light elements gradually crystallize from the top to the bot-

tom of the core along with the iron alloy melt. Further com-

paring the density-pressure curves of the Fe–P, Fe–S and 

Fe–C systems in Fig.  5 a (with the atomic proportion of light 

elements in each system being 25%) shows that the eff ect of 

P on reducing the density of liquid iron is between that of S 

and C (i.e., ρ-P > ρ-C but ρ-P < ρ-S), indicating that P plays 

a medium-strength role in regulating the density defi cit of 

the planetary core. However, high P-T experiments by 

Kinoshita et al. ( 2020 ) show that although P signifi cantly 

reduces the density of liquid iron, its eff ect on the sound 

velocity is relatively weak (Fig.  5 b). This is because while 

P reduces the density, it simultaneously decreases the bulk 

modulus ( K  s ), resulting in a partial cancellation of their con-

tributions to the sound velocity ( V   P   =   

√
K

S

𝜌
    ). Notably, current 

experimental studies on phosphorus-containing ternary sys-

tems under planetary core conditions are still extremely lim-

ited, and there is a severe shortage of phase equilibrium and 

physical property data for complex multi-component sys-

tems. This greatly restricts the quantitative analysis of the 

mechanisms of core-mantle diff erentiation and planetary 

magnetic fi eld evolution by light elements. 

     3.5   Fe–S–O and Fe–S–O–C systems 

 Both O and C can reduce the density of liquid iron. It is 

believed that O has an inhibitory eff ect on the sound veloc-

ity of liquid Fe, while C, like Si, can increase the sound 

velocity of liquid Fe (Huang et al.  2023 ). Previous studies 

have shown that the solubility of O in liquid Fe is positively 

correlated with P-T conditions (Ohtani et al.  1984 ; Siebert 

et al.  2013 ; Badro et al.  2015 ). The solubility of O in liquid 

iron is only 0.74 wt% under the conditions of 21 GPa and 

2573 K (Ricolleau et al.  2011 ). However, the sulfur in liquid 

iron can lower the P-T conditions for oxygen to dissolve in 

liquid iron (Tsuno et al.  2011 ). Due to the promoting eff ect 

of sulfur, the content of oxygen in the Martian core is rela-

tively high (0.3–3.5 wt%) (Gendre et al.  2022 ; Yokoo and 

Hirose  2024 ). Pommier et al. ( 2018 ) conducted experiments 

on the Fe–S–O system at 14 GPa and 20 GPa with tempera-

tures up to 2123 K and found that oxygen has little eff ect 

on the liquidus temperature compared to the Fe–S system 

(Fig.  4 ). However, the addition of oxygen causes the forma-

tion of solid FeO phase in the system, stable between 1673 

and 2033 K, providing a potential scenario for the existence 

of a solid inner core on Mars. 

 Early studies do not support the presence of C in the 

Martian core. On the one hand, Martian meteorites lack the 

C isotopic fractionation similar to that in terrestrial rocks 

(Grady et al.  2004 ; Wood et al.  2013 ), which weakens the 

possibility of the presence of C in the Martian core. On the 

other hand, there is a signifi cant diff erence between the 

actual density of the Martian core and that of liquid iron, 

while C has little eff ect on the density of liquid Fe and thus 

cannot eff ectively reduce the density of the Martian core 

(Nakajima et al.  2015 ; Yoshizaki and McDonough  2020 ). 

Therefore, C is excluded as a candidate for light elements in 

the Martian core. However, C is a siderophile element and 

has a greater tendency to enter the metallic core during the 

core-mantle diff erentiation process (Chi et al.  2014 ; Li et al. 

 2015 ,  2016 ). Moreover, C can increase the sound velocity 

of liquid iron alloys (Figs.  5 b and  6 b) (Nakajima et al.  2015 ; 

Huang et al.  2023 ), which is consistent with the fact that the 

P-wave sound velocity of the Martian core revealed by the 

inversion of InSight marsquake data is higher than that of 

liquid iron (Fig.  2 b) (Irving et al.  2023 ; Samuel et al.  2023 ). 

In addition, the results of multiple recent studies show that 

there may be 0.4–3 wt% C in the Martian core (Steenstra and 

Westrenen  2018 ; Brennan et al.  2020 ; Stähler et al.  2021 ; 

Khan et al.  2022 ; Le Maistre et al.  2023 ; Irving et al.  2023 ; 

Yokoo and Hirose  2024 ), which further provides support-

ing data for the presence of C in the Martian core. In the 

Fe–S–O–C system, the solubility of C in the liquid alloy 

decreases with increasing S content. When the S content is 

< 9 wt%, the crystallization of an FeO inner core or a mixed 

FeO +  Fe 3 C inner core will form (Yokoo and Hirose  2024 ), 

providing a reference for the composition and existence of 

the solid inner core of Mars. 

 Based on the current research progress, high P-T experi-

ments on the phase diagram analysis of the Fe-light element 

system initially revealed the infl uence laws of single ele-

ments on the liquidus line and the eutectic point tempera-

ture: S, H and P can eff ectively lower the liquidus line of 

Fe, while O and Si have almost no eff ect on the temperature 

of the liquidus line, and the eutectic point temperature of C 

is relatively high (Fig.  4 ). Accordingly, it is inferred that O 

and C may play a key role in the formation of the solid inner 

core of Mars, while Si is not considered here because of the 
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major current controversy. In addition, the infl uence of light 

elements on the density and sound velocity of liquid iron 

obtained from high P-T experiments and molecular dynam-

ics simulations, after cross-validation with the core physical 

property parameters inverted from the seismic observation 

data of InSight, has determined the necessity of the element 

C (and/or Si) in the composition of the Martian core. 

      4   Discussion 

    4.1   State of the Martian core 

 Fei and Bertka ( 2005 ) summarized the evidence from three 

aspects—the Martian magnetic fi eld (Acuña et al.  1999 ; 

Connerney et al.  1999 ), solar tidal deformation of Mars 

(Stevenson  2001 ) and high P-T experiments (Fei et  al. 

 2000 )—and proposed that the Martian core may be com-

pletely liquid. Then, diff erent researchers have studied the 

state of the Martian core through geodesy, geophysics and 

high P-T experiments (Stewart et al.  2007 ; Rivoldini et al. 

 2011 ; Khan et al.  2018 ; Yokoo and Hirose  2024 ). Most of 

the studies suggest that Mars has a liquid core, but there is 

no defi nitive conclusion. 

 Based on the no-solid-inner-core model from Sohl and 

Spohn ( 1997 ), Helff rich ( 2017 ) predicted the seismic wave 

ray paths that might be obtained by the InSight mission for 

a core without a solid inner core (Fig.  3 a). However, seismic 

wave ray paths that directly pass through the deepest core 

of Mars are lacking (Fig.  3 b). Recently, Bi et al. ( 2025 ) ana-

lyzed the seismic data from the InSight mission and identi-

fi ed two key phases indicating of the presence of a solid 

inner core in the S0235b seismic event, namely the deep 

core-crossing phase PKKP and the core-mantle boundary 

refl ection phase PKiKP (Fig.  7 ). They suggest a solid Mar-

tian inner core with a radius of 600 ± 50 km (Bi et al.  2025 ), 

making it the fi rst study to infer the existence of a Martian 

inner core based on the inversion of InSight seismic data. 

High P-T experiments have predicted the possible composi-

tions of the solid inner core:  Fe 4+x S 3 , FeO and  Fe 3 C (Yokoo 

and Hirose.  2024 ; Man et al.  2025 ). However, whether Mars 

has a completely liquid core or a liquid outer core and a 

solid inner core, the Martian dynamo is an inevitable issue. 

The way the liquid core generates a magnetic fi eld depends 

on thermal convection (Stevenson  2001 ; Fei et al.  2006 ). 

High thermal conductivity promotes effi  cient cooling of 

the Martian core and the formation of a thermally strati-

fi ed structure, resulting in the short-term maintenance of 

its magnetic fi eld dynamo activity. For planets with a solid 

inner core, the dynamo is maintained through compositional 

convection, and in this case, the dynamo is generally stable 

over the long term (Stevenson  2001 ). If there is a solid inner 

core in the Martian core, how should we explain the current 

absence of a global magnetic fi eld on Mars? Hemingway 

and Driscoll ( 2021 ) suggest that the existence of a solid 

inner core on Mars is not in confl ict with the current lack 

of a global magnetic fi eld. Bi et al. ( 2025 ) also believe that 

the process of gradual crystallization of the Martian core is 

  Fig. 7       Ray paths of seismic waves in the Martian core with a solid inner core [modifi ed from Bi et al. ( 2025 )]. The red star represents a Mars 

seismic event at a depth of 33 km, and the black triangle represents the InSight seismometer  
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not necessarily inconsistent with the current situation where 

there is no dynamo on Mars.         

     4.2   Partitioning behavior of light elements 

 Planetary core-mantle diff erentiation is a key process that 

shapes the internal structure and evolutionary paths of ter-

restrial planets. The core-mantle diff erentiation process of 

Mars may have occurred under the conditions of 10–22 GPa, 

1900–2300 K and an oxygen fugacity of IW-2 to -1 (Righter 

and Chabot  2011 ; Rai and van Westrenen  2013 ; Yoshizaki 

and McDonough  2020 ; Li et al.  2025 ). However, under the 

extreme physical and chemical conditions during the forma-

tion of Mars, the partitioning behavior of light elements dur-

ing core-mantle diff erentiation is diffi  cult to directly observe. 

High P-T experiments have become a core means to analyze 

this process. 

 High P-T experiments accurately reproduce the pressure 

and temperature conditions of the Martian magma ocean 

stage through multi-anvil high-pressure devices (Tsuno et al. 

 2018 ; Pommier et al.  2018 ; Terasaki et al.  2019 ; Nishida 

et al.  2020 ; Gilfoy and Li  2020 ), laser-heated diamond anvil 

cells (LH-DAC) (Fei et al.  2006 ; Piet et al.  2021 ; Yokoo 

and Hirose  2024 ) and sintered diamond secondary presses 

(Stewart et al.  2007 ). Finally, techniques such as electron 

probe microanalysis and secondary ion mass spectrometry 

(SIMS) are used to determine the elemental concentrations 

in the two phases and calculate the partition coeffi  cients. 

 The signifi cant density defi cit of the Martian core sug-

gests that it contains light elements such as S, O, C, H, P 

and Si. As the light element with the highest abundance in 

the Martian core, S exhibits siderophile under the condi-

tions of Martian core formation and is not sensitive to the 

changes in temperature and pressure during core formation 

(Steenstra and van Westrenen  2018 ). The partition coeffi  -

cient of O under the conditions of the Martian core is low 

and decreases with the decreasing pressure and tempera-

ture (Ohtani et al.  1984 ; Ricolleau et al.  2011 ; Siebert et al. 

 2013 ; Badro et al.  2015 ). However, the high P-T experiment 

on the Fe–S–O system shows that oxygen solubility in the 

metal increases as increasing sulfur content, suggesting high 

oxygen abundance in the Martian core (Tsuno et al.  2011 ; 

Gendre et al.  2022 ; Yokoo and Hirose  2024 ). The partition 

coeffi  cient of Si between the metal and silicate is low and 

has stronger temperature dependence compared with pres-

sure (Fischer et al.  2015 ). Carbon is siderophile under the 

P-T conditions of Martian core-mantle diff erentiation (Chi 

et al.  2014 ; Li et al.  2015 ,  2016 ). In the Fe–S–C system, 

the partition behavior of carbon is inhibited by the sulfur 

content, further limiting the content of carbon (Tsuno et al. 

 2018 ; Yokoo and Hirose  2024 ). Moreover, Si and H also 

have inhibitory eff ects on C to varying degrees (Li et al. 

 2015 ; Takahashi et al.  2013 ; Hirose et al.  2019 ). It is diffi  cult 

for H to be incorporated into the Martian core under its pres-

sure conditions (Ricolleau et al.  2011 ; Siebert et al.  2013 ; 

Badro et al.  2015 ; Clesi et al.  2018 ), but the ringwoodite 

at the CMB of Mars facilitates the entry of H (Shibazaki 

et al.  2009 ). Gu et al. ( 2019 ) showed that the partition coef-

fi cient of P between liquid metal and silicate increases with 

the increase of pressure and decreases with the increase of 

temperature, and it decreases with increasing sulfur con-

tent (Siebert et al.  2011 ). High P-T experiments provide key 

parameters for constraining the evolutionary model of the 

Martian core and mantle by quantifying the partitioning 

behavior of elements. In the future, with the development of 

synchrotron radiation in situ observation, we will be able to 

more accurately constrain the details of Martian core-mantle 

diff erentiation, thereby laying a more solid scientifi c founda-

tion for understanding the commonalities in the formation of 

terrestrial planets and the unique evolutionary path of Mars. 

      5   Conclusion and outlook 

 In this review of light elements in the Martian core, we 

focus on the eff ects of light elements on liquid Fe, aiming to 

clarify the varieties and abundances of light elements in the 

Martian core. The results of the density and sound velocity 

of the Martian core obtained by inverting the Martian mete-

orite models and marsquake data were considered. After 

comprehensively analyzing the eff ects of light elements on 

the density, sound velocity and liquidus of liquid iron, the 

main light element components in the Martian core include 

S, O, C and H. In addition, Si and P are also possible in the 

core. Further works are needed to verify and supplement 

the specifi c existence and roles of these light elements in 

the Martian core. 

 Current research faces challenges such as insuffi  cient pre-

cision in high P-T experiments, limited resolution of seismic 

data, bottlenecks in simulation methods and constraints in 

cosmochemical analysis. Breakthroughs in these bottlenecks 

require interdisciplinary technological innovations. 

 Regarding high P-T experiments, measuring the physical 

properties of liquid iron-light element systems is critically dif-

fi cult. In situ observation of liquid samples is restricted by sig-

nal interference and sample stability under high-temperature 

and high-pressure conditions. The precision of existing tech-

nologies is prone to being aff ected by temperature gradients 

and pressure fl uctuations. In the future, it will be necessary to 

develop in situ dynamic x-ray scattering technology based on 

synchrotron radiation light sources, combined with diamond 

anvil cells (DAC) and/or large volume press, to achieve real-

time high-precision measurement of electrical conductivity, 

viscosity and sound velocity of liquid iron alloys. Observed 

seismic data are an important basis for inverting the physical 

state of the Martian core. However, the data from the existing 
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InSight mission are still insuffi  cient to clearly determine the 

composition of the Martian core, and future missions will be 

needed to further reduce the uncertainty about its composition. 

Molecular dynamics simulations need to overcome the limita-

tions of existing potential functions. Meanwhile, developing 

a dynamic pressure correction model coupled with composi-

tion, temperature and pressure can more accurately describe 

the thermodynamic behavior of liquid iron alloys under core 

conditions, providing theoretical support for integrating high 

P-T experimental results and seismic observations. In cosmo-

chemical research, traditional Martian meteorite analysis is 

limited by the crust-mantle origin of samples, making it dif-

fi cult to directly constrain core composition. In the future, high 

P-T experiments can be combined with trace element analysis 

of meteorites: by simulating core-mantle diff erentiation condi-

tions, measuring the partition coeffi  cients of siderophile ele-

ments between liquid iron and silicate melts and combining 

them with isotopic anomalies in meteorites, the content of light 

elements during core formation can be inferred. 

 In summary, through technical developments in high P-T 

experiments, deployment of Martian seismic networks, opti-

mization of simulation methods and interdisciplinary data 

integration, it is expected that the precision of constraining 

the composition of the Martian core will be largely improved 

in the next decade, providing breakthrough empirical evi-

dence for the construction of theories on the evolution of 

terrestrial planets. 
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