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Abstract: Volatile elements are thought to have been delivered to Solar System terrestrial planets

late in their formation, by accreting chondritic meteorites. Mars can provide information on inner

Solar System volatile delivery during the earliest planet formation stages. We measured krypton

isotopes  in  the  Martian  meteorite  Chassigny,  representative  of  the  planet’s  interior.  We find

chondritic  krypton  isotope  ratios,  implying  early  incorporation  of  chondritic  volatiles.  Mars’

atmosphere  has  different  (solar-type)  krypton isotope ratios,  indicating  it  is  not  a  product  of

magma  ocean  outgassing  or  fractionation  of  interior  volatiles.  Atmospheric  krypton  instead

originates  from accretion  of  solar  nebula  gas,  after  the  mantle  formed,  but  prior  to  nebular

dissipation.  Our observations contradict  the common hypothesis  that  during planet formation,

chondritic volatile delivery occurs after solar gas acquisition. 
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Main text:

Terrestrial planets acquire their volatile elements (e.g., hydrogen, carbon, nitrogen, noble gases)

during formation. Models of this process often start with gases derived from the solar nebula (1),

subsequently modified by fractionation during atmospheric escape and addition of volatiles from

chondritic meteorites, either during the main accretionary phase (2–4), or as a late veneer towards

the end stages of planet formation  (1,  5). The exact sources and timing of these events remain

under  debate  (2–7).  For  example,  capture  of  nebular  volatiles  by  planets  is  not  universally

accepted  as  chondritic  signatures  are  observed for  most  volatile  elements  (2,  5–7).  Potential

chondritic contributions come from accretion of solid bodies originating from the inner Solar

System with compositions similar to enstatite chondrite meteorites  (6), or from the outer Solar

System with compositions similar to carbonaceous chondrite meteorites or comets (7, 8). 

Due to their chemical inertness, noble gases retain a record of volatile accretion and the physical

processes associated with it. In the Earth’s mantle, helium and neon have solar-like isotope ratios;

whereas the heavy noble gases (argon, krypton, xenon) have a chondritic origin  (2,  4,  9,  10).

These observations can be interpreted as either simultaneous accretion of solar and chondritic

volatiles, or early acquisition of solar volatiles followed by late addition of chondritic volatiles,

provided the latter were mixed into the Earth’s interior (2, 11). As Mars mostly formed in the first

4 Myr of Solar System formation (12), it can provide information on volatile accretion during the

earliest planet formation stages. 
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The Martian meteorite Chassigny has trapped noble gases (13) thought to represent Mars’ interior

composition  (14–16). Analyses of xenon isotopes in Chassigny indicate Mars’ mantle contains

solar xenon (14,  15), and by inference solar krypton (16). Xenon in Mars’ atmosphere is mass-

fractionated towards heavy isotopes, but consistent with an originally solar composition (17, 18).

Mars  rover  and Martian  meteorite  measurements  show that  the atmospheric  krypton isotopic

composition  is  indistinguishable  from  solar  (17).  Therefore,  both  the  Martian  mantle  and

atmosphere were argued to contain solar noble gases (14–18) with no indication of a chondritic

contribution, potentially implying that Mars accreted all of its noble gases from the solar nebula. 

However, xenon alone might not determine the sources of Mars’ interior volatiles (19). The light

isotopes  (124Xe,  126Xe,  128Xe,  130Xe),  stable  and  non-radiogenic,  have  nearly  indistinguishable

ratios for solar, chondritic and cometary sources. The solar isotope ratios for the heavier isotopes

(131Xe,  132Xe,  134Xe,  136Xe) are intermediate  between chondritic and cometary sources  (8),  and

these isotopes are also produced during spontaneous fission of 244Pu (now extinct) and 238U (still

extant) (10). 

Krypton  isotopes  in  Chassigny  could  potentially  discriminate  between  solar  and  chondritic

sources given their large isotopic differences: solar krypton is enriched in light isotopes (relative

to Earth’s atmosphere),  while chondritic  krypton is enriched in the heavier isotopes  (20,  21).

However,  previous  krypton isotopic  measurements  of  Chassigny had insufficient  precision  to

distinguish between solar and chondritic sources (14, 16, 22). In addition, Chassigny was exposed

to cosmic rays during transit to Earth (11 Myr exposure age) (14), producing cosmogenic krypton

isotopes from spallation reactions, partially masking the signature of trapped krypton (14). 
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We measured noble gas abundances and isotope ratios for Ne, Ar, Kr, and Xe in two separate

samples of Chassigny using laser step-heating (temperature steps between 280 °C and 1570 °C).

We specifically developed a protocol for heavy noble gas separation and multi-collector noble

gas mass spectrometry  (13). The krypton and xenon isotope ratios in Chassigny are shown in

Figures 1 and 2, respectively, numerical values are listed in Tables S1-S2, and additional isotope

combinations are plotted in Figures S1-S3. 

We find the krypton data fall on a single line, reflecting mixing of cosmogenic gases with trapped

Martian  mantle  gases  (Figs.  1,  S1).  Except  86Kr,  all  Kr isotopes  are produced via spallation

reaction, with 83Kr having the highest production rate (13). We therefore use the 86Kr/84Kr ratio to

evaluate the source of Martian mantle heavy noble gases. By plotting 86Kr/84Kr as a function of

83Kr/84Kr, we determine the 86Kr/84Kr ratio corresponding to a 83Kr/84Kr value free of cosmogenic

Kr; the result is the trapped mantle component (13).

Similarly, the xenon isotopic data fall on a mixing line (Figs. 2, S2) between cosmogenic and

Martian  mantle  compositions.  The  first  four  temperature  steps  between  280 °C and 575  °C

(Tables S1-S3) show a large contribution from Earth’s air, with Ne, Ar, Kr and Xe isotopic ratios

either close to Earth’s air, or intermediate between air and the cosmogenic value (13). Because

these  are  the  initial  low  temperature  steps,  they  likely  represent  shallow  contamination  of

Chassigny by Earth’s atmosphere  (15). As the subsequent heating steps do not show signs of

Earth air contamination for neon, argon, krypton or xenon, we use them to infer the Martian

mantle composition. We discard the first four steps in our subsequent analysis and discussion. 
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Mars’ interior  86Kr/84Kr ratio differs from the solar composition,  but is indistinguishable from

average  carbonaceous  chondrites  (AVCC)  (13).  Fig.  1 shows  that  a  mixture  of  solar  and

cosmogenic Kr does not pass through any of the measured data points, ruling out solar Kr as the

trapped component.  The krypton isotopic data do fall  on a  mixing line between a chondritic

component and a cosmogenic component  (13). Selecting the  83Kr/84Kr ratio free of cosmogenic

contributions,  we find a Martian mantle  86Kr/84Kr ratio of 0.3085 ± 0.0006 (1σ), same as the

chondritic  value  (Table  S1).  The  AVCC value  seems  a  better  match  to  the  Martian  mantle

composition than Phase Q - a carbonaceous phase that carries the majority of heavy noble gases

in  chondrites  and  sometimes  appears  as  the  only  trapped  composition  in  achondrites

(carbonaceous chondrites have additional presolar components)  (21). However, we cannot rule

out  a  mixture  of  Phase  Q gases  with a  small  amount  of  solar  gases  to  match  the  observed

86Kr/84Kr value. The similarity of the Mars mantle  86Kr/84Kr ratio to chondritic Kr cannot result

from addition of fission-produced Kr to solar or cometary Kr (13). Previous Kr measurements of

Chassigny (Fig. 1) precluded accurate determination of the Martian mantle composition as these

data either have large uncertainties (14, 16) or consist of a single bulk measurement not targeted

to determine the Martian interior composition  (22). The  86Kr/84Kr ratio we infer for the Mars’

interior is closest to AVCC, so we conclude that chondritic gases were incorporated into Mars’

interior.

Chondritic  noble  gas  ratios  in  Mars’  interior  are  consistent  with  the  observed  elemental

abundance ratios, 36Ar/132Xe and 84Kr/132Xe (Fig. 3), which are close to AVCC (13) and Phase Q

(21) values, as previously demonstrated  (14,  15). Elemental ratios can be modified by magma
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degassing and gas extraction in the laboratory (15), leading to variations in Fig. 3. However, all

data points are close to the chondritic value and are distinct from the solar, Mars atmosphere and

Earth atmosphere. 

Our xenon measurements are consistent with chondritic gases in Mars’ interior. The 136Xe/130Xe

ratio in Chassigny is distinct from the solar composition but close to the chondritic value, and

consistent with a single mixing line (Fig. 2). Extrapolating to an  AVCC  126Xe/130Xe ratio of

0.0255 (13) yields a Mars mantle 136Xe/130Xe ratio of 1.933 ± 0.022 (1σ). However, as discussed

before, xenon isotopic compositions are more difficult to interpret due to multiple components

and cosmic ray contributions for Xe are harder to correct for (13). Nonetheless, our Xe data are

consistent  with  a  chondritic  component,  though  do  not  require  it  without  incorporating  the

constraints from Kr.

Chondritic Kr and Xe in the Martian interior do not preclude acquisition of other volatile species

from the solar nebula. For example, the 15N/14N ratio of Chassigny could reflect solar-derived N,

although enstatite chondrites might also be the source (15). Objects larger than a lunar mass can

gravitationally capture an atmosphere from the solar nebula, which might then be incorporated

into the solid  body  (1).  Although a minor  solar  component  cannot  be ruled out,  the  lack of

detectable solar Kr in Chassigny precludes incorporation of large amounts of solar Kr into Mars’

interior,  either  through  magma  oceans  or  through  adsorption  and  burial  beneath  the  surface

during accretion (e.g., 1).
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Chondritic  Kr  in  the  Martian  mantle  contrasts  with  solar  Kr  in  Mars’  atmosphere  (17,  18).

Cometary  Kr,  being  depleted  in  83Kr and  86Kr relative  to  solar  (23),  cannot  account  for  the

atmosphere Kr, suggesting atmospheric Kr was acquired from the solar nebula. Acquisition of the

atmosphere  from  the  solar  nebula  occurred  after  the  interior  incorporated  chondritic  Kr,  as

otherwise  chondritic  Kr  signatures  would  be  seen  in  the  atmosphere.  Both  interior  and

atmospheric gases were accreted before the nebular gas dissipated on a timescale of ~4 Myr (24)

due to radiation  from the early Sun. Hence,  Mars formed quickly,  prior to  complete nebular

dissipation, accreting most of its mass and the solar atmosphere within 4 Myr after Solar System

birth  (12,  25) (Fig.  4).  The  sequence  of  volatile  accretion  on  Mars,  chondritic  followed  by

nebular,  as  suggested  by  our  data,  is  opposite  to  most  models  of  planet  formation  where

chondritic volatile delivery follows solar gas acquisition (1).

The compositional differences between interior and atmosphere indicate that Mars’ atmosphere

was not generated primarily through outgassing from its interior, as often assumed (26). Because

Mars’  interior  is  enriched  in  heavier  Kr  isotopes  compared  to  the  atmosphere,  outgassing

followed by hydrodynamic  loss  is  ruled  out  as  that  would leave  the  atmosphere  enriched in

heavier isotopes compared to the mantle. Delivery of chondritic volatiles to Mars’ surface after

dissipation of the nebula was probably limited because it would have left a mixture of solar and

chondritic signatures in the atmosphere. Although planetesimal impacts would contribute to the

budget of rare non-volatile elements (e.g., platinum group elements), that might not contribute

substantially to Mars’ volatile budget, particularly if the planetesimals are volatile-poor. Instead,

planetesimal  impacts  may  erode  the  atmosphere  without  inducing  an  isotopic  fractionation,

leading to net volatile loss (27).
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A purely  solar-like  atmosphere  would  not  persist  on  Mars  if  global  magma  ocean  episodes

persisted  well  past  timescales  of  nebular  dissipation,  and/or  if  there  were  episodes  of

hydrodynamic  escape  due  to  higher  solar  activity  (26,  28).  A  magma  ocean  would  outgas,

causing interior-atmosphere exchange, while hydrodynamic escape would cause the atmosphere

to  be lost  or  heavily  fractionated  (26,  28).  Mass  fractionation  of  Xe from a  solar  precursor

recorded in the Martian  atmosphere  (17) might  not  be due to  early  hydrodynamic  escape of

neutral Xe, as Xe is the only noble gas that could escape as an ion, in a photo-ionized hydrogen

wind. This process has been invoked to explain the prolonged Xe loss, but not other noble gases,

in the Neoarchean era on Earth  (29). Hence, Kr might be a better tracer of early atmospheric

origin because it has kept its primordial solar signature. Gases lighter than Kr are lost from the

modern  Martian  atmosphere  in  a  mass-dependent  fractionation  process  due  to  solar  wind

bombardment (30).

If Mars captured its solar-like atmosphere from the nebula, rather than acquiring it from mantle

outgassing, it must have retained the solar-composition Kr-Xe after the nebula dissipated. Thus,

magma ocean phases on Mars ended prior to complete nebular dissipation, consistent with rapid

mantle  solidification  in  about  4-5  Myr  (28,  31).  Hydrodynamic  escape  of  the  solar-like

atmosphere is expected to be an efficient process on Mars following nebular dissipation (26, 28).

To prevent loss of the solar-composition Kr-Xe during hydrodynamic escape, these gases might

have been trapped in ice, either in the sub-surface or in the polar ice caps  (32). However, this

scenario would require Mars’ surface to have remained cold, below the freezing-point of water

after nebula dissipation. Later planetesimal impacts, or episodic periods of warmth, would have
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released the trapped Kr-Xe into the atmosphere. Occurrences of large-scale energetic events, such

as magma ocean inducing large impacts,  after  accretion  of  the interior  and surface volatiles,

would be problematic as those would have mixed the two reservoirs. 

Our  study  shows  that  within  4  Myr  of  Solar  System  formation,  chondritic  volatiles  were

incorporated into Mars’ interior in large quantities; heavy noble gases reach abundances up to

two orders of magnitude higher than in Earth’s bulk mantle (13). The delivery of these chondritic

volatiles to the inner Solar System may have been from material similar to enstatite chondrites

(6), or from outer Solar System material scattered inwards by giant planet migration (33). 
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Data and materials availability: Our samples of Chassigny were obtained from MNHN,
numbers 2525 PE2 & PE3. The samples were consumed during the experiments. Our noble gas
(neon, argon, krypton, xenon) measurements are reported in Tables S1 to S3.
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Fig. 1. Krypton isotopic composition of Chassigny. A) Our measurements of Chassigny are

shown as blue circles with the data points representing the different temperature steps (the first

four steps are not shown in the figures). The compositions of Phase Q (21), average carbonaceous

chondrites (AVCC)  (13), solar wind (SW)  (20), Earth’s atmosphere and Mars’ atmosphere are

shown  with  symbols  indicated  in  the  legend.  The  blue  line  is  a  linear  model  fitted  to  the

Chassigny data,  with the  95% confidence interval  as  dashed lines.  The dotted  lines  indicate

values obtained by mixing Phase Q (purple)/solar wind (orange) with cosmogenic krypton (13).

The vertical dashed line indicates the  83Kr/84Kr ratio free of cosmogenic contributions  (13). B)

Same data as panel A, but compared to previous measurements of Chassigny (14, 16, 22). In both

panels, errors bars indicate 1𝜎 uncertainties. Fig. S1 shows additional details and isotope ratios. 
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Fig. 2. Xenon isotopic composition of Chassigny. A) and B) Same as Fig. 1 but for xenon. Also

shown is the U-Xe value, thought to be the Earth’s atmosphere precursor (1), a mix of about 80%

chondritic Xe with 20% cometary Xe (8). 
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Fig. 3. Heavy noble gas abundances measured in Chassigny, after correction for cosmogenic

contributions. A) Argon, krypton and xenon elemental ratios for our measurements of Chassigny

in the different temperature steps. For comparison, we show previous measurements of Chassigny

(14, 15), solar wind, Phase Q, average carbonaceous chondrites, Earth’s atmosphere and Martian

atmosphere (references in  Table S4). B) Close up of region within the dotted box in panel A.
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Errors bars show 1𝜎 uncertainties and are smaller than symbol size for solar wind and Earth’s

atmosphere.
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Fig. 4. Diagram illustrating a possible scenario for volatile delivery to Mars. A) Accretion of

chondritic  Kr  and  Xe  from  planetesimals  (grey),  forming  Mars’  mantle  (orange)  and  core

(yellow). This occurs within the gaseous solar nebula (blue) during the first Myr of Solar System

formation. A magma ocean might have existed at this stage with either no, or a thin tenuous

atmosphere (white grading into blue solar nebula). B) After most of Mars’ mass accreted (~ 4

Myr after Solar System birth (12)) and a solid lid formed at the surface, an atmosphere with solar

isotope ratios is gravitationally captured (dashed blue circle). The atmosphere may not have been

massive such that solar-composition gases were not incorporated into the interior in substantial

quantities. C) The surrounding nebula dissipates, halting accretion of solar-composition gases to

atmospheric and surface reservoirs. Limited exchanges occur between the heterogeneous mantle

and the atmosphere. Atmospheric solar-composition Kr and Xe may have been trapped in polar
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ice caps (white) and/or in the sub-surface to prevent its loss during hydrodynamic escape of the

atmosphere. 

18

403

404




