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The shergottites are the most abundant and diverse group of Martian meteorites and provide unique 
insights into the mafic volcanic and igneous history of Mars. Their ages, however, remain a source of 
debate. Different radioisotopic chronometers, including 40Ar/39Ar, have yielded discordant ages, leading to 
conflicting interpretations on whether the shergottites originate from young (mostly <700 Ma) or ancient 
(>4,000 Ma) Martian volcanoes. To address this issue, we have undertaken an 40Ar/39Ar investigation of 
seven shergottite meteorites utilizing an innovative approach to correcting data for cosmogenic isotope 
production and resolution of initial trapped components which, crucially, do not require assumptions 
concerning the sample’s geologic context. Our data yield statistically robust 40Ar/39Ar isochron ages 
ranging from 161 ± 9 Ma to 540 ± 63 Ma (2σ ), synchronous with the U-Pb, Rb-Sr, and Sm-Nd ages 
for the respective meteorites. These data indicate that, despite experiencing shock metamorphism, the 
shergottites were sourced from the youngest volcanoes on Mars.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/).
1. Introduction

The Perseverance rover is currently exploring the geologic his-
tory of Jezero Crater on Mars including its past habitability. The 
mission is also caching high-priority samples to return for in-
depth analysis in terrestrial laboratories (Farley et al., 2022). Sam-
ple return, however, remains a tantalizing future prospect, and 
there is much that can be learned about the red planet from the 
more than 350 Martian meteorites already in terrestrial collec-
tions (Meteoritical Bulletin Database). The largest and most diverse 
group of Martian meteorites are the shergottites (n > 290 spec-
imens), which represent over 80% of the available samples from 
Mars (Meteoritical Bulletin Database). They were sourced from vol-
canic and intrusive igneous rocks close to the surface of Mars, and 
ejected from the planet’s surface via a series of temporally distinct 
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large impact events at multiple locations, before being captured by 
Earth’s gravity and falling as meteorites (Nyquist et al., 2001; Her-
zog and Caffee, 2014; McSween and McLennan, 2014).

One of the most important constraints for Martian meteorites 
are their age; as they are obviously not collected in situ, accurate 
and precise ages provide critical information about their poten-
tial source locations on Mars, via linking the meteorite data (i.e., 
age, chemistry, rock type) with geological maps and other re-
motely sensed data of the Martian surface. However, the 40Ar/39Ar 
chronometer has frequently yielded varying ages for the shergot-
tites (Fig. 1A, Table S1). For example, the meteorite Zagami has 
reported 40Ar/39Ar ages ranging from 198 Ma to nearly 2000 Ma, 
while other shergottites have results up to 3000 Ma (Bogard and 
Garrison, 1999; Bogard and Park, 2008; Korochantseva et al., 2009; 
Park et al., 2013b). The 40Ar/39Ar data are also often internally 
discordant (i.e., different ages for the same meteorite) and, unusu-
ally, much older than the ages derived from other isotopic systems 
(Fig. 1A, Table S1). Other radioisotopic chronometers (U-Pb, Sm-Nd, 
Lu-Hf, Rb-Sr) when applied to the shergottites yield ages as young 
as ca. 160 Ma, which would imply that their volcanic sources are 
le under the CC BY license (http://creativecommons .org /licenses /by /4 .0/).

https://doi.org/10.1016/j.epsl.2023.118373
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/epsl
http://crossmark.crossref.org/dialog/?doi=10.1016/j.epsl.2023.118373&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:ben.cohen@glasgow.ac.uk
https://doi.org/10.1016/j.epsl.2023.118373
http://creativecommons.org/licenses/by/4.0/


B.E. Cohen, D.F. Mark, W.S. Cassata et al. Earth and Planetary Science Letters 621 (2023) 118373
Fig. 1. Comparison of published 40Ar/39Ar results vs. this study. (A) The major-
ity of published 40Ar/39Ar results for the shergottite meteorites greatly exceed the 
ages determined from other chronometers, leading to interpretations that the ages 
were affected by excess or parentless argon (Bogard and Garrison, 1999; Bogard et 
al., 2009; Korochantseva et al., 2009; Park et al., 2013a,b) or variable resetting of 
geochronometers by shock metamorphism (Bouvier et al., 2005, 2008). Data sources 
for these ages are listed in Table S1. (B) In contrast, 40Ar/39Ar ages from this study 
(blue squares) are concordant with other chronometers applied to these meteorites. 
Analytical uncertainties are smaller than the symbols or indicated by error bars 
(2σ ).

amongst the youngest features on Mars (McSween and McLennan, 
2014; Herd et al., 2017; Lapen et al., 2017).

Geochronological interpretations of the shergottites are com-
plicated further as these meteorites experienced impact-generated 
shock metamorphism, producing pressures of 16 to <50 GPa and 
temperatures ranging from 70 ◦C to more than 1000 ◦C above am-
bient. The exact P-T conditions differ greatly between meteorites, 
and even within the same meteorite (Fritz et al., 2005, 2017; Hu 
et al., 2023) (Table 1). As the 40Ar/39Ar system has relatively low 
closure temperatures (typically between 200 to 400 ◦C, depending 
on mineralogy), and can be susceptible to Ar loss, it is even more 
unusual that the 40Ar/39Ar ages are at face value older – rather 
than younger – than chronometers with high closure temperatures 
(e.g., U-Pb). It has been suggested by some authors that all sher-
gottite age data (U-Pb, Sm-Nd, Lu-Hf, Rb-Sr, as well as 40Ar/39Ar) 
are either partially or fully reset and do not record a primary ig-
neous crystallization event, with the exception of the Pb-Pb model 
ages of >4000 Ma (e.g., Bouvier et al., 2005, 2008; El Goresy et al., 
2013).

Nevertheless, shock metamorphism is a highly heterogeneous 
process, and many meteorites and portions within them did not 
experience high P-T conditions (Fritz et al., 2005, 2017; Hu et 
al., 2023). Several recent studies have demonstrated that the U-
Pb, Sm-Nd, Lu-Hf, and Rb-Sr chronometers do record concordant 
and consistent ages from the least-shocked portions of the sher-
2

Fig. 2. Are shergottites from ancient or youthful Mars? (A) Old ages for the sher-
gottites indicate derivation from ancient and heavily cratered volcanic units, often 
affected by surface water, e.g., Apollinaris Mons, a moderate sized (∼ 280 × 190
km) eroded edifice with an age of 3600-3800 Ma (Werner, 2009), and situated 
∼160 km north of Gusev Crater, the site of the Martian Exploration Rover Spirit. 
Daytime-IR THEMIS mosaic (Christensen et al., 2004). (B) Conversely, ages of pre-
dominately <700 Ma demonstrate that the shergottites are derived from eruptions 
of the youngest and largest volcanoes on Mars, like the 840 × 640 km Olympus 
Mons (Image: NASA/NSSDCA).

gottites, with these results interpreted as igneous crystallization 
ages (e.g., McSween and McLennan, 2014; Herd et al., 2017; Lapen 
et al., 2017; Staddon et al., 2021; McFarlane and Spray, 2022). 
The >4000 Ma Pb-Pb model ages are interpreted to reflect either 
ancient Martian differentiation events and/or meteorite contami-
nation with Martian or terrestrial Pb (Jones, 2015; Bellucci et al., 
2016; Borg et al., 2016).

These two contrasting interpretations of geochronologic data 
have profound implications for our understanding of the evolu-
tion of Mars. If the shergottites are >4000 Ma (e.g., Bouvier et 
al., 2005, 2008; El Goresy et al., 2013), then they must be derived 
from ancient Martian terrains that are heavily cratered (Tanaka et 
al., 2014) (Fig. 2A) and indicate early segregation of chemical reser-
voirs in the Martian mantle. Conversely, young ages suggest the 
shergottites sample large shield edifices, such as Olympus Mons 
(Tanaka et al., 2014) (Fig. 2B) and demonstrate that geochemical 
reservoirs on Mars have remained unmixed for most of its history.
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To address these issues, we have undertaken an 40Ar/39Ar in-
vestigation of seven shergottite meteorites. We have used a novel 
approach to treatment of extra-terrestrial 40Ar/39Ar data (Cas-
sata and Borg, 2016), which has a more accurate methodology 
to determine the contributions from cosmogenic Ar. We have 
also used isotope correlation plots for data interpretation, as they 
do not require assumptions regarding the value of the trapped 
40Ar/36Ar component within each analysis (i.e., if the sample con-
tains trapped Martian atmosphere, trapped terrestrial atmosphere, 
or some mixture of the two). We find that our 40Ar/39Ar ages 
are synchronous with those determined using the U-Pb, Sm-Nd, 
Lu-Hf, and Rb-Sr dating techniques. Our data also suggest that 
despite experiencing shock metamorphism, the intensity and du-
ration of shock was sufficiently heterogeneous and short that the 
Ar systematics of the shergottite minerals were largely unchanged 
and retained their magmatic cooling ages rather than being reset, 
supporting the interpretation that the shergottite meteorites are 
indeed from the youngest volcanoes on Mars.

2. Materials and methods

We have analyzed seven shergottites: Alan Hills (ALH) 77005, 
Dar al Gani (DaG) 476, Los Angeles (LA) 001, Sayh al Uhaymir 
(SaU) 008, Shergotty, Tissint, and Zagami (Table 1). These mete-
orites were selected to include representatives from all three of 
the different geochemical groupings (depleted, intermediate, and 
enriched) observed in the shergottites (Borg et al., 2002) (Table 1). 
The samples also span the range of shock pressures and temper-
atures recorded (Fritz et al., 2005, 2017), and include meteorites 
recovered from all the terrestrial environments that meteorites can 
reside in prior to analysis, namely curated witnessed falls, hot 
desert finds, and Antarctic cold desert finds (Table 1, Fig. 3). Where 
available, we analyzed multiple phases from each sample (i.e., py-
roxene, plagioclase glass, plagioclase glass rinsed in hydrofluoric 
acid, olivine, impact melt, and groundmass; Data file S1).

Six meteorites (DaG 476, LA 001, SaU 008, Shergotty, Tissint, 
and Zagami) were prepared and analyzed at the NERC Argon Iso-
tope Facility of the Scottish Universities Environmental Research 
Centre (SUERC) and a seventh (ALH 77005) analyzed at the Berke-
ley Geochronology Center.

At SUERC, small samples of meteorites (<100 mg) located away 
from the fusion crust and/or signs of terrestrial weathering were 
gently crushed in an agate mortar and pestle to liberate individ-
ual mineral phases, which were then cleaned for a minimum of 60 
minutes in deionized water plus ethanol in an ultrasonic bath at 
<50 ◦C. Selected fragments of plagioclase diaplectic glass (trans-
parent glass formed via shock pressure-induced recrystallization 
of plagioclase, Fritz et al., 2019) were also etched for an addi-
tional 3 minutes in 5% hydrofluoric acid. Hand-picked fragments 
250-500 μm in diameter (not weighed) were then loaded into 
21-well aluminum disks along with three separate age standards: 
Fish Canyon sanidine (∼125-250 μm) (Morgan et al., 2014), Hb3gr 
hornblende (125-160 μm) (Jourdan et al., 2006), and GA1550 bi-
otite (250-500 μm) (McDougall and Wellman, 2011) for irradiation. 
The irradiation canister was vacuum-sealed in a quartz vial and ir-
radiated for 20 hours in the Cd-lined TRIGA facility, Oregon State 
University, USA.

After a decay period of between 1.5 and 6 months, aliquots of 
the age standards and shergottite samples were placed in 2 mm 
diameter and 2 mm deep circular holes in a steel palette, which 
was loaded into a laser chamber of a noble gas ultrahigh vac-
uum extraction line and baked at <150 ◦C for ∼2 days. Shergottite 
analyses were performed on aliquots comprising 2-6 fragments of 
250-500 μm diameter, representing ca. 5-20 mg of material.

The samples at SUERC were analyzed on a MAP-215-50 mass 
spectrometer operated in peak-hopping mode, with a measured 
3

sensitivity of 6.5 × 10−15 moles/Volt. Fish Canyon and Hb3gr crys-
tals were analyzed via total-fusion, while GA1550 and meteorite 
samples were incrementally heated using a using a defocused CO2
laser. The released gases were purified using two SAES® GP-50 get-
ters with ST101 Zr-Al cartridges, one at room temperature and the 
other at ∼450 ◦C. Isotope extraction, purification, extraction line 
operation, and mass spectrometry were fully automated. Data were 
corrected for background measurements, mass discrimination, and 
radioactive decay since irradiation using MassSpec software version 
8.131. Mass spectrometer discrimination per AMU was determined 
via analyses of n = 933 air aliquots over a period of nine months, 
and was calculated using the power law, and a terrestrial atmo-
spheric 40Ar/36Ar value of 298.56 ± 0.31 (Lee et al., 2006), yielding 
a value of 1.00976 ± 0.00249 [1 s.d.]. For the neutron flux calcu-
lation (J parameter), we used the age for Fish Canyon sanidine of 
28.294 ± 0.036 Ma (1σ ) and 40K decay constants from Renne et al. 
(2011); details of other decay constants and irradiation parameters 
are in Data file S1. All uncertainties in Data file S1 are reported at 
the one-sigma level, while all uncertainties in the text and figures 
are reported at the two-sigma level.

As an additional test of the robustness of our J values deter-
mined from the analyses of Fish Canyon sanidine (Jourdan and 
Renne, 2007; Morgan et al., 2014), we analyzed 14 aliquots of 
the international standard GA1550 biotite (McDougall and Well-
man, 2011), and 12 aliquots of Hb3gr (Jourdan et al., 2006) as 
unknown samples. These GA1550 and Hb3gr analyses yielded 
weighted mean ages of 99.89 ± 0.22 Ma (2σ ; n = 44), and 1082.1 
± 2.2 Ma (2σ ; n = 12), respectively (Data file S1). These results 
are within uncertainty of the accepted ages for these samples, of 
99.738 ± 0.208 Ma (2σ ) (Renne et al., 2011), and 1081.0 ± 2.4 Ma 
(2σ ) (Renne et al., 2011).

ALH 77005 was prepared and analyzed at the Berkeley Geo-
chronology Center (BGC), USA. Three whole-rock fragments weigh-
ing ∼11.5 mg (Aliquot 1), ∼3.0 mg (Aliquot 2), and ∼6.5 mg 
(Aliquot 3) were handpicked for analysis. The handpicked aliquots 
were irradiated for 100 hours in the Cd-lined TRIGA facility, Oregon 
State University, USA, alongside the Hb3gr fluence monitor. After a 
decay period of ∼4.5 months, the samples were placed into Pt-Ir 
packets, loaded into an ultra-high vacuum laser chamber with a 
sapphire viewport, and heated with a 30 W diode laser equipped 
with an optical pyrometer (Shuster et al., 2010). The standards 
were fused in a single heating step using a CO2 laser. The re-
leased argon was purified using one hot (∼450 ◦C) and one cold 
(room temperature) SAES® GP-50 getter pump fitted with a C-50 
cartridge (St101 alloy). Ar isotopes were analyzed statically using a 
Mass Analyzer Products 215c mass spectrometer in peak hopping 
mode on a Balzers SEV-217 electron multiplier. Gas extraction and 
analysis were fully automated.

BGC data were corrected for background measurements, mass 
discrimination, and radioactive decay since irradiation. Mass spec-
trometer discrimination per AMU was determined via analyses of 
terrestrial atmospheric Ar aliquots interspersed with analyses of 
ALH 77005 and was calculated using the power law and a ter-
restrial atmospheric 40Ar/36Ar value of 298.56 ± 0.31 (Lee et al., 
2006), yielding a value of 1.00288 ± 0.00130 [1 s.d.]. Ages were 
calculated using the decay constants and standard calibration from 
Renne et al. (2011); details of other decay constants and irradia-
tion parameters are in Data file S1. All uncertainties in Data file S1 
are reported at the one-sigma level, while all uncertainties in the 
text and figures are reported at the two-sigma level.

We also determined cosmogenic exposure ages, as this age in-
formation was used to correct 40Ar/39Ar data for contributions 
of cosmogenic 38Ar and 36Ar (Cassata and Borg, 2016). The cos-
mogenic exposure age analyses were performed on unirradiated 
aliquots, with noble gas measurements undertaken at SUERC, fol-
lowing the same heating and gas extraction procedure as described 
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Table 1
40Ar/39Ar ages and sample information for shergottites analyzed in this study.

Meteorite 
(geochemi-
cal type)

40Ar/39Ar 
Age ± 2σ
(Ma)

# of 
analyses 
in age

MSWD, 
p-value

Meteorite source & catalogue 
number

Max. 
Shock 
� Temp. 
(K)

Max. Shock 
Pressure 
(GPa)

Terrestrial 
residence 
time 
(years)

Fall/Find information

ALH 77005 (I) - - - Johnson Space Centre 800±200 45-55 200±70 ka Find, 1977, Antarctica, 483 g

DaG 476 (D) 481±24 30 1.40, 0.076 NHM London, BM.2000,M7 470±100 40-45 60±20 ka Find, 1998, Libya, 2015 g

LA 001 (E) 170±47 11 0.86, 0.563 NHM London, BM.2000,M12 560±120 45±3 <40 ka Find, 1999, USA, 452.6 g

SaU 008 (D) 437±24 18 1.51, 0.087 NHM London, BM.2000,M39 470±100 40-45 NA Find, 1999, Oman, 8580 g

Shergotty (E) 161±9 60 1.13, 0.228 NHM London, BM.1985,M171 100±50 20.5±2.5 150 years Fall, 1865, India, 5000 g

Tissint (D) 540±63 29 1.02, 0.44 NHM London, BM.2012,M3 180-350 35-40 4 years Fall, 2011, Morocco, 7000 g

Zagami (E) 189±58 24 0.19, 1.00 NHM London, BM.1993,M10 70±5 29.5±0.5 53 years Fall, 1962, Nigeria, 18100 g

40Ar/39Ar ages are 2σ full-external uncertainty, including the uncertainty in decay constants. Information about the meteorite geochemical type and fall/find information are 
from https://www.lpi .usra .edu /meteor/ and https://imca .cc /mars /martian -meteorites -list .htm. Abbreviations for geochemical type are: D, depleted; I, intermediate; E, enriched. 
Shock temperature and pressure data are from (Fritz et al., 2005, 2017; Hallis et al., 2017); terrestrial residence times for the witnessed falls (Shergotty, Tissint, and Zagami) 
were calculated as the time between the year of the fall and the year in which the samples were analyzed (in 2015); for ALH 77005 and DaG476 the data is from (Fritz et 
al., 2005) and LA 001 (Nishiizumi et al., 2000). NA: not available.
for the 40Ar/39Ar analyses. The aliquots for 38Ar cosmogenic ex-
posure analyses were taken from within a few millimetres of the 
40Ar/39Ar fragments (usually ∼2 mm, and always <5 mm), and so 
will have experienced a very similar flux of cosmogenic irradia-
tion. As the 38Ar cosmogenic isotope production rate is dependent 
on the concentrations of K, Ca, Fe, Ni, Ti, Cr, and Mn (Eugster 
and Michel, 1995), our 38Ar production rates were determined by 
chemical analysis of the same fragments that were analyzed for 
cosmogenic argon, rather than by assuming a composition from 
published chemical analyses, in order to avoid complications that 
arise due to the analysis of small aliquots of heterogeneous sam-
ples. Chemical compositions of each sample (Table S2) were deter-
mined after the cosmogenic argon was extracted (i.e., on CO2 laser-
heated fused glass) by inductively coupled plasma mass spectrom-
etry (ICP-MS) at Lawrence Livermore National Laboratory using the 
methods outlined in Wimpenny et al. (2019). Cosmogenic expo-
sure ages were calculated from elemental production rates (Eugster 
and Michel, 1995). For these 38Ar exposure age calculations, the 
relative contributions of trapped and cosmogenic Ar were deter-
mined by a two-component deconvolution assuming cosmogenic 
38Ar/36Ar = 1.54 (Wieler, 2002), and the trapped component is de-
rived from the Martian atmosphere 38Ar/36Ar = 0.244 (Wiens et 
al., 1986).

3. Results

Our 38Ar cosmogenic exposure analyses yielded four distinct 
groups of ages: ∼0.6-0.7 Ma for DaG 476 and SaU 008; ∼1 Ma for 
Tissint; ∼2.1-2.3 Ma for LA 001 and Shergotty; and ∼2.7 Ma for 
Zagami (Table S2). These results are indistinguishable from pub-
lished cosmogenic exposure ages from the respective meteorites, 
and confirm that these meteorites were ejected from Mars in sep-
arate events – and therefore at separate locations on Mars (Herzog 
and Caffee, 2014). 38Ar cosmogenic exposure analyses were not 
undertaken for the meteorite ALH 77005; instead a literature age 
of 3.74 ± 0.85 Ma was used for this sample (Herzog and Caffee, 
2014). These cosmogenic data were used to accurately correct our 
40Ar/39Ar isotope data for cosmogenic 38Ar and 36Ar contributions, 
following the procedures of Cassata and Borg (2016).

The 40Ar/39Ar data are presented on isotope-correlation plots 
(Fig. 3). Analysis of multiple phases from the same rock increases 
the spread of data in 39Ar/40Ar versus 36Ar/40Ar (isotope cor-
relation) space, thus improving the precision on both x and y 
intercepts (i.e., the age on the x-axis and the composition of 
trapped non-radiogenic argon on the y-axis) (Fig. 3). The isotope 
correlation plots show that the shergottite analyses typically de-
fine ‘wedge-shaped’ arrays (Fig. 3). To determine isochron ages 
4

for these samples, we used a modified ‘sphenochron’ approach 
(where ‘sphen’ [σϕήν] is the Greek word for ‘wedge’, Chen et al., 
1996), with the isochron defined by the largest population of anal-
yses that yield a statistically significant isochron (Mean Square of 
Weighted Deviates (MSWD) <2 and probability (p) of an MSWD 
higher than observed >5%) using either the highest or lowest 
36Ar/40Ar ratio (i.e., the top or bottom of the wedge (Fig. 4)). All 
samples except ALH 77005 yielded an isochron that satisfied these 
criteria (Fig. 3).

As shown in Fig. 3, the y-intercepts of isochrons for the dif-
ferent meteorites define different initial trapped 40Ar/36Ar compo-
nents. An explanation for the origin of these argon components 
is shown in Fig. 4. Tissint, Shergotty, Zagami, and LA 001 have 
40Ar/36Ar intercepts that are indistinguishable from Martian atmo-
sphere, as measured by Mars Science Laboratory Curiosity (1900 ±
600 (2σ )) (Mahaffy et al., 2013). Meanwhile, the samples DaG 476 
and SaU 008 have 40Ar/36Ar intercepts that overlap with the ter-
restrial atmospheric value of 298.56 ± 0.31 (Lee et al., 2006). The 
data points that are statistical outliers from the isochrons (grey el-
lipses) for all samples clearly show variable mixing between the 
end members of terrestrial and Martian atmosphere (Fig. 3, 4). 
ALH 77005 contains a variable mixture of terrestrial and Martian 
atmospheric argon, but with neither end member being resolved, 
explaining why this sample did not yield an isochron. These results 
show that, although the shergottites formed on Mars, the terres-
trial atmosphere has contaminated these meteorites during their 
residence on Earth.

The meteorites ALH 77005, DaG 476, and SaU 008 have been 
exposed to the terrestrial atmosphere for up to ca. 200,000 years 
(Table 1). The 40Ar/39Ar data shows that, for the meteorites that 
have resided on Earth for long durations, terrestrial atmospheric 
gas (which contains 1% argon, equivalent to a partial pressure of 
1000 Pa) has entered the structure of the minerals, and now dom-
inates with respect to any Martian atmospheric signal. Neverthe-
less, it is important to recognize that addition of terrestrial argon 
does not alter the 40Ar/39Ar isochron age (Fig. 4). This is because 
incorporation of terrestrial atmospheric argon (whether by adsorp-
tion, absorption, or diffusion) adds 40Ar and 36Ar to the rock (with 
a fixed ratio of 298.56, Lee et al., 2006), but does not cause radio-
genic 40Ar to be displaced or lost (Fig. 4). Radiogenic 40Ar, which 
is the isotope used to calculate the sample’s age, is only lost if 
the Martian rock phases (i.e., pyroxene, plagioclase glass, impact 
melt) are destroyed by some process (e.g., terrestrial weather-
ing), and new minerals such as clays and carbonates are formed. 
Such terrestrially formed materials were avoided in this study by 
the adoption of rigorous sample preparation procedures. The re-
sults show that the meteorites recovered from both hot and cold 

https://www.lpi.usra.edu/meteor/
https://imca.cc/mars/martian-meteorites-list.htm
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Fig. 3. 36Ar/40Ar vs. 39Ar/40Ar isotope correlation diagrams. (A) Tissint, (B) Shergotty, (C) Zagami, (D) LA 001, (E) SaU 008, (F) DaG 476, and (G) ALH 77005. Black ellipses 
are analyses that define statistically significant isochrons (green solid line, with 2σ envelope in dashed lines). Grey ellipses are analyses that are statistical outliers from the 
isochrons. Also plotted are the compositions for Earth atmosphere (blue arrow), Martian atmosphere (red arrow), and tie-lines representing hypothetical isochrons between 
these atmospheric constraints and the Sm-Nd, U-Pb, or Rb-Sr age for each sample (blue for the isochron leading to the terrestrial atmosphere, red for Martian atmosphere). 
Steps with negligible gas released and 36Ar/40Ar uncertainties of >1 × 10−3 were not plotted. The data were plotted using the MATLAB code in Data file S3. These diagrams 
incorporate data from all aliquots analyzed from each meteorite; for diagrams of the individual phases analyzed, see Data file S1.
5
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deserts are affected by ingress of terrestrial atmospheric argon, 
indicating that the process of incorporating terrestrial argon still 
occurs at Antarctic temperatures (Fig. 3)(Schwenzer et al., 2009, 
2013).

In contrast, it is notable – although not surprising – that the 
meteorite falls Shergotty, Zagami, and Tissint which fell to Earth in 
1865, 1962, and 2011, respectively, preserve the highest 40Ar/36Ar 
values, corresponding with the Martian atmosphere. The rapid re-
covery of these three falls coupled with museum storage likely 
protected these meteorites from the worst effects of exposure and 
terrestrial atmosphere ingress. However, small amounts of terres-
trial atmosphere have still been incorporated during their time on 
Earth. Even Tissint, which resided on Earth for only four years prior 
to analysis – the shortest duration of any shergottite – has some 
steps that contain admixed terrestrial argon (Fig. 3A). The admixed 
terrestrial argon was released during the low-temperature analyses 
of olivine (Data File S1), a mineral phase that contains little or no 
radiogenic argon, but is highly fractured (Balta et al., 2015), facili-
tating argon ingress. Any 40Ar/36Ar data from the shergottite me-
teorites must therefore be regarded as providing minimum values 
for Mars’ atmosphere, although given the agreement in 40Ar/36Ar 
intercepts from Shergotty, Tissint, and Zagami, their intercepts are 
likely very close to the true Martian atmospheric value. LA 001 
also yielded a Martian 40Ar/36Ar value, albeit with numerous data 
points also displaying ingress indicative of contamination with ter-
restrial atmosphere (Fig. 3D). This meteorite was reportedly found 
in the Mohave (a hot desert), and retains a well-preserved fusion 
crust with flow lines that indicates a relatively recent arrival to 
Earth, supported by a terrestrial residence age of <40 ka (Table 1, 
Nishiizumi et al., 2000).

We note from our analyses and previous work (Bogard et al., 
1986) that the highest concentrations of Martian atmospheric ar-
gon are contained in impact melt glass (Data file S1). This obser-
vation is consistent with laboratory-based shock experiments of 
analogue materials, which demonstrate that impact melt glasses 
can trap significant amounts of Martian atmospheric argon at the 
time of impact (Wiens and Pepin, 1988). As the shergottites have a 
simple (one-stage) shock deformation history (Walton et al., 2008; 
Darling et al., 2016; Stöffler et al., 2018), this Martian atmospheric 
gas was trapped at the time of ejection into space.

The initial trapped 40Ar/36Ar components showing a Martian 
atmospheric signal for Shergotty and Zagami, and especially for 
Tissint (40Ar/36Ar of 1761 ± 16; Fig. 3) are considerably more pre-
cise than the data from Curiosity (Mahaffy et al., 2013), which 
yielded a value of 1900 ± 600 (2σ ). Our results are also an or-
der of magnitude more precise than previous shergottite analyses 
(Bogard and Garrison, 1999; Avice et al., 2018), e.g., ALH 77005 
40Ar/36Ar of 1760 ± 200; EETA 79001 40Ar/36Ar of 1735 ± 170; 
and Tissint 40Ar/36Ar of 1714 ± 340 [all quoted uncertainties are 
2σ ].

4. Discussion

40Ar/39Ar dating of shergottites has historically proved chal-
lenging due to difficulties associated with resolving the different 
sources of argon that can be trapped within these rocks (Bogard 
et al., 2009; Korochantseva et al., 2009; Park et al., 2013b; Cassata 
and Borg, 2016), namely: (1) 40Ar argon from the radioactive decay 
of 40K (i.e., radiogenic argon, which is used to calculate the age); 
(2) 40Ar, 38Ar, and 36Ar from the Martian atmosphere; (3) 38Ar 
and 36Ar produced from cosmogenic irradiation while the mete-
oroid was in space; (4) 40Ar, 38Ar, and 36Ar from the terrestrial 
atmosphere; and lastly (5) 40Ar, 39Ar, 38Ar, 37Ar, and 36Ar pro-
duced during laboratory neutron irradiation on Earth (an analytical 
step critical to the 40Ar/39Ar method). Previously published sher-
gottite 40Ar/39Ar experiments have yielded argon isotope data that 
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are difficult to interpret and has required invoking complex inter-
pretive frameworks, which are underpinned by either ‘parentless’ 
or ‘excess’ argon contamination (Bogard and Garrison, 1999; Bog-
ard et al., 2009; Korochantseva et al., 2009; Park et al., 2013a,b), or 
impact resetting (Bouvier et al., 2005, 2008; Jaret et al., 2018).

Unlike previous discordant 40Ar/39Ar data, our 40Ar/39Ar iso-
chron ages are concordant with the shergottite ages determined 
by the Sm-Nd, U-Pb, Rb-Sr, or Lu-Hf chronometers (Fig. 1B, 3). 
We propose three main reasons for the concordance, which con-
trasts with previous 40Ar/39Ar studies (Fig. 1A). Firstly, our use of 
the data reduction procedure of Cassata and Borg (2016) allows 
for accurate resolution of and correction for cosmogenic argon (a 
previously uncorrected or under-corrected Ar reservoir). Secondly, 
isotope correlation plots are used to define the initial trapped 
40Ar/36Ar components for each meteorite, rather than forcing an 
assumed 40Ar/36Ar ratio onto the data. This is important, as in-
stead of making assumptions about the geological context and Ar 
systematics of the shergottite meteorites, we allow the data to con-
strain the trapped 40Ar/36Ar values; our data demonstrates that 
the shergottite meteorites contain variable proportions of Martian 
and terrestrial atmosphere. Thirdly, the rigorous sample prepa-
ration, involving analysis of multiple mineral separates wherever 
possible (pyroxene, plagioclase glass, plagioclase glass rinsed in hy-
drofluoric acid, olivine, impact melt, and/or groundmass), increases 
the spread of data on the isotope correlation plots, allowing im-
proved precision of axis-intercepts and improving the utility of the 
isochron data. As is apparent from the isotope correlation diagrams 
(Fig. 3, 4, Data file S1), many of the data points contain admixed 
terrestrial and Martian atmospheric argon. For any such points, 
the ‘model’ ages calculated using a fixed value for trapped argon 
(either terrestrial or Martian atmosphere – an approach used by 
many previous 40Ar/36Ar studies of the shergottites) would yield 
results with no geological significance (Data File S1).

Prior to this study, DaG 476, LA 001, SaU 008, Shergotty, Tissint, 
and Zagami all yielded 40Ar/39Ar ages older than the other ra-
dioisotopic chronometers (Fig. 1A, Table S1). This discordance is 
now resolved (Fig. 1B, 3, 4): all of the argon present in these 
samples is either radiogenic, cosmogenic, or from Martian ± ter-
restrial atmospheres, and there is no evidence for ‘parentless’ or 
‘excess’ argon (Bogard and Garrison, 1999; Bogard et al., 2009; Ko-
rochantseva et al., 2009; Park et al., 2013a,b). Our data support 
interpretation that the shergottites sample the youngest volca-
noes on Mars (McSween and McLennan, 2014; Herd et al., 2017; 
Lapen et al., 2017). However, given that the shergottites experi-
enced shock metamorphism, it could be considered surprising that 
the 40Ar/39Ar age data overlap with ages from other high closure 
temperature chronometers. We contend the physical properties of 
the shergottites, such as the minerals, glasses and textures formed 
by shock metamorphism, support our data and interpretation.

The shergottite meteorites experienced a variety of shock condi-
tions. For example, the maximum shock temperature experienced 
by Zagami was only 70 ± 5 ◦C above ambient, and the bulk of 
Shergotty experienced heating of just 100 ± 50 ◦C above ambient 
(Fritz et al., 2005), where Martian ambient surface temperatures 
are typically well below freezing (averaging −60 ◦C). Heating to 
these temperatures – regardless of duration – would not induce 
significant Ar diffusion in mafic igneous rocks (Cassata et al., 2011; 
Cassata and Renne, 2013), let alone influence the isotopic systems 
with closure temperatures in excess of 800 ◦C, such as the Sm-Nd 
system, or U-Pb in zircon and baddeleyite (Reiners et al., 2018). 
Most shergottite meteorites do contain diaplectic glass formed by 
shock metamorphism of plagioclase, but it is crucial to emphasize 
that the presence of diaplectic glass does not by itself indicate high 
temperatures; laboratory-based shock experiments (undertaken at 
20 ◦C and minus 196 ◦C) demonstrate that diaplectic plagioclase 
glass can readily form at typical Martian surface temperatures, 
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Fig. 4. Schematic diagrams demonstrating the sequence of events that affected argon in Martian meteorites. (A) On Mars, due to the decay of 40K into 40Ar, an igneous rock 
hundreds of million years old will contain nearly 100% radiogenic Ar with a small amount of Martian atmosphere. This is what the results should look like from a hypothetical 
analysis on an unshocked lava obtained by a sample-return mission or analyzed on Mars. (B) During the impact that ejected the meteorite into space, additional Martian 
atmosphere can be shock-implanted into the rock. Gas with variable mixtures of the two components (black dots) will lie on an isochron (red line), with the intercepts 
corresponding to radiogenic argon and the Martian atmosphere. (C) Once on Earth, terrestrial atmosphere can become incorporated (black arrows trending towards the blue 
square, with grey dashed lines indicating the percentage of added terrestrial atmosphere). Analyses with a three-component mixture will fall within the grey wedge, with 
the vertices representing radiogenic argon, Martian atmosphere, and Earth atmosphere. (D) A special case will occur if a reservoir that initially contained only radiogenic 
argon (i.e., negligible Martian atmosphere) has terrestrial argon added. In this case, the isochron will trend between radiogenic argon and terrestrial atmosphere. Crucially, in 
all four scenarios (A-D), the x-intercept yields the samples’ 40Ar/39Ar age, regardless of the amount of Martian or terrestrial atmosphere incorporated.
without heating (Fritz et al., 2019). The presence of plagioclase 
diaplectic glass in the shergottites is therefore indicative of high 
shock pressures only, and not necessarily high temperatures (Fritz 
et al., 2019).

Some shergottites have experienced more intense shock heat-
ing, for example opaque impact melt glass in Shergotty and Tissint 
indicates conditions hot enough to melt localized portions of these 
meteorites (Fritz et al., 2005, 2017) – with temperatures of 2000 ◦C 
proposed (Baziotis et al., 2013). Crucially, the preservation of high-
pressure phases within the shock melt glasses indicate that these 
melts were quenched rapidly – in the order of 1 second or less 
(Walton et al., 2014; Hu and Sharp, 2017) – which is too fast for 
significant Ar diffusion to occur out of the glass. From the perspec-
tive of 40Ar/39Ar geochronology, even if heating or melting occurs, 
if the Ar does not have time to diffuse out of the rock (e.g., due to 
rapid quenching), then the Ar clock will not be reset, and the sam-
ple will retain the original cooling age of igneous crystallization.

The effects of such shock heating are also highly heterogeneous 
and localized; away from the shock melt pockets, the mineralogy 
and textures within the shergottites indicate that the bulk of these 
samples experienced temperatures of up to 180-350 ◦C above am-
bient for Tissint, 470 ± 100 ◦C for DaG 476 and SaU 005, 560 ±
120 ◦C for LA 001, and 800 ± 200 ◦C for ALH 77005 (Fritz et al., 
2005) (Table 1). Such temperatures have the potential to induce 
Ar loss, but only if these temperatures were maintained for suf-
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ficiently long durations (Cassata et al., 2011; Cassata and Renne, 
2013). Therefore, to examine the effect of such shock heating and 
quantify the potential for Ar loss, we have modelled the cooling 
history of the shergottites following such a thermal disturbance 
(Fig. 5).

The shock-formed phases and textures within the shergottites 
indicate the meteorites experienced only one episode of shock 
metamorphism: the impact event that ejected the specimens from 
the Martian surface (Darling et al., 2016; Stöffler et al., 2018; Hu 
et al., 2023). This simplifies modelling, as it enables the cooling 
behaviour to be modelled in 3D as spheres of rock starting at a 
uniform initial temperature. The MATLAB code for these calcula-
tions is contained in Data file S2. The meteorites were modelled 
with radii of 0.2 and 0.3 m (diameters of 0.4 and 0.6 m) – these 
dimensions were determined from cosmogenic isotope exposure 
analyses, and represent the original size of the shergottite mete-
orites when they were ejected from Mars (Goswami et al., 1997; 
Eugster et al., 2002) (i.e., before passage through the terrestrial 
atmosphere, when meteorites loose considerable mass). Temper-
atures of 100, 400, and 800 ◦C were used as they match the ob-
served shock temperatures within the solid portions of the sher-
gottites (Table 1); the higher temperatures of up to 2000 ◦C were 
only experienced by very small and localized melt pockets within 
the meteorites, which as mentioned above were quenched in <1 
second (Fritz et al., 2005; Baziotis et al., 2013; Walton et al., 2014; 
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Fig. 5. Thermal modelling of shergottites after shock heating and ejection into space. These curves are from cooling models of the centre of the meteorite (the slowest 
part to cool), for diameters of 40 and 60 cm and initial shock heating temperatures of 100, 400, and 800 ◦C. Horizontal red lines at 400 and 200 ◦C denote the approximate 
closure temperatures for pyroxene and plagioclase, respectively. Some shergottites (like Zagami and Shergotty) were never heated above 100 ◦C, so would never have been 
above the closure temperature of plagioclase, These models also show that even the largest, most shock-heated shergottites would have experienced less than 10 hours of 
argon diffusion for plagioclase and 5 hours for pyroxene, leading to negligible (<4-18%) Ar loss (Weiss et al., 2002). Code for these calculations is contained in Data file S2.
Fritz et al., 2017; Hu and Sharp, 2017). Shock heating due to pore 
compression (Bland et al., 2014; Jourdan et al., 2017) is expected 
to be minimal in the shergottites due to their crystalline nature 
with no or negligible porosity.

The spheres were surrounded by the vacuum of space at a 
constant temperature of −60 ◦C, which is based on average tem-
peratures near Mars (McKay et al., 1991; Weiss et al., 2002). We 
did not model the time the meteoroid spent in the Martian at-
mosphere, which is on the order of 2 seconds or less (i.e., a 10 
km thick atmosphere and escape velocity of 5 km/s), and there-
fore negligible on the timescale of cooling. Also, by analogy with 
terrestrial meteorites which are cool to the touch when they land, 
frictional heat generated during passage through the Martian at-
mosphere would be lost by ablation of the outer portion of the 
meteoroid. Within the meteorites, we modelled heat diffusion us-
ing a thermal diffusivity of 10−6 m2/s, a representative value for 
mafic igneous rocks. At the surface of the meteorites, we assumed 
heat radiated into space according to the Stefan-Boltzmann law, 
using a surface emissivity of 0.93 (Weiss et al., 2002) and spe-
cific heat capacity of 815 J/kg/K (Weiss et al., 2002). Because the 
meteorites were travelling through space at considerable velocity 
(several km/s), heat lost through radiation was removed from the 
system; it was not modelled as heating the surrounding vacuum, 
which was constantly being replaced as the meteorites moved.

The system of differential equations was solved by finite dif-
ference methods using the explicit Runge-Kutta pair of orders 
2 and 3 of Bogacki and Shampine (MATLAB ODE solver ode23) 
(Shampine and Reichelt, 1997). This lower order solver was more 
efficient than the medium order MATLAB solver ode45 using the 
explicit Runge-Kutta pair of orders 4 and 5 of Dormand and Prince 
(Shampine and Reichelt, 1997), but the cooling times differed by 
<0.0005%. The system was modelled using a resolution of 0.005 m 
in all three dimensions. Resolution testing showed that increasing 
the resolution to 0.004 m, which doubles the total number of cells 
in the model, changed the time for a 0.3 m radius meteorite with a 
shock heating temperature of 400 ◦C to cool to 200 ◦C by <0.25%. 
The effect of the increased resolution would be smaller for smaller 
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meteorites, higher shock heating temperatures, or higher closure 
temperatures.

Our thermal models demonstrate that following impact-ejection 
the shergottites cooled rapidly: even a meteorite heated to the 
highest temperature observed in the shock metamorphic miner-
als (800 ◦C) with the largest diameter of ∼60 cm (Goswami et al., 
1997; Eugster et al., 2002) cools to below 400 ◦C in just over 5 
hours and to 200 ◦C in under 10 hours (Fig. 5). These models rep-
resent the limiting upper bound on the extent of heating, as the 
models are for spherical meteorites, and any deviations from a 
sphere (e.g., an irregular or elongated shape) would increase the 
surface to volume ratio, causing the meteorite to cool faster. Also, 
the cooling times shown are for material at the centre of the me-
teorites – material closer to the edge cools more rapidly.

Diffusion modelling shows that plagioclase, the mineral in sher-
gottites with the highest diffusivity, experiences <4-18% argon 
loss when subjected to these temperature-time conditions of shock 
metamorphism (Weiss et al., 2002). This is consistent with the an-
alytical results: for four meteorites (ALH 77005, LA 001, SaU 008, 
and Tissint, which all experienced shock heating above the clo-
sure temperature of argon in plagioclase, Table 1), there are a small 
number of datapoints that plot to the right of the main ‘wedge’ of 
analyses (Fig. 3). Steps that plot in this region of the isotope cor-
relation diagrams correspond to 40Ar/39Ar ages that are younger 
than the samples’ respective Sm-Nd, Rb-Sr, or U-Pb ages, indicat-
ing argon loss; these steps are not used to calculate the 40Ar/39Ar 
isochron ages. We highlight that these results confirm that the 
degree of argon loss is minor, as only a few steps are affected. 
Thus, we conclude that, due to the brief time spent at elevated 
temperatures, the shergottites considered here would have experi-
enced minor to negligible argon loss, and that the analytical steps 
demonstrably influenced by argon loss are excluded from our age 
calculations by the isochron approach. These observations are con-
sistent with previous studies of shock heating and argon diffusion 
in meteorites (Weiss et al., 2002; Fritz et al., 2005; Shuster et 
al., 2010). Significant argon diffusion can occur if the mafic target 
rocks are completely melted and kept molten, as argon diffusion 
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out of a melt is significantly faster than out of solid minerals (e.g., 
the Lonar crater on Earth, Jourdan et al., 2011). The shergottite me-
teorites, however, did not experience near-complete melting, but 
instead contain (at most) rare areas of rapidly quenched melt.

We note that shock-metamorphosed (but unmelted) rocks 
within terrestrial impact craters have been used as analogues 
for the shergottite meteorites, for example maskelynite-bearing 
mafic rocks at the Manicouagan crater, Canada (Jaret et al., 2018). 
These terrestrial impact rocks have yielded 40Ar/39Ar ages fully 
or partially reset by impact, leading to interpretations that the 
shock-metamorphosed shergottites were similarly reset (Jaret et 
al., 2018). However, we emphasize that meteorites ejected into 
space by impacts experience very different temperature-time paths 
compared to shock-metamorphosed but unmelted material that 
remains on the planet within impact crater deposits. In contrast 
to meteorites that cool within minutes to hours (Fig. 5), these 
planet-bound impact deposits are insulated by the surrounding 
material, and remain at elevated temperatures (�200 ◦C) for tens 
of thousands to a few million years (Abramov and Kring, 2007), al-
lowing the time necessary for argon diffusion to fully or partially 
reset the 40Ar/39Ar system (Jourdan et al., 2007). Thus, in terms 
of Ar-isotope systematics, terrestrial shock-metamorphosed impact 
crater deposits are poor 40Ar/39Ar analogues for meteorites, as the 
cooling timescale differs by eight to ten orders of magnitude.

5. Conclusions

On Earth, 40Ar/39Ar is the most widely applied and versatile 
geochronologic technique applied to mafic igneous rocks. 40Ar/39Ar 
should be similarly useful for Martian samples, including the sher-
gottites. Until now this has not been the case, with 40Ar/39Ar pre-
viously yielding highly inconsistent ages for individual meteorites, 
with results that are discordant and typically older compared to 
other geochronometers (Fig. 1). In contrast, our 40Ar/39Ar results 
are synchronous with the U-Pb, Sm-Nd, and Rb-Sr ages for the 
meteorites studied, demonstrating that the 40Ar/39Ar method can 
successfully yield accurate igneous formation ages for the shergot-
tite meteorites. Our results support interpretations that the Pb-Pb 
model ages of >4000 Ma likely reflect ancient Martian mantle 
differentiation events (Bellucci et al., 2016), and not cooling ages 
for magma eruption or intrusion. Despite undergoing shock meta-
morphism, most of the shergottite minerals experienced minor to 
negligible argon loss owing to the lack of or brief time at elevated 
temperatures. Their magmatic cooling ages have thus been re-
tained, and not substantially reset by shock. Shock-metamorphosed 
samples from terrestrial impact structures are poor 40Ar/39Ar ana-
logues for meteorites ejected into space as the cooling timescale 
differs by eight to ten orders of magnitude.

Our shergottite 40Ar/39Ar ages range from 161 ± 9 Ma to 540 ±
63 Ma (2σ ), indicating that these meteorites are sourced from the 
most recent volcanoes on Mars, which are the largest such edifices 
in the Solar System. This conclusion is consistent with modelling 
of meteorite spallation (Head et al., 2002), which strongly favours
ejection of rocks from the younger Martian terrains that have 
the thinnest coatings of regolith. Evidence for ingress of terres-
trial atmosphere into these extra-terrestrial samples during their 
time on Earth emphasizes the importance of strict sample protec-
tion protocols for samples returned from Mars (Beaty et al., 2019). 
Alternatively, rover-based dating of materials on the Martian sur-
face would bypass the complications of terrestrial contamination 
(Morgan et al., 2017). The analytical techniques and data regres-
sion procedures used in this study are critical to establish robust 
protocols for reliable 40Ar/39Ar analyses applied to sample-return 
material from Mars.
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