
WHAT HAVE METEORITES TAUGHT US ABOUT THE MARTIAN INTERIOR AND SURFACE 
OVER THE PAST FIVE YEARS? A. Udry1, G. H. Howarth2, C. D. K. Herd3, T. J. Lapen4, and J. M. D. Day5. 
1Department of Geosciences, University of Nevada Las Vegas, 4505 S. Maryland Pkwy, Las Vegas, NV 890154 
(arya.udry@unlv.edu), 2Department of Geological Sciences, University of Cape Town, Rondebosch 7701, South 
Africa, 3Department of Earth and Atmospheric Sciences, University of Alberta, Edmonton, AB, T6G 2E3, 
4Department of Earth and Atmospheric Sciences, University of Houston, Houston TX 77204, 5Scripps Institution 
of Oceanography, University of California San Diego, La Jolla CA 92093-0244. 

 
Current martian samples: Meteorites are cur-

rently the only available samples from Mars. These 
rocks are mostly basaltic in composition and were 
likely emplaced as lava flows or hypabyssal sills [1]. 
Ejection ages for martian meteorites suggest that they 
have been sourced from at least 10 ejection sites [1]. 
We do not know their exact provenance at the martian 
surface, although attempts continue to link ages and 
compositions to orbital observations [e.g., 2]. Martian 
meteorites can be subdivided into three main groups: 
1) shergottites (2403-165 Ma old intrusive and extru-
sive basaltic rocks consisting of pyroxene and plagio-
clase/maskelynite with variable olivine abundances); 
2) nakhlites (~1.3 Ga old clinopyroxene-rich cumu-
lates containing lesser olivine), and 3) chassignites 
(~1.3 Ga dunites), as well as two individual rocks: 
Allan Hills (ALH) 84001 (~4.1 Ga old orthopyroxe-
nite) and Northwest Africa (NWA) 7034 and its 
paired meteorites (a polymict regolith breccia) [1]. 
The petrological investigation of these rocks allows us 
to better constrain the composition and evolution of 
the martian interior and volcanism at the surface. 
Here we provide a review of the latest discoveries 
from martian meteorites that were published during 
these past 5 years and their significance for martian 
returned samples. 

Diversity of martian meteorites: Forty new pair-
ing groups of martian meteorites have been officially 
classified since 2014, including 35 shergottites, 4 na-
khlites, and 1 chassignite. Through the study of these 
new rocks, diversity in lithologies, textures, and ages 
have been revealed, especially for shergottites [e.g., 
3–6]. Most shergottites studied before 2014 were fine-
grained or diabasic, but new gabbroic rocks have now 
been recovered [7,8]. Gabbroic shergottites were pre-
viously missing in the meteorite collection, although 
these lithologies might represent most of the martian 
crust. Various mineralogies, such as plagioclase-rich 
shergottites or pigeonite-bearing shergottites, have 
been recognized and examined [e.g., 9]. The first two 
early Amazonian meteorites are shergottites: NWA 
8159 [10] and NWA 7635 [11] and are both dated at 
~2.3-2.4 Ga. These augite-rich shergottites are differ-
ent from most other shergottites as they do not con-
tain low-Ca pyroxene (pigeonite). 

Most martian meteorites represent a biased sam-
pling of the martian crust [13]. We are now in posses-

sion of a seemingly representative sample of the crust: 
the polymict regolith breccia NWA 7034 and its 
paired meteorites. These rocks represent the first surf-
icial martian samples, consisting of various igneous 
and impact clasts and showing evidence of early alka-
line magmatism. Northwest Africa 7034 represents 
the early Noachian lithified portion of the regolith and 
has undergone some hydrothermal activity [14,15]. U-
Pb dating of igneous clasts and associated zircons 
yield the oldest ages for martian materials at ~4.4 Ga 
[15–17], although the rock was lithified at ~1.5 Ga 
[15]. 

Various mantle and crustal sources: Shergottites 
originate from at least three sources: 1) a reduced, 
incompatible trace element depleted (low Rb/Sr and 
Re/Os, and high Lu/Hf and Sm/Nd) source that likely 
has two components, a deep depleted mantle and a 
shallower depleted mantle reservoir [11], 2) a more 
oxidized, incompatible trace element enriched (high 
Rb/Sr and Re/Os and low Lu/Hf and Sm/Nd) source, 
and 3) an intermediate source representing mixtures 
between the enriched and depleted sources [e.g., 1, 5, 
11, 18, 19]. These shergottite sources have heteroge-
neous volatile contents, with 36 – 73 ppm H2O in the 
enriched source and 14 – 23 ppm H2O in the depleted 
source [20]. Combs et al. [21] show that the enriched 
shergottites Los Angeles, NWA 7320, NWA 856, and 
NWA 10169  likely originate from a different mantle 
source endmember mixture than the other enriched 
shergottites. In addition, the Pb isotopic compositions 
of NWA 7533 (paired with NWA 7034, [22]) shows 
that a previously unknown enriched reservoir in 
207Pb/204Pb is present in the martian interior, and is 
possibly crustal. 

Both early Amazonian shergottites NWA 8159 
and NWA 7635 formed from a depleted mantle 
source [10,11]. If they originated from the same vol-
canic center as the other depleted shergottites, and 
thus are petrogenetically related to the other depleted 
shergottites, they would represent a long-lived volcan-
ic center, active from at least 327 to 2403 Ma [11, 
23]. However, Cr, W, and Nd isotopic compositions 
in NWA 8159 are distinct from all of the depleted 
shergottites [10].  

Shergottite sources show diversity in isotopic and 
elemental compositions, but also in oxygen fugacity 
(ƒO2). Previously, shergottite ƒO2 was linked to bulk 
rare earth element enrichment. However, the discov-

6139.pdfNinth International Conference on Mars 2019 (LPI Contrib. No. 2089)



ery of diverse new shergottites demonstrates that ƒO2 

does not correlate with source compositions, and indi-
cates that most shergottites underwent degassing and 
auto-oxidation during magma ascent [24–26]. In addi-
tion, sources with high ƒO2 were discovered: for ex-
ample NWA 7034 shows ƒO2 of +3 relative to the 
quartz-fayalite-magnetite (QFM) buffer [14]. 

Day et al. [27] show that shergottite-like and na-
khlite magmas are possibly linked according to their 
bulk trace element compositions. Similar to terrestrial 
ocean island magmatism, shergottites and nakhlites 
likely represent main shield and later metasomatized 
rejuvenated magmas, respectively, but in a stagnant 
lid regime.  

Magmatic evolution and emplacement in the 
martian crust: The diversity in textures and mineral-
ogies observed in martian meteorites indicate various 
emplacement and formation processes. Shergottites 
appear to have anomalous mantle potential tempera-
tures (~1750˚C) compared to Noachian rocks from 
Gale crater (~1450˚C), and thus represent a hot man-
tle plume [28]. In addition, geobarometry conducted 
using minor elements in pyroxene show that for-
mation of cumulates at the crust/mantle boundary was 
likely widespread on Mars, leading to the formation 
of the various shergottite lithologies [e.g., 7, 8, 25]. 
According to textural, mineralogical, and isotopic 
analyses, the different sub-types of shergottites (poi-
kilitic, gabbroic, basaltic, and olivine-phyric) are like-
ly petrogenetically linked [25, 29]. 

The nakhlite meteorites were previously inferred 
to form in one single cumulate pile. The new compre-
hensive study by Udry and Day [30] shows that na-
khlites and chassignites likely emplaced as various 
lava flows and/or hypabyssal sills according to their 
different mineralogies, cooling rates, and quantitative 
textures [31,32]. 

What does this all mean for returned samples? 
Since 2014, the discovery and study of new martian 
meteorites has revealed an enriched diversity in man-
tle and/or crustal sources and various magmatic histo-
ries, suggesting that the martian interior is more het-
erogeneous than previously thought. Martian surface 
samples that will be analyzed and cached by the Mars 
2020 rover, represent Noachian-Hesperian time peri-
ods and will have field context. Although emplace-
ment histories can be inferred through igneous tex-
tures of meteorites, field work would allow better 
constraints on emplacement at the martian surface of 
these rocks. Emplacement style and timing is im-
portant to constrain magmatic behavior, as well as 
volcanism evolution and style. Noachian returned 
samples collected at Jezero crater by Mars 2020 
would allow us to better constrain the compositions of 
the martian interior, including reservoir and lithologi-

cal diversity. Thus, by comparing, returned martian 
samples with meteorites, the evolution from the Noa-
chian to the Amazonian of the martian interior could 
be better deciphered. Returned samples would also 
allow important chronological context constraints. At 
the moment, crater counting on Mars assumes lunar 
crater calibration, but a single crater (Jezero) can pro-
vide a calibration point to enable better definition of 
crater ages, and as a benefit, the late accretion flux to 
Mars. 
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