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Abstract
The microstructures of selected F-, Cl-, and OH-bearing martian apatite grains, two in Northwest 

Africa (NWA) 998 (cumulus apatites, embedded in pyroxene) and a set of four in Nakhla (intercumulus 
apatites), were studied by focused ion beam–transmission electron microscopy (FIB-TEM) techniques. 
Our results show that the nanostructure of martian apatite is characterized by a domain structure at 
the 5–10 nm scale defined by undulous lattice fringes and slight differences in contrast, indicative 
of localized elastic strain within the lattices and misorientations in the crystal. The domain structure 
records a primary post-magmatic signature formed during initial subsolidus cooling (T <800 °C), in 
which halogens clustered by phase separation (exsolution), but overall preserved continuity in the 
crystalline structure. Northwest Africa 998 apatites, with average Cl/F ratios of 1.26 and 2.11, show 
higher undulosity of the lattice fringes and more differences in contrast than Nakhla apatites (average 
Cl/F = 4.23), suggesting that when Cl/F is close to 1, there is more strain in the structure. Vacancies 
likely played a key role stabilizing these ternary apatites that otherwise would be immiscible. Apatites 
in Nakhla show larger variations in halogen and rare-earth element (REE) contents within and between 
grains that are only a few micrometers apart, consistent with growth under disequilibrium conditions 
and crystallization in open systems. Nakhla apatite preserves chemical zonation, where F, REEs, 
Si, and Fe are higher in the core and Cl increases toward the outer layers of the crystal. There is no 
evidence of subsolidus ionic diffusion or post-magmatic fluid interactions that affected bulk apatite 
compositions in NWA 998 or Nakhla. The observed zonation is consistent with crystallization from a 
late-stage melt that became Cl-enriched, and assimilation of volatile-rich crustal sediments is the most 
plausible mechanism for the observed zonation. This work has broader implications for interpreting 
the chemistry of apatite in other planetary systems.
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Introduction
The calcium phosphate mineral apatite, Ca10(PO4)6(F,OH,Cl)2, 

is a ubiquitous, accessory mineral in igneous, metamorphic, 
sedimentary, and hydrothermal systems present in most plan-
etary bodies in the solar system (e.g., Earth, Moon, Mars, and 
asteroids). The widespread interest in apatite derives from the 
fact that it contains the volatiles F, Cl, and OH; thus, it can be 
used as an important tracer for reconstructing petrogenetic pro-
cesses in different planetary environments (e.g., Shearer et al. 
2011; Tartèse et al. 2014; Webster and Piccoli 2015; McCubbin 
and Jones 2015; Zirner et al. 2015). For example, apatite is used 
to estimate the activities (fugacities) of volatiles, both in melts 
and fluids (e.g., McCubbin and Ustunisik 2018). These studies 
provide important insights into the role of volatiles in magmatic 
and hydrothermal planetary processes, the identification of plan-
etary volatile reservoirs, and provide glimpses into primordial 
volatile behavior during the early solar system (e.g., accretion 
and differentiation; Sharp et al. 2016). However, the formation 
of apatite is very complex, and can result from a wide range of 

different processes, from primary magmatic crystallization to the 
secondary products of alteration or metamorphic and metaso-
matic processes (e.g., Zirner et al. 2015; Martínez et al. 2023a).

Despite the wealth of data from compositional and isotopic 
studies of apatite (e.g., Williams et al. 2016; Shearer et al. 2018), 
the current lack of microstructural information for planetary or 
even terrestrial apatite represents a major gap in interpreting the 
volatile record preserved in this complex mineral. Remarkably, 
there has only been one single TEM study of the microstructure 
of terrestrial apatite, where the authors showed nanometric 
exsolution phenomena and thus, a miscibility gap for apatite 
was constrained for the first time (Ferraris et al. 2005). Other 
techniques, such as electron backscatter diffraction and atom 
probe tomography, have also been used to gain structural in-
formation on the effects of volatiles in shocked apatite (Černok 
et al. 2019; Barrett et al. 2021; Darling et al. 2021). However, 
given that the nakhlites are the least shocked martian meteor-
ites (~15–20 GPa; e.g., Malavergne et al. 2001; Treiman and 
Irving 2008), the effects of shock on apatite and other minerals 
are considered minimal, and apatite in the nakhlites represent 
a good starting point to observe structures related to their pet-
rogenetic formation processes. More recently, the first studies 
on the microstructure of extraterrestrial apatite (i.e., Słaby et 




