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Extraterrestrial Apatite: 
Planetary Geochemistry 
to Astrobiology

INTRODUCTION
The calcium phosphate apatites, with the general formula 
Ca5(PO4)3(F,Cl,OH) [hereafter just “apatite”], occur in a 
wide range of geologic and biologic settings on Earth. 
However, apatite is also found in meteorites and in samples 
returned from other, geologically diverse, bodies in the 
Solar System. Extraterrestrial apatite is central to fi nding 
possible life elsewhere in our Solar System, which itself is 
deeply intertwined with the search for one of life’s key 
ingredients: water. Apatite is essential to the search for H2O 
in our Solar System because it is the only volatile-bearing 
mineral that is ubiquitous among samples of extraterrestrial 
materials, and it retains volatiles more effectively than bulk 
rock materials during thermal or shock events. Because of 
apatite’s compositional diversity and robust structure, it 
can be used as a tool to monitor volatile contents in silicate 
melts and hydrothermal fl uids anywhere it is found.

Extraterrestrial apatite has already been used to try to 
quantify the amount of H2O in various celestial bodies, 
such as the Moon and Mars (McCubbin et al. 2010a, 
2012; Gross et al. 2013; Tartèse et al. 2013, 2014; Barnes 
et al. 2014). Apatite from meteorites is important for our 
understanding of the distribution of the halogen elements 
F and Cl throughout the inner Solar System and of the 
abundances of these elements on Earth. In this article, we 
journey through the realm of extraterrestrial apatite and 
discuss the information it provides about the distribution 
and sources of volatile elements in the inner Solar System.

COMPARATIVE 
PLANETARY 
MINERALOGY: APATITE 
VOLATILE CHEMISTRY IN 
PLANETARY MATERIALS
The planetary materials we discuss 
here consist of the Apollo and 
LUNA samples returned from the 
Moon and the meteorites origi-
nating from the Moon, Mars, 
and asteroids. Meteorites can be 
grouped very broadly into two 

categories: chondrites and differentiated meteorites. 
Chondrites come from asteroids and are aggregates of 
metallic and silicate-rich particles that formed during 
the birth of the Solar System in the protoplanetary disk. 
Chondrites have not melted since the time their asteroid 
parent bodies accreted, although they have been altered 
and metamorphosed to varying extents. Differentiated 
meteorites, by contrast, come from asteroidal or planet-
sized parent bodies, such as the Moon and Mars, which 
have experienced extensive melting and have differentiated 
into a metallic core, silicate mantle, and silicate crust. Stony 
meteorites, referred to as achondrites, are the silicate-rich 
samples from these differentiated bodies, and iron meteor-
ites are samples of their cores. Although phosphates also 
occur in iron and stony-iron meteorites, we focus here only 
on apatite from chondrites and achondrites.

Just as on Earth, apatite is almost ubiquitous in extrater-
restrial materials (FIG. 1). Apatite grains typically range 
from submicron to several hundred microns in size and 
display anhedral to euhedral crystal shapes. The F−, Cl−, 
and hydroxyl (OH−) anions occupy the X crystallographic 
site (“anion column,” see Hughes and Rakovan 2015 this 
issue) and their relative abundances can be illustrated by 
ternary plots (FIG. 2A–C). Apatites from chondritic meteor-
ites (FIG. 2A) are rich in Cl (Jones et al. 2014), whereas 
apatites from differentiated bodies vary substantially in 
their volatile chemistry. Most unaltered planetary basaltic 
rocks from differentiated bodies have apatite popula-
tions that primarily extend along the F–OH join and are 
relatively poor in Cl. This latter observation holds for Earth, 
the Moon, and the asteroid 4 Vesta, which is hypothesized 
to be the source for the howardite–eucrite–diogenite (HED) 
meteorites (Filiberto and Treiman 2009; McCubbin et al. 
2010a, 2011; Sarafi an et al. 2013).

Planetary basalts that display evidence of hydrothermal 
alteration (metasomatism) tend to have more Cl-rich 
apatites than unaltered basalts (Hovis and Harlov 2010; 
McCubbin et al. 2011; Sarafi an et al. 2013). This  observation 
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is attributed to the incompatibility of Cl compared to F and 
OH in the structures of most igneous minerals (Hughes and 
Rakovan 2015 this issue). The use of apatite as a tool for 
tracking hydrothermal fl uid composition is discussed by 
Harlov (2015 this issue) but is just as applicable to extra-
terrestrial rocks. The Graves Nunataks (GRA) 06128/9 
meteorite, which is a sample of fl uid-altered evolved aster-
oidal crust, also has Cl-rich apatites (FIG. 2A) (Shearer et 
al. 2011).

For Mars, Cl enrichment in apatite is not simply an 
indicator of metasomatism. Apatites in meteorites repre-
senting both unaltered Martian basalts (shergottites) and 
altered crustal rocks (nakhlites, chassignites, and the 
polymict basaltic breccia Northwest Africa (NWA) 7034) 
have substantial Cl components (FIG. 2C) (Filiberto and 
Treiman 2009; McCubbin et al. 2012, 2013; Muttik et al. 
2014). The difference between Mars and other differen-
tiated bodies indicates one of two things. First, apatite 

compositions may refl ect secondary alteration by fl uids 
in all Martian basalts: this possibility is not supported by 
petrography. Second, Mars is geochemically distinct from 
the other differentiated bodies: this possibility is consis-
tent with global geochemical models of Mars that predict 
elevated Cl.

APATITES FROM ASTEROIDS RECORD 
THE SOLAR SYSTEM’S EARLIEST HISTORY
Studies of chondritic meteorites show that apatite was 
not one of the primary minerals to condense from the 
gaseous protoplanetary disk. Instead, the ingredients for 
apatite were incorporated into other condensing phases. For 
example, P originally condensed into (Fe,Ni)-metal, while 
halogens were probably incorporated into chondrites, in 
the glass of chondrules, and in the form of ices (Jones et 
al. 2014). We know that carbonaceous chondrites, which 
generally come from the outer regions of the asteroid belt, 
have signifi cant organic and volatile element contents, as 
well as hydrated minerals and salts that show that water 
was once present (e.g. Brearley and Krot 2013). However, 
we know less about the volatile content of material from 
the inner asteroid belt, which is assumed to be much drier.

The most abundant class of chondrites, ordinary chondrites, 
represent material from the inner asteroid belt. Ordinary 
chondrites exhibit a metamorphic heating series, ranging 
from samples consisting of near-pristine protoplanetary disk 
material to samples that are highly recrystallized and chemi-
cally equilibrated. Apatite in metamorphosed ordinary 
chondrites occurs as a result of a sequence of reactions. 
These include solid-state redistribution of elements from 
the original mineralogically diverse phases, the formation 
of (volatile-free) merrillite [Na2(Mg,Fe2+)2Ca18(PO4)14], and 
the subsequent reactions between merrillite and metaso-
matic fl uids (Jones et al. 2014) (FIG. 3). The oldest apatite 
dated in ordinary chondrites records a Pb–Pb closure age of 
4,563 Ma (Göpel et al. 1994), only 4 My after the fi rst Solar 
System solids condensed. Apatite from ordinary chondrites 
has a high Cl/F ratio and very low OH content (<100 ppm 
H2O equivalent), indicating that the metasomatizing fl uids 
were Cl-rich and had low H2O fugacity. These observations 
indicate that the inner Solar System was initially dry and 
depleted in highly volatile elements. This is an important 
consideration for understanding the accretionary history 
and chemical composition of the terrestrial planets.

Asteroids that were heated more extensively than chondrites 
underwent partial to complete melting. The largest group 
of achondrite meteorites, the howardite–eucrite–diogenite 
(HED) meteorites, consists of basalts and related mafi c and 
ultramafi c intrusive rocks that formed in the mantle and 
crust of 4 Vesta, following differentiation and core forma-
tion. Because these are igneous rocks, it is not surprising 
that apatite occurs commonly as a late-stage product of 
fractional crystallization (Sarafi an et al. 2013). Apatite 
grains in most eucrites (basaltic meteorites) are typically 
small (<40 µm) and have magmatic textures. Igneous 
apatite is F-rich (FIG. 2A), similar to compositions that occur 
in lunar mare basalts and in terrestrial igneous rocks. One 
eucrite contains relatively Cl-rich apatite, and it contains 
textural evidence that the sample experienced secondary 
alteration by a Cl-rich metasomatic fl uid (Sarafi an et al. 
2013). A few HED meteorites contain apatite that has a more 
signifi cant OH component, up to 20% OH in the X anion 
site (FIG. 2A). This relatively OH-rich apatite records one of 
two processes: crystallization from a relatively undegassed 
magma, and precipitation from high-temperature, H-rich, 
fl uids. These observations support the presence of H and 
other volatiles in the interiors of some differentiated aster-
oids at the time of melting.

FIGURE 1 Images of apatite from various asteroidal and 
planetary bodies. Phase abbreviations are as follows, 

(Ap) apatite, (Bdy) baddeleyite, (Cpx) clinopyroxene, (Fe) Fe-rich 
metal, (Ilm) ilmenite, (Mer) merrillite, (Opx) orthopyroxene, (Pl) 
plagioclase, (Trd) tridymite, and (Tro) troilite. (A) Back scattered 
electron (BSE) image of LL chondrite Chelyabinsk displaying a 
vein-like textural occurrence commonly observed for fl uid-
deposited apatites. (B) BSE image of eucrite Bates Nunataks 00300 
illustrating apatite with other late-stage crystallization products 
including tridymite and troilite. IMAGE CREDIT: ADAM SARAFIAN (C) BSE 
image of lunar highlands magnesian-suite troctolite 76535 with 
apatite in a late-stage crystallization pocket either replacing or 
being replaced by merrillite. (D) BSE image of Martian breccia NWA 
7034 containing a Cl-rich apatite-bearing basaltic clast that displays 
evidence of secondary alteration by fl uids. (E) Photograph of 
3.8 cm terrestrial apatite crystal (blue) in calcite (orange) from Lake 
Baikal, Russia. Apatite from this locality is commonly used as a 
secondary ion mass spectrometry standard for analyzing 
extraterrestrial apatites. IMAGE CREDIT: STEPHEN ELARDO
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In addition to the common classes of meteorites, such as 
ordinary chondrites and the HEDs, meteorites with individ-
ually unique properties record a wide range of geochem-
ical conditions and behaviors. One example is the unique 
meteorite GRA 06128/9, which represents an ancient 
cumulate lithology containing a high abundance of sodic 
plagioclase (Shearer et al. 2011). In contrast to HEDs, which 
represent high degrees of melting of an anhydrous mantle, 
the GRA meteorite crystallized from a magma produced by 
low degrees of partial melting of a volatile-rich, probably 
chondritic, parent body. Apatite in this meteorite records a 
complex history of subsolidus metasomatic reactions with 
a Cl-rich fl uid, altering magmatic merrillite to apatite.

Metasomatism appears to be a common phenomenon in 
the early Solar System. In each case, the saline metasomatic 
fl uids could have been produced by degassing of molten 
or partially molten regions of the relevant parent body. 
Mobilization of volatile elements could have occurred 
either as a result of mantle melting in the asteroid interior 
or melting resulting from impact events close to the surface. 
Apatite, because of its anion chemistry, is a key mineral 
that helps us understand the importance and behavior of 
volatiles in early geologic environments within the asteroid 
belt and throughout the inner Solar System.

USING APATITE AS A TOOL TO DETERMINE 
H2O ABUNDANCES IN MAGMATIC SYSTEMS 
AND PLANET-SIZED BODIES
We now consider what apatite reveals regarding the volatile 
contents of large differentiated bodies in the inner Solar 
System, specifi cally the Moon and Mars. Before we can do 
this, we must discuss how apatite is used to determine the 
abundance of H (expressed hereafter as the oxide compo-
nent H2O) in silicate melts and in magmatic source regions 
(apatite hygrometry). For most igneous planetary samples, 
the only material we observe is the fully crystallized rock 
that formed from a silicate melt. The apatite within that 
rock may be our only record of the volatile content of that 
melt. Therefore, it is important to understand the assump-
tions and considerations that are necessary for using apatite 
compositions to interpret the wider planetary context.

The F–Cl–OH ratio in apatite varies proportionally with 
the F–Cl–OH ratio of the melt or fl uid from which it forms. 
However, apatite does not mirror the F–Cl–OH ratio of 
its parent fl uid or melt. Experimental studies that have 

explored apatite–melt partitioning relationships show that 
apatite prefers F over Cl, and Cl over OH (Boyce et al. 2014; 
McCubbin et al. 2015; Webster and Piccoli 2015 this issue). 
This partitioning behavior implies that relatively OH-poor 
apatites can form from OH-rich magmas. Specifi cally, the 
apatite–melt ratio for F is about 75 times higher than the 
apatite–melt ratio for OH (this is known as the F–OH 
apatite–melt exchange coeffi cient) for temperatures typical 
of apatite saturation in basaltic melts (~1000 °C; Boyce et 
al. 2014; McCubbin et al. 2015). However, knowing this 
relationship is only part of the task when it comes to using 
apatite to interpret the volatile element abundances of a 
planetary interior.

There are fi ve minimum requirements, or assumptions, 
that must be satisfi ed in order to use apatite as a magmatic 
hygrometer. First, the apatite must be a primary crystal-
lization product from a rock that represents, as closely 
as possible, a melt composition (i.e. no cumulate rocks). 
Second, the apatite must have formed through equilib-
rium crystallization as opposed to fractional crystalliza-
tion. Third, from the time of melting in the source to 
the time of apatite crystallization, the system should have 
been closed with respect to F, Cl, and H2O (i.e. no late 
addition of fl uids or degassing prior to apatite crystalliza-
tion). Fourth, apatite must be the only mineral phase for 
which F, Cl, and OH are essential structural constituents. 
Fifth, the bulk-rock abundances of F must be known, along 
with an approximate temperature of apatite crystallization.

If the above conditions can be met, we can proceed with 
using apatite to estimate the H2O content of the parent melt 
and the source region. To start, we need to measure the F, 
Cl, and OH abundances of apatite from the sample. This is 
typically accomplished by secondary ion mass spectrometry 
because of this technique’s accuracy, its low blank for OH 
(1–10 ppm H2O equivalent), and its high spatial resolution 
(2–30 µm). Next, we determine the bulk-rock F content. 
This is needed to relate the F–OH ratio of the apatite to 
the F–OH ratio of the bulk rock. Fluorine is chosen because 
it is much more compatible in apatite and, consequently, 
much less likely to have degassed in the very late stages 
of crystallization compared to H or Cl (McCubbin et al. 
2015). Once the F content of the bulk rock is known, we 
combine it with F and OH analyses from the apatite and 
the F–OH apatite–melt exchange coeffi cient (which is 75) 
to determine the F–OH ratio of the bulk rock (expressed 

FIGURE 2 F–Cl–OH chemistry of apatites from various planetary 
materials. (A) Apatites from asteroidal parent bodies. 

Chondrites are represented by LL ordinary chondrites (Jones et al. 
2014), and achondrites are represented by eucrites and anomalous 
achondrite GRA06128/9 (Shearer et al. 2011; Sarafi an et al. 2013). 
Missing component is reported instead of “OH” because the LL 
chondrites were shown to have very low-OH abundances with F + 
Cl + OH < 1. (B) Apatites from lunar samples. Unaltered lunar 

basalts are represented by the mare basalts, and altered crustal 
materials are represented by rocks from the lunar highlands (Boyce 
et al. 2010; McCubbin et al. 2010a,b, 2011). (C) Apatites from 
Martian meteorites. Unaltered Martian basalts are represented by 
the basaltic shergottites, and altered crustal materials are repre-
sented by basaltic breccia NWA 7034, chassignites, and nakhlites 
(Patiño Douce and Roden 2006; McCubbin et al. 2012, 2013; Agee 
et al. 2013)
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as the abundance of H2O). Assuming that the bulk rock 
is representative of a primary melt composition, the melt 
F–OH ratio is used to determine the H2O content of the 
parent liquid. If the degree of partial melting required to 
produce the parent melt is known, then the estimate for 
H2O in the source can be determined directly using the 
H2O content of the parent melt. Otherwise, we calculate 
the source H2O content as a function of degree of partial 
melting, which is commonly done for lunar and Martian 
magmas (McCubbin et al. 2010a, 2012).

APATITE DISPELS IDEAS 
OF A “BONE DRY” MOON
When Apollo samples were returned from the Moon, 
between 1969 and 1972, they were investigated by many 
mineralogists and geochemists who noticed striking differ-
ences between lunar rocks and terrestrial rocks. They recog-
nized that lunar rocks are devoid of hydrous phases, nearly 
devoid of ferric iron (Fe3+), devoid of aqueous alteration or 
clay minerals, contain iron metal as a primary magmatic 
phase, and do not contain detectable hydrogen that could 
be sourced to the Moon. All detectable H was determined to 
be either from the solar wind, or terrestrial contamination 
from the crew cabin or the atmosphere in Houston (Texas) 
where the samples were curated. Consequently, the H2O 
content of the Moon was described using the colloquial 
expression “bone dry.” Quantitative estimates for the bulk 
H2O content of the Moon were generally less than 1 ppb 
(McCubbin et al. 2010a).

However, the expression “bone dry” is a misnomer: bones 
are composed of hydroxylapatite, which does contain 
substantial OH (as a proxy for H2O). Ultimately, apatite 
in lunar rocks helped demonstrate the presence of former 

H2O in the Moon’s interior. Although apatite was recog-
nized among lunar minerals as early as the 1970s, the 
analytical techniques available at that time indicated that 
the monovalent anion site (X site) of apatite was typically 
occupied only by F and Cl (Patiño Douce and Roden 2006). 
Recent advancements in electron probe microanalysis and 
secondary ion mass spectrometry techniques have revised 
this view and shown that the anion site in lunar apatite is 
not occupied only by F and Cl. This observation has led 
to the fi rst detection and quantifi cation of indigenous OH 
in lunar apatite, indeed in any lunar mineral (Boyce et al. 
2010; McCubbin et al. 2010a).

Isotopic analyses of apatite-derived H and Cl have confi rmed 
that the volatile elements in lunar apatite are not from 
terrestrial contamination (Sharp et al. 2010; Greenwood et 
al. 2011). Surprisingly, some of the lunar apatites have OH 
abundances comparable to volcanic rocks on Earth (Boyce 
et al. 2010). As a result, estimates of the H2O content for 
the bulk Moon have been increased signifi cantly: 64 ppb 
up to 390 ppm in the lunar interior (McCubbin et al. 2010a; 
Tartèse et al. 2014). This four-orders-of-magnitude range in 
the estimated H2O abundance, coupled with the observa-
tion of substantial variations in the relative lunar petro-
logical abundances of F–Cl–OH (FIG. 2B), indicates that 
the abundance and distribution of volatiles in the Moon is 
likely quite heterogeneous (McCubbin et al. 2011; Tartèse 
et al. 2013; Barnes et al. 2014).

These observations lead to a fundamental paradox: how 
could an otherwise dry Moon produce OH-bearing apatites? 
The answer to this paradox is currently being debated, 

FIGURE 3 Cartoon illustrating the formation of apatite in 
ordinary chondrites. 

a                                        b                                        c                                        d

Grains of olivine, pyroxene, Fe,Ni-
metal and sulfide condense from the 
gas cloud of the protoplanetary disk.

Silicate, metal and sulfide grains 
aggregate into “dustballs”.

Dustballs are melted by a process such as 
a shock wave (dashed lines) passing 

through the cloud. Products of mel�ng 
are mm-sized chondrules.

Further cooling of the gas results in 
condensa�on of more silicates, Fe,Ni-

metal, sulfides, ices and organics.

gfe

Olivine             Pyroxene       Fe,Ni-metal       Fe-sulfide         Glass         Ices and organics           Merrillite Apa�te                Fluid

Chondrules, dust and ices accrete to form 
an asteroid. Chondrites consist of mm-
sized chondrules (circular object) and 

sub-μμm grains in the matrix.

Mild hea�ng results in forma�on of 
merrillite and breakdown of ices. Fluids 
are H2O-rich. P for merrillite is derived 

from metal and chondrule glass.

Higher temperature metamorphism results 
in textural and chemical equilibra�on. Dry, 

Cl-rich fluids infiltrate the rock and react 
with merrillite to form apa�te.
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with two possible, and seemingly equally plausible, 
scenarios. In the fi rst scenario (“wet Moon”), the Moon 
is H-rich. Degassing of lunar magmas under very low 
oxygen fugacity, where the primary volatilizing H species 
is H2, has thoroughly dehydrogenated lunar rocks with the 
exception of apatite, which was able to store magmatic OH 
before and/or during degassing (Sharp et al. 2013; Tartèse 
and Anand 2013). In this fi rst scenario, aqueous altera-
tion of the lunar crust is avoided because the H2 liberated 
from magmas would not interact with anhydrous crustal 
minerals to form aqueous alteration products like those 
found on Earth (Sharp et al. 2013). In the second scenario 
(“dry Moon”), the Moon is H-poor. Fractional crystalli-
zation of lunar magmas resulted in the early removal of 
apatite that was rich in F and Cl because of apatite’s prefer-
ence for F and Cl over OH (Boyce et al. 2014). This resulted 
in enrichment of OH, relative to F and Cl, in late-stage 
lunar melts, ultimately leading to the crystallization of 
apatites with a signifi cant OH component.

Large intrasample F–OH variations in apatite chemistry 
in lunar basalts (FIG. 2B) are predicted by both the above 
scenarios. In the “wet Moon” scenario, the earliest-formed 
apatite is the most OH-rich because degassing of H2 from 
the system drives apatite compositions to evolve towards 
the fl uorapatite apex of the apatite volatile ternary (FIG. 
2B). In the “dry Moon” scenario, the most OH-rich apatites 
formed last because the earliest apatite preferentially incor-
porated F, leaving the residual melt depleted in F and 
comparatively enriched in OH. To discern between the two 
scenarios, compositional analyses must be combined with 
textural observations or with an independent proxy for the 
timing of crystallization. For example, one could determine 
elemental zoning profi les of individual apatite crystals to 
determine which process had occurred or was dominant. 
Although the requirement to interpret textures and zoning 
properties further complicates our current understanding 
of the abundance of H2O in the Moon, lunar apatite studies 
to date have clearly demonstrated that the Moon has signif-
icantly more H2O than the pre-2010 estimates of <1 ppb.

APATITE AND THE SEARCH FOR HABITABLE 
PALEOENVIRONMENTS ON MARS
We currently recognize over 100 Martian meteorites. These 
are in the form of basalts and related mafi c and ultra-
mafi c intrusive igneous rocks, and they help us unlock 
Mars’ geologic history. Mars has been the focal point 
for mankind’s search for extraterrestrial life in our Solar 
System. Finding habitable environments that could have 
once harbored life on Mars has become an important 
scientifi c goal. Through many observations from orbiter 
and lander missions, there is now substantial evidence to 
argue that liquid water once fl owed across the Martian 
surface. However, the source of this H2O has remained a 
mystery. Early analyses of potentially hydrous phases in 
Martian meteorites, including OH in apatite, indicated low 
abundances of H2O. This implied that Martian magmas, 
and by inference the Martian interior, were very dry. 
Estimates of Martian mantle H2O content were as low as 
a few ppm H2O (Patiño Douce and Roden 2006; Filiberto 
and Treiman 2009).

To the rescue came new instruments that could analyze 
volatiles to a whole new level of accuracy. The results are 
a dramatic reconsideration of the hydrous phases within 
Martian meteorites (Greenwood et al. 2008; Boyce et al. 
2010; McCubbin et al. 2010a, 2011). As apatite is the only 
hydrous phase that occurs among all Martian meteorite 
types, it has been the focal point of this work. Apatite in 
Martian meteorites is enriched in H2O and Cl over apatite 
from typical terrestrial volcanic rocks (FIG. 2C). This has 
led to ideas that the Martian interior is rich in both Cl 

(Filiberto and Treiman 2009; McCubbin et al. 2013) and 
H2O (McCubbin et al. 2012; Gross et al. 2013). Current 
estimates of H2O abundances in the Martian mantle, based 
on apatite analyses, are approximately 100 ppm H2O, which 
is comparable to the mantle source of terrestrial mid-ocean 
ridge basalts.

Several types of Martian meteorites (nakhlites, chassig-
nites, and a basaltic breccia) have been altered through 
secondary processes in the Martian crust, resulting in the 
formation of secondary phases such as carbonates and clay 
minerals. Studies of apatite from these meteorites empha-
size the importance of hydrothermal and aqueous fl uids 
in the surface and near subsurface of Mars (McCubbin et 
al. 2013; Muttik et al. 2014). The nakhlite and chassignite 
meteorites are thought to represent individual samples of 
a single layered intrusion or thick lava fl ow on Mars, and 
apatites in these meteorites demonstrate changes in volatile 
chemistry that correlate with inferred nakhlite/chassignite 
sample stratigraphy (McCubbin et al. 2013). The changes in 
apatite composition are similar to those observed in apatite 
from the Bushveld (South Africa) and Stillwater (Montana) 
layered mafi c intrusions on Earth, which have been attrib-
uted to migrating crustal fl uids. Taken together, the recent 
studies of Martian apatite paint a view of the Martian 
interior that could have been conducive to the formation 
of habitable environments on the Martian surface and near 
subsurface. Magmatic activity on Mars could have been 
closely associated with hydrothermal activity and the input 
of H2O into a putative biosphere (FIG. 4).

FIGURE 4 Cartoon of a habitable environment that could form 
due to hydrothermal processes associated with intru-

sive magmatic activity. The regions adjacent to magmatic intrusions 
provide four of the primary requirements for a habitable environ-
ment: (1) an energy/nutrient source through active Fe- and S-redox 
chemistry (as recorded by the nakhlite and chassignite groups of 
Martian meteorites), (2) shelter from the cold desiccating surface 
that offers little atmospheric protection, (3) a source of water in the 
form of condensed hydrothermal fl uid, and (4) a source of heat, 
provided by the intrusion and transferred to the habitable zone 
conductively through the rock and by mass transport from the 
hydrothermal fl uid. The cartoon is superimposed on an image taken 
by the Mars Exploration Rover Spirit of the Home Plate region, 
which is reported to be a past site of fumarolic activity at the 
Martian surface. Hydrothermal processes in the Martian surface and 
near subsurface, like those depicted here, have been inferred by the 
petrologic context and volatile-composition of hydrous phases, 
chiefl y apatite, in many Martian crustal rocks.
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The Cl-rich nature of Martian apatite (commonly 2.5–6.5 
wt% Cl; FIG. 2C) supports an additional aspect of Martian 
habitability. Organophosphate synthesis is a key process 
required in prebiotic chemistry and for successful metabolic 
function. The dissolution rate for Cl-rich apatite is as much 
as 45 times higher than the dissolution rate for the F-rich 
apatite typical of most terrestrial basalts (Adcock et al. 2013). 
Consequently, phosphates would dissolve more rapidly in 
aqueous solutions during weathering on Mars compared to 
terrestrial weathering environments at the same tempera-
ture (Adcock et al. 2013). In addition, the solubility of 
Cl-rich apatite in aqueous solutions is approximately twice 
that of F-rich apatite, so the phosphate carrying capacity 
per gram of aqueous solution would be higher in Martian 
aqueous environments compared to terrestrial aqueous 
environments at the same temperature (Adcock et al. 
2013). The enhanced availability of phosphate species 
in Martian aqueous solutions provides a mechanism to 
supply phosphate to a putative biosphere. It indicates that 
phosphate availability would not have been a rate-limiting 
step for the synthesis of organophosphates from Martian 
aqueous solutions if conditions were  thermodynamically 

and kinetically favorable for their formation. Although life 
on Mars has yet to be proven, studies of the mineral apatite 
in Martian meteorites supports the past presence of habit-
able environments on Mars and, hence, the continuing 
need to explore Mars.
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