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Organic synthesis associated with serpentinization
and carbonation on early Mars
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Water-rock interactions are relevant to planetary habitability, influencing mineralogical diversity and
the production of organic molecules. We examine carbonates and silicates in the martian meteorite
Allan Hills 84001 (ALH 84001), using colocated nanoscale analyses, to characterize the nature of
water-rock reactions on early Mars. We find complex refractory organic material associated with mineral
assemblages that formed by mineral carbonation and serpentinization reactions. The organic molecules
are colocated with nanophase magnetite; both formed in situ during water-rock interactions on Mars.
Two potentially distinct mechanisms of abiotic organic synthesis operated on early Mars during the
late Noachian period (3.9 to 4.1 billion years ago).

T
he martian meteorite Allan Hills 84001
(ALH 84001) formed during the Noachian
period on Mars: It has an igneous crys-
tallization age of ~4.09 billion years (1–3).
ALH 84001 is predominately composed

of the silicate mineral orthopyroxene (here-
after Opx). It also contains carbonate globules
(3) that have been linked to aqueous pro-
cesses on early Mars ~3.9 billion years ago
(1, 2). As one of the oldest known rocks from
Mars, ALH 84001 serves as a window into
early planetary processes that may also have
occurred on early Earth (4). Organic carbon,
including possible nitrogen-containing organ-
ic compounds (4–7), has been described in
ALH 84001. Hypotheses as to the provenance
and formation mechanisms of these organics
include abiotic production by impact-related
(8), igneous (6), and/or hydrothermal pro-
cesses (5, 7); biological production by putative
ancient martian organisms (4); and terrestrial
contamination (9, 10). To investigate the iden-
tity, origin, and formation mechanisms of
organics, we applied colocated nanoscale spec-
tral, imaging, structural, and isotopic analysis
techniques to thin foils extracted from two sub-
samples of ALH84001: the reportedmagnetite-
rich crush zones of a thin section (designated
ALH 84001,347) (11) and a cross-section
through the center of a carbonate globule
on a fresh fracture surface (designated ALH
84001,336) (12).

Colocated nanoscale analyses
We used a focused ion beam (FIB) to extract a
foil (Fig. 1A) from an iron oxide–rich (magnet-
ite) vein in a thin section of ALH 84001,347
(wider context shown in fig. S1C). Transmis-
sion electron microscopy (TEM) imaging of
this foil shows that the Opx has a saw tooth or
dentate appearance at its edge (Fig. 1, B and
C); this is a characteristic feature of aqueous
dissolution (13). The altered Opx surfaces are
associated with a fibrous phase (labeled “1” in
Fig. 1B) and an area of nanocrystalline mate-
rial that is infilled with another fibrous phase
(labeled “2” in Fig. 1C). Higher-resolution TEM
images of the fibrous phases show that they
are associated with nanocrystals of magnetite
and carbonate (fig. S6B). Elemental composi-
tional analyses of fibrous phases 1 and 2 show
that their compositions are similar to those of
lizardite and/or antigorite and to that of talc,
respectively (Fig. 1D, table S1, and fig. S2).
Bright-field TEM images of fibrous phases
1 and 2 (Fig. 1, E and G) indicate crystalline
lattice fringes in an amorphous matrix with
electron diffraction patterns (Fig. 1, F and H)
exhibiting lattice d-spacings of ~9.6 Å and
9.2 to 9.7 Å (mean: 9.5 Å), respectively. These
values correspond to basal plane distances of
sheet silicates.We infer that both fibrous phases
are predominately Fe-Mg silicates, containing
a small amount of Al, with the appearance,
chemical composition (Fig. 1D), and d-spacing
characteristics of talc or possibly a serpentine
subgroup mineral (Fig. 1D), hereafter referred
to as a talc-like phase (14–16).
We obtained scanning transmission x-ray

microscopy (STXM) spectral analysis of car-
bon (the C 1s edge) associated with the fibrous
areas (Fig. 1I). These data indicate a range of
organic functional groups colocalized with the
fibrous phases (Fig. 1, B and C). The STXM
peak distribution of these organics does not
match potential contamination by the thin-
section polymer used in ALH 84001,347 (table
S2). The spectra indicate the presence of aro-

matic organic carbon (peak at 284.9 eV) and a
range of organic oxygen functional groups, in-
cluding carbonyl (286.5 eV), carboxyl (288.5 eV),
and inorganic carbonate (290.4 eV). A small
peak at 287.9 eV in spectrum 3 (asterisk in Fig.
1I) may be due to the presence of aliphatic or
amidyl (C–NH) organic group functionality
(spectrum 3 in Fig. 1I and table S2). We used
nanoscale secondary ion mass spectrometry
(NanoSIMS) to confirm the presence of carbon-
rich material in the fibrous areas (Fig. 1J). Hy-
drogen isotopic analyses of these carbon-rich
areas indicate that the organic matter and fi-
brous material are enriched in deuterium rela-
tive to Earth,with deuteriumexcess (dD) values
of ~790 ± 140 permil (‰) (Fig. 1K). This range
of dD values differs from that of the thin-
section polymer, which we measured to be
~−250 ± 50‰. The ALH 84001 data have a
dD value within the range of the martian
crustalH2O reservoir, which is ~700 to 2700‰
(17). The high, positive dD values, combined
with the multitude of organic carbon func-
tional groups, indicate negligible contamina-
tion of the talc-like phase by the thin-section
polymer.
We cut additional FIB sections across a

carbonate globule from a fresh fracture surface
of ALH 84001,336 to evaluate a portion of the
meteorite that had not come into contact with
the thin-section polymer (fig. S3). A FIB slice
from the center of the carbonate globule re-
veals a denticular interface between the carbon-
ate globule and Opx (Fig. 2, A to E, and fig.
S2C), similar to that shown in Fig. 1. This Opx
dissolution texture appears to have propa-
gated along the (110) cleavage plane of Opx,
perpendicular to (what appear to be) shock
lamellae along the (100) plane (fig. S5). Chro-
mite grains are present throughout the Opx
(Fig. 2D). One such grain appears to have re-
sisted the alteration process of the Opx as
it protrudes from Opx into the carbonate
(Fig. 2D). In addition to alteration at the Opx-
globule interface, the FIB slice revealed a car-
bonate vein within the Opx that is contiguous
with the globule (Fig. 2B). The carbonate within
the vein and the globule appears to be zoned
in a similar way to that described previously
(18), with voids throughout its structure that
contain single magnetite or siderite nanocrys-
tals (fig. S4). A bright-field TEM image of the
Opx-globule interface is nanocrystalline in ap-
pearance (Fig. 2E) and filled with an amor-
phous silicate, which we identified bymeans of
energy-dispersive x-ray spectroscopy analyses
and by a lack of lattice fringes in high-resolution
TEM imaging (Fig. 2F and fig. S6). STXM analy-
sis of this material (Fig. 2G) shows peaks cor-
responding to aromatic/olefinic carbon, as
well as carbonyl, carboxyl, and carbonate groups
(table S2). The carbonate peak at 290.4 eV
dominates these spectra, but lower-energy or-
ganic carbon peaks are also present (Fig. 2G).
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Figure 2H shows a STXM map of the carbo-
nate peak (at 290 eV) in the area of Opx disso-
lution textures shown in Fig. 2D, and the
locations from which STXM spectra were col-
lected are shown in Fig. 2, E and H. Hydrogen
isotopic analysis of the organic carbon,measured

in the same area as the STXM analysis (Fig. 2J),
indicates that dD = 850 ± 400‰, within the
range of values for the martian crust (17).
Analysis of a third FIB section (Fig. 3), taken

from the rim of the same carbonate globule
(Fig. 2), revealed a chaotic interface between

carbonate, Opx, and a magnetite- and pyrite-
rich rim material (RimM) that occurs at the
edge and at the base of the globule (Fig. 3B).
A second veinlike feature that cuts across the
Opx contains rim material that transitions
into a carbonate vein that is contiguous with
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Fig. 1. Analysis of FIB foil taken from the ALH 84001 matrix. (A) Overview
image of the foil; wider context is shown in fig. S1C. Red boxes outline the areas
depicted in (B) and (C). (B) High-angle annular dark-field (HAADF) TEM image
showing a fibrous phase infilling a crack between two slightly weathered Opx
grains (arrow labeled “1”). The red box indicates area of analyses depicted in (E).
(C) TEM HAADF image of microcrystalline material (white arrow labeled “3”)
infilled with a fibrous material (white arrow labeled “2”). The red arrows indicate
areas of denticle formation from pyroxene dissolution, and the red box marks
the area of analyses depicted in (G). (D) Truncated portion of a MgO-SiO2-FeO
ternary diagram, which shows the MgO, FeO, and SiO2 molar abundances
measured by energy-dispersive x-ray spectroscopy in areas 1 and 2 and host Opx
[from white arrows in (B) and (C)] compared to those of serpentines from Oman

(gray shaded region) (14). The inset shows the location of the truncated area
in gray (see fig. S2B for a full ternary diagram). (E) TEM image of crystallites
from the area within the red box in (B), showing lattice fringes indicative of
a sheet silicate. (F) Fast Fourier transform (FFT) diffraction pattern of (E).
(G and H) Same as (E) and (F) but for the area within the red box in (C).
(I) STXM spectra from areas labeled with white arrows 1 to 3 in (B) and (C) com-
pared with the spectrum for a thin-section polymer within the sample. Black
vertical lines represent peak centers of interest; the asterisk denotes a small
shoulder peak (see main text for details). (J) NanoSIMS map of 12C abundance
(Cts, counts); the red boxes indicate the fibrous material depicted in (B) and
(C). (K) Same as (J) but for H isotopic analysis. The area outlined in white
corresponds to the fibrous material in (B) and has dD = 790 ± 140‰.
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the globule (Fig. 3, B and C). A bright-field
TEM image of the rimmaterial (Fig. 3D) shows
a nanocrystalline mixture of phases infilling
the space between the Opx denticles. A single
nanocrystal of magnetite (~5 nm in diameter;
Fig. 3, E and F) is surrounded by an amorphous

material composed mainly of silica (fig. S7).
The C 1s STXM spectra of five different loca-
tionswithin theRimMmaterial (Fig. 3H) reveal
the presence of carbonate and organic car-
bon that exhibit a functionality distribution
similar to that observed in the areas depicted

in Figs. 1 and 2 (see also Fig. 3H and table S2).
NanoSIMS analysis of 12C and dD in this
organic material (Fig. 3, I and J) also shows
elevated dD values (400 ± 170‰) that are be-
tween those of the martian crust and depleted
martian mantle (17).
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Fig. 2. Analysis of FIB foil taken from the center of a carbonate globule
from ALH 84001. (A) TEM HAADF image of a slice through the center of the
globule. The red box indicates the area shown in (B); the white box indicates
the area depicted in (C) and (D). Broader context is shown in fig. S3.
(B) Zoomed-in HAADF image [from red box in (A)] showing a carbonate vein
connected to the carbonate globule. (C) HAADF image zoomed in on the
carbonate-pyroxene contact; multiple small chromite grains oriented along the
110 axis of Opx are visible. The Opx exhibits denticular texture indicative of
aqueous weathering. The white box surrounds a small chromite grain [magnified
in (D)], and the red box shows a denticular area of Opx [magnified in (E)].
(D) Close-up image of a chromite grain [from (C)] protruding into the
carbonate from the pyroxene. (E) TEM bright-field image of the carbonate-
pyroxene contact shown in (C). The red box indicates the approximate area

shown in (F). (F) TEM lattice fringe image of the crystalline-amorphous Opx
interface, as indicated by the presence of lattice fringes and an amorphous
material between the carbonate and the pyroxene. (G) STXM spectra of
regions 1 and 2 from (E) and (H). The black lines indicate major peaks, the
asterisk denotes a small shoulder peak, and the # symbol indicates a possible
artefact peak. The inset is a magnified view of the region within the red
box. (H) STXM map of the carbonate peak at 290 eV of the same denticular
area as that shown in the red box in (C). The locations of STXM spectra 1
and 2 are indicated. (I) NanoSIMS 12C map of the carbonate vein shown in (B)
and (C). The area outlined in white corresponds to the Opx-carbonate contact in
the same region as that depicted in (C) and (E). (J) NanoSIMS dD map of the same
area as depicted in (I). For the organic-rich areas measured within the region
outlined in white, we measured a dD of 850 ± 400‰.
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Implications for early Mars
The microdenticular texture of Opx that we
observe in ALH 84001 indicates aqueous and/
or hydrothermal alteration of Opx, consistent

with previous interpretations (13, 18). The car-
bonate, amorphous silicate, and hydrated sili-
cate phases that formed during alteration of
ALH 84001 are not volumetrically dominant,

indicating that fluid-rock reactions were not
active for a prolonged time period. However,
the phase assemblages that occur at the outer
edges of the altered Opx (i.e., amorphous
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Fig. 3. Analysis of FIB foil taken from the rim of a carbonate globule from
ALH 84001. The carbonate globule is the same as that shown in Fig. 2. (A) TEM
HAADF image of a FIB section taken from the rim area of the globule shown
in fig. S3 (the top of the globule is at the bottom of the image). The red box
indicates the area shown in (B) and approximates the areas shown in (I) and (J).
(B) TEM HAADF image of a vein of CO3 and RimM material at the base of the
carbonate globule. Rim material can also be observed underneath the carbonate
at the pyroxene-carbonate interface, indicated by the red box, which is shown
in more detail in (C). (C) Close-up view of the rim material at the interface
between Opx and the CO3 globule. White arrows denote the denticular boundary
of the pyroxene edge; red arrows indicate a chevron-like contact between the
carbonate and the RimM that we interpret as an area of transition or alteration
between the pyroxene and carbonate. The red box denotes the area shown in (D).
(D) Bright-field image of the area outlined by the red box in (C), revealing the
contact of RimM and the CO3 globule. The lighter areas in this image are holes or

pores in the sample. White arrows indicate the boundary between Opx and RimM
material. (E) TEM lattice fringe image of amorphous silica vein from (D) and (G),
revealing a single magnetite grain (outlined by red ellipse) within a matrix of
amorphous silica (marked as amorphous SiO2). (F) FFT diffraction pattern of the
magnetite grain in (E) [white arrows and text represent Miller indices (hkl)].
(G) Bright-field TEM image of the area outlined by the red box in (D). White
arrows point to an amorphous silica vein that runs through RimM. (H) STXM
spectra from spots taken within RimM and carbonate, showing differences in the
amount of included organic matter within carbonate. Numbers indicate spectra
taken from the areas shown in (I). The black vertical lines indicate major peaks;
the asterisk denotes a small shoulder peak. (I) 12C NanoSIMS map of the
carbonate vein in (A) [approximate area shown is enclosed within the red box in
(A)], depicting bright spots of organic material within carbonate. Numbers
correspond to the spectra in (H). (J) dD map of the same area as in (I). The
organic material within the white contour has dD = 400 ± 170‰.
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silica; talc-like phases; magnetite; and pre-
dominately Fe-, Mg-, and Ca-rich carbonates)
are similar to those observed in rocks from
Earth that have undergone serpentinization
and/or mineral carbonation, which indicates
that similar alteration processes operated on
early Mars. Whether the hydration and car-
bonation processes occurred as part of a single
metasomatic event or as distinct events re-
mains unclear. Previous work has suggested
that ALH 84001 may have undergone more
than one fluid event, possibly associated with
pre-ejection impact events that caused the for-
mation of crush zones in ALH84001 (11, 19, 20).
Formation of serpentinites on Earth requires a
balance of many variables (14), including host
rock composition (21), temperature, pressure,
pH, silica activity, anion and cation concen-
trations, reduction and oxidation, water activ-
ity in the fluid phase, and partial pressure of
CO2 (22–25). This balance can produce a di-
verse mix of talc- or serpentine-like mineral
phases during aqueous and/or hydrothermal
alteration (14, 21–25), making it difficult to
constrain the conditions of fluid composition
or the formation temperature for the altera-
tion phases in ALH 84001, particularly given
the later influence of impact ejection (12). Con-
sequently, we cannot determine the timing or
formation mechanisms of the talc, carbonate,
andorganics, but the simplest explanation is that
these materials are reaction products of the in-
teraction of Opx with hydrothermal fluid(s) of
neutral to high pH (22). Our observations of
Opx corrosion, the colocation of organic carbon
and nanophase magnetite, and the alteration
mineral assemblage(s) lead us to conclude that
serpentinization and carbonation reactions oc-
curred onMars in the lateNoachian andwere a
source of endogenousmartian organic carbon.

Organic synthesis

Serpentinization is an abiotic organic synthe-
sis mechanism whereby basaltic rocks react
with an aqueous fluid, producing serpentine
minerals, magnetite, and hydrogen (26, 27).
The hydrogen produced in this reaction is then
available to reduce aqueous CO2 to methane
(via the Sabatier reaction or the reverse water-
shift reaction) as well as to CO and other or-
ganics such as formic acid and formaldehyde
(26–29). CO and H can also react via Fischer-
Tropsch–type reactions to produce alkanes
and other organicmolecules, including nitrogen-
containing organics (29, 30). In ALH 84001,
organics are colocated with magnetite in two
different mineral assemblages. In the portion
of the sample shown in Fig. 1, the magnetite
coexists with a talc-like phase, indicating that
martian serpentinization reactions are respon-
sible for the formation of the observed organic
compounds. By contrast, portions of the sam-
ple depicted in Figs. 2 and 3 show the presence
of magnetite within an area containing only

amorphous silica, carbonate, and organic car-
bon, indicating that martian mineral carbon-
ation reactions are also responsible for the
formation of organics. We did not detect or-
ganic material in cracks or fissures outside of
those mineral assemblages; therefore, we dis-
count external sources of organic material
formed or transported into the sample from
elsewhere on Mars. Previous studies have sug-
gested biogenic processes (4), thermal decom-
position of siderite (8), and/or aqueous abiotic
hydrothermal processes (5, 7) for the origin of
organics in ALH 84001. Our results indicate
that the deuterium-rich organic material is as-
sociated with the precipitation of nanophase
magnetites in the presence of silica and car-
bonate (akin to mineral carbonation) and in
the presence of talc-like phases (akin to ser-
pentinization), consistent with aqueous abiotic
hydrothermal processes (26–29). The organic
material is aromatic and associatedwith carbonyl,
carboxyl, and carbonate group functionality; sim-
ilar features have been observed to be spatially
correlatedwithmineral catalysts in othermartian
meteorites (e.g., Tissint, Nakhla, and NWA 1950)
(31). Similar refractory aromatic organic material
has also been detected through in situ analyses
facilitated by the Curiosity rover (32).

Martian habitability

We conclude that aqueous alteration of the
Opx in ALH 84001 caused the formation of
carbonate globules, amorphous silicates and
silica, and talc-like phases. This phase assem-
blage indicates that serpentinization and mine-
ral carbonation reactions took place on early
Mars, consistent with orbital observations of
serpentinized terrains on Mars and studies of
the martian meteorite Nakhla (33–35). Serpen-
tinization and mineral carbonation reactions
occur by aqueous alteration of mafic igneous
mineral assemblages by CO2-bearing fluids. Or-
ganic synthesis in ALH 84001 proceeded in a
manner similar to serpentinization of rocks
fromEarth, producing aromatic, aliphatic, car-
bonyl, carboxyl, and carbonate species from
aqueous CO2. The correlation of organic mate-
rial with both serpentinization and carbona-
tion assemblages indicates that abiotic organic
synthesis can occur from both reactions. The
similarity of the organics in the ~4.0-billion-
year-old ALH 84001 and those found in the
~600-million-year-old Tissint meteorite (31)
indicate that Mars hosted abiotic organic syn-
thesis reactions for much of its history. On
Earth, these reactions are responsible for abio-
tic organic synthesis, methane production, and
mineralogical diversity (29). OnMars, such re-
actions are relevant to habitability and have
been invoked to explain the presence of meth-
ane in the atmosphere (36).
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Organic synthesis associated with serpentinization and carbonation on early Mars
A. SteeleL. G. BenningR. WirthA. SchreiberT. ArakiF. M. McCubbinM. D. FriesL. R. NittlerJ. WangL. J. HallisP. G.
ConradC. ConleyS. VitaleA. C. O’BrienV. RiggiK. Rogers

Science, 375 (6577),

Abiotic formation of organic molecules
Mars rovers have found complex organic molecules in the ancient rocks exposed on the planet’s surface and methane
in the modern atmosphere. It is unclear what processes produced these organics, with proposals including both biotic
and abiotic sources. Steele et al. analyzed the nanoscale mineralogy of the Mars meteorite ALH 84001 and found
evidence of organic synthesis driven by serpentinization and carbonation reactions that occurred during the aqueous
alteration of basalt rock by hydrothermal fluids. The results demonstrate that abiotic production of organic molecules
operated on Mars 4 billion years ago. —KTS
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