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Abstract—The morphology and stoichiometry of feldspathic glass in the Martian meteorite ALH84001
indicates it is maskelynite (a diaplectic glass) rather than a flowed glass, although this glass was heterogeneously affected by a tertiary set of processes. An impact event with shock pressures in excess of 31 GPa was
needed to convert the original plagioclase (An36Ab60Or4) to maskelynite. Carbonate is intimately associated
with the maskelynite, and the carbonate’s radiating crystalline fabric and globular forms suggest it was
produced after plagioclase was converted to maskelynite. Textures also suggest carbonate was produced at the
expense of maskelynite in a dissolution-precipitation reaction that involved a carbonic fluid. This fluid system
is tentatively estimated to have been active for at least a few years at temperatures !300°C, based on
dissolution rates of plagioclase in mildly to strongly alkaline hydrothermal systems (which is the only
analogue currently available). This reaction does not need to be mitigated by microbial life. Neither are
bacteria needed to produce the radiating textures and globular forms of carbonate, which may instead reflect
kinetic phenomena associated with crystal nucleation and growth. Because the carbonate was produced at the
expense of maskelynite, it is younger than maskelynite, which has previously been shown to have last
degassed 3.92 " 0.04 Ga (Turner et al., 1997). However, the specific age of the carbonate and the carbonic
fluid system remains unknown. Copyright © 1998 Elsevier Science Ltd
the carbonate so that we can pinpoint when fluid processes
were occurring in the highland regions of Mars.
The 3.6 Ga K-Ar age determined by Knott et al. (1995) was
based on a laser probe analysis of a single carbonate grain.
They have subsequently (Turner et al., 1997) reevaluated their
data and now believe the 3.6 Ga age is not the true age of the
carbonate, because the K/Ca ratio in that analysis (and other
laser probe analyses of carbonate grains) was higher than they
expected from carbonate. Instead, they conclude that they have
dated the maskelynite (or preexisting plagioclase, if the later
formation of maskelynite did not reset the K-Ar system) which
is intimately mixed with the carbonate.
Because the issue of the age of the carbonate is so important,
we thought it would be worthwhile to independently determine
whether the ages Turner et al. (1997) measured in laser probe
analyses of areas containing carbonate could provide some
constraints. To do so, we measured the abundance of K and Ca
in the carbonate and other phases using electron microprobe
techniques in an effort to unravel their respective contributions
to the K-Ar age spectrum. In addition, we studied the textural
relationships between maskelynite, carbonate, and other phases
in the rock to independently constrain their relative ages.

1. INTRODUCTION

The Antarctic meteorite Allan Hills 84001 (ALH84001) is
the first SNC-related orthopyroxenite (Mittlefehldt, 1994a) and
apparently the first sample from the ancient cratered highlands
of Mars. Sm-Nd isochrons indicate that ALH84001 crystallized
4.56 Ga (Jagoutz et al., 1994) or 4.50 " 0.13 Ga (Nyquist et al.,
1995), forming some of the original crust on Mars within a few
tens of millions of years after planetary differentiation. Subsequently, the cumulate rock was shock-metamorphosed by one
or more impact events (e.g., Mittlefehldt, 1994a; Treiman,
1995). Using various versions of the 40Ar-39Ar technique, an
age of 3.92 " 0.04 Ga (Knott et al., 1995; Ash et al., 1995,
1996; Turner et al., 1997), 4.07 " 0.04 Ga (Ilg et al., 1997), or
3.9 – 4.3 Ga (Garrison and Bogard, 1997; Bogard and Garrison,
1997) has been suggested, which presumably reflects one of the
severest impact events to affect the rock, coinciding with the
same period when the Moon was last being intensely bombarded. A Rb-Sr isochron age of 3.84 " 0.05 Ga is believed to
represent the same impact event (Wadhwa and Lugmair, 1996).
At some point in time, CO2-charged fluids were injected or
flowed through ALH84001 and produced secondary carbonate.
Knott et al. (1995) analyzed a 200 !m carbonate grain and
reported a preliminary K-Ar age of 3.6 Ga. In contrast,
Wadhwa and Lugmair (1996) reported a carbonate-feldspar
two-point Rb-Sr isochron age of 1.39 " 0.10 Ga. Determining
which of these ages is correct (if either) has become especially
crucial in light of a study by D. McKay et al. (1996) who argue
that the carbonates in ALH 84001 crystallized in association
with microbial life on Mars and that these microbes controlled
the crystal habit of the carbonate. If D. McKay et al. (1996) are
correct, then the age of the carbonate should correspond to the
time when life existed on Mars. Even if these investigators are
not correct, however, it is still important to determine the age of

2. METHODS
Chemical analyses and backscattered-electron imaging were performed with a Cameca SX-50 electron microprobe using an accelerating potential of 15 kV. To minimize devolatilization of the carbonate,
we used a beam current of 5 nA and beam diameters between 2 and 5
!m, depending on the size of the grain being analyzed. Two counting
procedures were utilized. In one case, K was analyzed for 30 s while all
other elements were analyzed for 10 s. The major cations (Ca, Fe, Mg)
were analyzed simultaneously in the first 20 s (10 s on the peak and 5 s
on background positions on either side of the peak), followed immediately by K. This was sufficient to produce stoichiometric analyses of
the major cations (Ca, Fe, and Mg). We also produced a second set of
data in which K was analyzed for 60 s and all other elements were
analyzed for 30 s. Although counting statistics were improved in the
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second set of analyses, no other analytical difference was detected
between the two sets of data. All measured totals are between 98 and
102 wt%.
Calcium, magnesium, iron, and manganese were calibrated using
well-characterized carbonate standards provided by L. Anovitz; all
other elements were calibrated using the silicate and oxide standards
normally used in our laboratory (Kring et al., 1996). Potassium is not
usually measured in carbonate minerals, in part because K is a minor to
trace element. Consequently, carbonate standards with independently
determined K concentrations are not available. To verify the accuracy
and reproducibility of our analyses of K when it occurs in low abundances, we instead analyzed a Smithsonian glass standard (USNM
113716) which has an independently determined K concentration of
0.09 wt% K2O (Jarosewich et al., 1980a,b). Using the same procedures
we used to analyze the carbonate in ALH84001, we repeatedly measured 0.08 " 0.01 wt% K2O, in good agreement with the independently
determined value in the standard glass.
The feldspathic glass is also susceptible to devolatilization, so another set of special proceedures were devised for this phase. In this
case, we used a 10 nA beam current, a 10 !m beam diameter, and peak
count times of 20 s. To ensure that this was sufficient to avoid
devolatilization, we verified that we could reproduce the compositions
of a standard rhyolitic glass from Yellowstone National Park (USNM
72854) and a synthetic tektite glass (USNM 2213) with Na2O and K2O
abundances in the range of 1–5 wt%. A 5 !m beam diameter was not
sufficient to avoid Na loss in the standard rhyolitic glass.
3. RESULTS

Our thin section of ALH84001 (split, 140) is composed
dominantly of orthopyroxene ($90%) and subordinate
amounts of heterogeneously distributed chromite (3.5%), feldspathic glass (1.5%), and carbonate (3%) (Gleason et al., 1997).
The orthopyroxene is severely fractured, has undulose extinction, and is crosscut with granular zones of crushed material
(anhedral to subhedral orthopyroxene, chromite, and feldspathic glass), producing a cataclastic texture reminescent of
cataclastic anorthosites from the heavily cratered lunar highlands. Carbonate occurs within the crushed zones of material
that crosscut the rock and in fractures between and within
surviving orthopyroxene. It is clear the carbonate precipitated
after the impact event that produced the crushed zones of
material, because the carbonate is not disaggregated. Rather, its
crystal fabric crosscuts the disorganized structure of the cataclastic zones and fractured orthopyroxene.
Carbonate is intimately associated with feldspathic glass.
Where the original igneous textures in the rock are best preserved, the feldspathic glass occurs interstitially between euhedral to subhedral orthopyroxene grains (Fig. 1). This intercumulus material was probably once plagioclase because
electron microprobe analyses indicate the glass has a stoichiometric composition (An36Ab60Or4; Table 1 and Gleason et al.,
1997). The glass also seems to preserve the morphology of
preexisting crystals (Fig. 1), so it is likely maskelynite, which
is a diaplectic glass produced by shock pressures in excess of
25 GPa (e.g., Stöffler, 1984; Stöffler et al., 1988). In crushed
zones, this glass is strung out in chains of smaller grains which
appear to be shock-disaggregated portions of previously existing larger patches of glass or plagioclase (Fig. 2a). Similar
disaggregated chains of chromite also occur in ALH84001 (Fig.
2b; Treiman, 1995; Gleason et al., 1997), although the chromite
appears to have fractured more brittlely. This may indicate the
feldspathic material was disaggregated after it had been transformed to glass, which may have allowed it to be deformed
more ductilely than plagioclase or chromite. Alternatively, the

Fig. 1. Backscattered-electron images illustrating the morphology of
feldspathic glass in regions of ALH84001 where the original igneous
textures of the meteorite are preserved best. (a) Interstitial maskelynite
(medium gray) trapped between euhedral orthopyroxene (light gray)
crystal margins. The black features are cracks in the thin-section. (b)
Interstitial maskelynite around the end of a euhedral orthopyroxene
crystal in cross-section. The white scale bars in the lower left corners
of each image are 200 !m long.

glass may have behaved brittlely like the chromite, but fractures in it may have been subsequently annealed. This seems
likely because where offsets clearly show displacements of
feldspathic glass (Fig. 1b of Gleason et al., 1997), fractures
through the glass cannot be detected in similar types of BSE
images.
The intimate association of carbonate and maskelynite in
these discontinuous chains of material and the observation that
carbonate occurs in the same type of morphological niche as
the maskelynite (Fig. 2c), suggests the carbonate is replacing
the maskelynite. (We note that the feldspathic glass in these
discontinuous chains is, technically speaking, no longer maskelynite because it no longer preserves the original morphology
of plagioclase. However, we will continue to use the term here
to simplify the discussion. The transformation of maskelynite
to other forms of feldspathic glass is discussed later in section
4.) Carbonate replacement of maskelynite is more complete in
some chains than it is in other chains (compare lower and upper
portions of Fig. 2c) and can appear fully complete in some
thin-sections through the rock (Treiman, 1995; Harvey and
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aging also indicates that some carbonate cores are surrounded
by complex rim sequences rather than a single Mg, Fe-rich rim.
The phase contrast in these images indicates the rim sequences
are composed of alternating Fe-rich and Fe-poor material, but
the widths of individual layers within the rim sequences are too
thin (!2 !m) for us to analyze accurately. However, we can
determine that the Fe-rich zones also contain weight percent
concentrations of S, from which we infer they are probably
mixtures of carbonate, Fe-sulfides or sulfates, and possibly iron
oxides. In similar zones of Fe-rich material, D. McKay et al.
(1996) have identified %10 –100 nm magnetite and pyrrhotite
grains.
Potassium was not detected in our analyses of Mg- or Mg,Fecarbonate, indicating it has !80 ppm K and a Ca/K weight ratio
$310 (Table 3). In comparison, the maskelynite has %6,000
ppm K and a Ca/K weight ratio of %8, in agreement with the
measurements of Turner et al. (1997). Analyses of all the major
phases in ALH84001 (Table 3) indicate that most of the rock’s
K is roughly split between maskelynite (because it also contains lots of K) and orthopyroxene (because it is such an
abundant phase). The Ca/K ratio we measure in orthopyroxene
(%150 –200) is consistent with orthopyroxene being the dominant K carrier at extraction temperatures above 700°C (Turner
et al., 1997), except for the highest temperature extractions
(1400°C), where Ca/K ratios as high as 3,000 were observed. It
is possible their high Ca/K ratio was influenced by the small
proportions of augite and phosphate that have been found in the
rock (e.g., Mittlefehldt, 1994a), which would degas at high
temperatures and which we would expect (Table 3) to have
extremely high Ca/K ratios.
4. DISCUSSION

4.1. Origin and Relative Ages of Carbonate
and Maskelynite
McSween, 1996). In some cases, carbonate also occurs as
patches of material that invade larger patches of maskelynite
(right side of Fig. 2d). Carbonate replacement of maskelynite
has previously been documented in shock-metamorphosed
rocks associated with the Clearwater West impact crater on
Earth (Dence, 1965; Bunch et al., 1967). In addition, carbonate
commonly replaces plagioclase on Earth where hydrothermal
solutions have altered volcanic rocks, although in these cases
the secondary carbonate is usually associated with other secondary minerals like epidote, albite, chlorite, and kaolinite,
none of which have been found in ALH84001. In section 4.1,
we discuss whether it is more likely carbonate replaced maskelynite or plagioclase.
The carbonate is typically zoned with Ca,Mg-rich cores and
Mg,Fe-rich rims. Representative analyses are listed in Table 2
and the range of compositions is shown in Fig. 3. Our carbonate
compositions, like those measured by other investigators (Mittlefehldt, 1994a; Harvey and McSween, 1996), fall along the
solid solution series between magnesite (MgCO3) and siderite
(FeCO3), although they have a small ankerite (Ca(Fe,Mg,
Mn)(CO3)2) or calcite (CaCO3) component. Interestingly, the
cores and rims form distinct populations along this solid solution series, indicating the chemistry of the precipitating environment changed discontinuously. Backscattered-electron im-

As described above, it is clear the carbonate precipitated
after the impact event that produced the crushed zones of
material crosscutting the rock. It is less clear whether maskelynite was produced in this impact event and, thus, whether
carbonate replaced plagioclase or maskelynite. Treiman (1995)
argues that carbonate replaced plagioclase as part of the following sequence of events: an impact event produced the
crushed zones of material; a thermal metamorphic event (possibly associated with the impact event) annealed the orthopyroxene in the crushed zones of material; carbonate (and pyrite)
replaced plagioclase; and a second impact event converted the
remaining plagioclase to maskelynite. He believes maskelynite
could not be preserved from the first impact event because
temperatures in the hypothesized thermal metamorphic event
would have been sufficiently high (he estimates at least 875°C)
to have caused any maskelynite to recrystallize to plagioclase.
In this case, the carbonate would be older than maskelynite.
In contrast, we believe the carbonate replaced maskelynite.
Like Treiman (1995), we see anhedral to subhedral grains of
pyroxene and chromite in the crushed zones. Unlike Treiman
(1995), however, we interpret these grains to be fragments of
larger crystals produced during a shock-metamorphic event
rather than the recrystallized products of a thermal metamorphic event. Consequently, we think maskelynite may have been
produced by the shock-metamorphic event that produced the
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Fig. 2. Backscattered-electron images illustrating the textures of maskelynite, carbonate, and chromite in ALH84001. (a)
Chains of small maskelynite grains (medium gray), surrounded by fractured orthopyroxene (light gray). The white scale bar
in the lower left corner is 50 !m long. (b) Chain of chromite crystals (white), surrounded by fractured orthopyroxene. The
medium gray material slightly above and to the left of the chromite is composed of a mixture of maskelynite and carbonate.
The white scale bar in the lower left corner is 100 !m long. (c) Intimate association of carbonate and maskelynite, within
orthopyroxene. The carbonate is indicated with the labels carb and c. Maskelynite is indicated with the label mask. The
white scale bar in the lower left corner is 50 !m long. (d) A patchwork or chain of carbonate (light gray to black) adjacent
to and within maskelynite (medium gray), both of which are surrounded by orthopyroxene (lightest gray). The white scale
bar in the lower left corner is 100 !m long.

crushed zones of material or a later event and, thus, that the
carbonate replaced maskelynite rather than plagioclase. In contrast to Treiman (1995), we would then attribute the equilibration of orthopyroxene and the temperatures it implies to subsolidus processes during the igneous event that produced the
original cumulate rock. It is important to remember that the
rock crystallized soon after planetary accretion when magma
temperatures were much higher than, say, those associated with
basaltic magmas on Earth today. It is thus likely that the
cumulate formed from a magma at very high temperatures and
was emplaced in a relatively hot crust (Kring and Gleason,
1997).
The texture of the carbonate also suggests it replaced a glass
rather than a mineral crystal. As several investigators have
noted (Mittlefehldt, 1994a; Treiman, 1995; Harvey and McSween, 1996; D. McKay et al., 1996; Gleason et al., 1997) the
carbonate has a radial crystalline texture which produces spherical or semi-spherical globules. A striking example of this

texture has previously been shown by Treiman (1995; his Fig.
7). As we noted elsewhere (Kring et al., 1997; Gleason et al.,
1997), radiating crystals and globular morphologies are consistent with the replacement of a glassy phase (e.g., maskelynite
rather than plagioclase; Keith and Padden, 1963, 1964a, 1964b;
Lofgren, 1971) or growth into a liquid or vapor. In contrast,
when carbonate replaces plagioclase, it usually attacks boundaries between crystal twins, grain boundaries, and cracks. This
produces linear traces or skeletal frameworks of carbonate
rather than semi-spherical globules of radiating carbonate (Fig.
4). Consequently, the texture of the carbonate suggests it replaced maskelynite.
We also note that if plagioclase was converted to maskelynite after carbonate precipitation, then the carbonate should
have been shock-metamorphosed to states not seen in
ALH84001. Plagioclase with the composition of that in
ALH84001 (Ab60) is transformed to maskelynite at shock
pressures of 31 GPa or higher (Stöffler et al., 1986). Based on
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experiments with Ca-carbonates (Lange and Ahrens, 1986;
Tyburczy and Ahrens, 1986), one would expect carbonate to
have been partially (perhaps wholly) devolatilized and converted to Mg,Fe,Ca-oxides at those shock pressures. Stoichiometric analyses (Table 2) indicate the carbonate has not been
devolatilized. This does not mean the carbonate has not been
shocked, but the shock deformation that affected it appears to
have been produced later at lower shock pressures, possibly
when the rock was excavated and launched off Mars. Shock
features in carbonate include small displacements along fractures (Mittlefehldt, 1994a; Treiman, 1995). This later shock
event may be responsible for the nucleation of iron oxides,
Fe-sulfides, and Fe-sulfates from carbonate, if they did not
precipitate directly with carbonate, and the orange to brown
color of the carbonate. (A similar transformation from colorless
to reddish-brown calcite has previously been documented at the
West Hawk Lake impact crater on Earth; Short, 1970.) Because
the carbonate has not been devolatilized and because the morphology of the carbonate suggests it replaced a glass, it appears
to have precipitated after the shock event that produced maskelynite. Alternatively, one could appeal to shock anisotropy and
argue that the local shock pressures affecting plagioclase were
greater than that affecting the carbonate, but this is hard to
reconcile with the intimate intergrowth between carbonate and
maskelynite (Fig. 2c-d).
Thus far in this discussion, we have been assuming the
feldspathic glass is maskelynite rather than some other form of
feldspathic glass. As described in section 3, this seems appropriate because some of the glass appears to preserve the morphology of preexisting plagioclase (Fig. 1) and the stoichio-
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metry of plagioclase (Table 1). However, the Mittlefehldt
(1994a) analyses of the glass suggested some of it may contain
excess silica, which he (Mittlefehldt, 1994a) and Treiman
(1995) interpreted to mean that the glass was actually a mixture
of feldspar and quartz/tridymite. If true, then the feldspathic
glass is not a diaplectic glass and thus not maskelynite. Instead,
it is a flowed glass which requires higher shock pressures than
maskelynite. A flowed glass that involves both feldspar and
quartz requires shock pressures in excess of 50 GPa (e.g.,
Stöffler et al., 1988). If the feldspathic glass truly is flowed
glass, then it is even more unlikely for the carbonate to have
been produced beforehand and survive intact.
While the presence of flowed glass rather than maskelynite
would bolster our argument for carbonate replacement of glass
rather than plagioclase, we do not think the bulk of the glass is
flowed glass. As we noted above, glass sometimes fills the
interstices between euhedral to subhedral orthopyroxene crystals (Fig. 1), which is exactly the texture one expects of plagioclase that has crystallized from melts trapped in an orthopyroxene cumulate. It is not the texture associated with flowed
glass: it is not vesicular, it does not contain schleiren, and there
is no optical evidence that the pyroxene is breaking down near
the margin of the glass. Nor is there any evidence of shock melt
pockets anywhere else in the thin section. Furthermore, if the
feldspathic glass is flowed glass, it is hard to imagine how
inclusions of carbonate could survive in it (Fig. 2d) while
quartz was melted and mixed with the feldspar. Consequently,
most of the glass has the characteristics of maskelynite, not a
flowed mixture of plagioclase and other phases.
We suspect that any Si excess may be an artifact of the
dissolution process. Experiments have demonstrated that high
Si concentrations in glass are produced by preferential leaching
of Na, Ca, and Al during dissolution of feldspathic materials
(Guillemette et al., 1980; Casey et al., 1989). Alternatively, and
possibly more likely, any Si excess may be the product of
disequilibrium shock effects. While equilibrium shock pressures in excess of 50 GPa are needed to produce flowed glass
mixtures of plagioclase and quartz throughout the rock, it is
possible for disequilibrium effects to produce localized pockets
or stringers of mixed melt at shock pressures as low as 30 GPa
(Stöffler et al., 1988). This is comparable to the equilibrium
pressure regime implied by the transformation of most of the
plagioclase to maskelynite. Thus, while a diaplectic glass
(maskelynite) may be the dominant product of a shock event,
small amounts of flowed glass (which would normally imply
much higher shock pressures) can be produced in the same
event.
Free silica has been found in ALH 84001, so it seems
possible for some of it to have been melted with plagioclase to
form non-stoichiometric feldspathic compositions characterized by excess Si. The free silica occurs in three different
contexts. First, silica is included within the cores of relatively
undeformed orthopyroxene grains with textures that suggest it
is magmatic (Kring and Gleason, 1997). Second, it occurs
between fragments of crushed orthopyroxene and in what appear to be healed fractures through the orthopyroxene (Scott et
al., 1997). Since the silica in both of these cases is not associated with feldspathic material, it is not relevant to the discussion here. In the third context, silica occurs with feldspathic
material in a region that is interstitial to cumulate orthopyrox-
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Fig. 3. A CaCO3-MgCO3-FeCO3 ternary diagram illustrating the range of compositions in six zoned carbonate patches
in ALH84001. Compositions are dominated by magnesite (Mg-rich) and ankerite (Mg,Fe-rich) components. Zoning trends
are consistent throughout the thin-section and move from relatively Ca-rich cores to more Mg-rich compositions. This trend
is interrupted with a discontinuous jump to a band of Fe(S)-rich carbonate, followed by another discontinuous jump to a
magnesite rim. The latter layer of magnesite is occasionally surrounded by another very thin (!1 !m) Fe(S)-rich layer. The
Fe(S)-rich compositions are not plotted on the ternary because they include substantial magnetite and Fe-sulfide.

ene and chromite (Fig. 5). In this region (which is the only
instance of this texture that we located), silica appears to be
intergrown with feldspathic material, so the latter was presumably crystalline at some point in time. If such material was
melted in a disequilibrium shock process, it could have produced a flowed glass with a nonstoichiometric feldspathic
composition that was characterized by excess Si.
4.2. Exception to the Rule
While radiating globular structures are a common textural
expression of carbonate in ALH84001, other forms also exist.
In particular, Treiman (1998) has found an isolated case where
two parallel trails of discontinuous carbonate crosscut a patch
of feldspathic glass (see his Fig. 1e). These two trails essentially represent the texture shown in Fig. 4b, suggesting that the
carbonate was introduced while feldspathic material was still
crystalline. Consequently, while textures in ALH84001 suggest
that most of the feldpathic material was already glassy when
the carbonate was introduced (section 4.1 above), there are rare
pockets of material where the feldspathic material was apparently preserved in a crystalline or partially crystalline state. We
suggest that these exceptional regions (only one has been
documented thus far) reflect shock anisotropy. In terms of

relative ages, the collection of textures suggests that carbonate
was introduced after most of the plagioclase had been converted to feldspathic glass, but that some of the carbonate was
introduced into a few surviving crystalline plagioclase relicts
which were subsequently converted to glass by a later shock
event.
In contrast, G. McKay et al. (1997) have argued that a
substantial portion of the carbonate was introduced while most
of the plagioclase was still crystalline. This is based on their
observation of a lacy network of carbonates which they suggest
surround relict euhedral plagioclase (see their Fig. 1b-c and our
Fig. 2d). We disagree with this textural interpretation for two
reasons. First, it requires that the pockets of interstitial plagioclase were composed of many plagioclase crystals and that
these crystals were euhedral and equigranular. This is not the
type of texture one normally finds in a cumulate rock. In a
cumulate rock, the interstitial space is usually filled with a
single plagioclase crystal, not a cluster of euhedral crystals.
This is because a cumulate rock is usually cooling so slowly
that nucleation and growth kinetics favor a small number of
crystals in the interstitial space. Even if one imagines a dramatic increase in the cooling rate to facilitate the nucleation and
growth of multiple plagioclase crystals, such a rapid cooling
rate would also induce lath-like plagioclase habits rather than

Feldspathic glass and carbonate in ALH84001

2161

Fig. 4. Schematic diagrams showing (a) the radial and globular
texture that is typical when glass is replaced and (b) the linear traces
and skeletal framework of carbonate that occurs when it replaces
crystalline plagioclase.

equigranular habits. Consequently, the interpretation of the
small patches of feldspathic glass surrounded by the lacy carbonate as being relict euhedral plagioclase is not consistent
with normal igneous textures.
Second, textures in our thin-section suggest that the small
patches of feldspathic glass are more easily explained as regions delineated by fracture systems that permeated the feldspathic regions. This is illustrated in Fig. 2d. In the right center
of the image, one sees a texture similar to that previously
described as a lacy carbonate network surrounding islands of
euhdral relict plagioclase (McKay et al., 1997). However, we
point out that in the same Fig. 2d there is a similar set of
feldspathic glass islands above the region with the carbonate
and that these islands are clearly part of a fracture system.
Consequently, the textures suggest to us that the islands of
feldspathic material are produced by mechanical fracturing and
that they do not represent clusters of euhedral relict plagioclase.
4.3. Implications for Isotopic Ages of Carbonate and
Maskelynite
Based on the textural evidence outlined above, the carbonate
appears to be younger than maskelynite. This is consistent with
preliminary K-Ar analyses which suggested the maskelynite
was produced %4.0 Ga (Ash et al., 1995, 1996) and the car-

bonate was produced %3.6 Ga (Knott et al., 1995). However,
the intimate intergrowth of carbonate and maskelynite (Fig. 2)
suggest it may have been impossible to physically separate
these two phases. In this case, any inferred isotopic age on a
carbonate-rich sample would instead be a mixing age between
older maskelynite and younger carbonate, and could be, as
Turner et al. (1997) concluded, dominated by the maskelynite.
Based on our K and Ca measurements, we have tried to
quantitatively evaluate whether the data of Turner et al. (1997)
set any constraints on the age of the carbonate.
In each of the three stepwise heating analyses of whole-rock
samples of ALH84001 by Turner et al. (1997), gas extracted at
400°C has a higher Ca/K ratio (14 –23) than any of the other
extractions from 200 to 700°C (5-10). A similar effect was seen
in the whole-rock stepwise heating analysis of Bogard and
Garrison (1997). Both groups concluded that this was the result
of the onset of carbonate decomposition. The apparent ages
observed (3.27 " 0.17, 3.52 " 0.24, 3.91 " 1.2, and %3.8 Ga)
suggest the possibility that these extractions might be dating
younger carbonate. Using our measured K abundances, we can
do mass balance calculations to determine how much of the
K-derived 39Ar comes from carbonate in the Turner et al.
(1997) analyses. Assuming that they have a mixture of maskelynite with Ca/K & 8 (Table 3), and carbonate with Ca/K
" 310 (Table 3), then the fraction of the 39ArK that could come
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Fig. 5. Backscattered-electron image of a region interstitial to cumulate orthopyroxene (left side) and chromite (right side). The interstitial region (center) contains a very fine-grain intergrowth of feldspathic material (lighter gray) and silica (darker gray material). While
it may not be evident in this figure, slight gray-scale variations in the
original photograph suggest the feldspathic material may be chemically
heterogeneous on the scale of 2–5 !m. However, these features are too
small to document with electron microprobe analyses when using a
sufficiently large beam diameter (10 !m) to avoid devolatilization.
Fractures in the orthopyroxene and chromite are black, as are some
holes in the interstitial region. The white scale bar in the lower left
corner is 20 !m long.

from the carbonate ranges from #2% to #5%. In each case, the
fraction is less than the uncertainty in the amount of 39ArK,
which means that it is impossible to extract any information
about the age of the carbonate.
We also looked at the laser probe data of Turner et al. (1997).
In Fig. 6, we plot the 40Ar*/39ArK ratios (or apparent ages) vs.
K abundance for their samples. Even among the samples for
which carbonate was one of the phases they had identified
(solid circles), it is clear that the K abundances are usually
considerably higher than the upper limit we measured by electron microprobe (dashed vertical line). The four carbonatebearing samples with the lowest K abundances all have apparent ages of 2 Ga or less, which might suggest a carbonate age
significantly younger than the %3.9 Ga event that dominates
the whole rock. Unfortunately, only one of the four samples has
an apparent age $2$ younger than 3.9 Ga, so a specific age for
the carbonate cannot be determined. Also, we note that some
samples which do not contain carbonate (open symbols) also
have very low apparent ages. Since none of the low-K carbonate-bearing samples was described as pure carbonate, this
leaves open the possibility that it is not the carbonate, but some
other phase intimately mixed with the carbonate, that gives the
low apparent ages.
Our K data and petrographic observations also have implications for the other reported isotopic age of the carbonate, the
1.39 " 0.10 Ga Rb-Sr age of Wadhwa and Lugmair (1996).
Their age is based on a line connecting data from carbonates
and maskelynite. For an isochron to be valid, the data points
must all come from contemporaneous (isochronous) phases that
formed from the same reservoir of material. If the maskelynite
predates the carbonate, then this condition is not met sensu
stricto in the data of Wadhwa and Lugmair (1996), although it
is theoretically possible that maskelynite formation and carbon-

ate formation occurred close enough in time for this to be
approximately true. However, if the maskelynite was last degassed %3.9 Ga (Turner et al., 1997), then this condition is also
violated unless the Rb-Sr system was reset 1.39 Ga while the
40
Ar-39Ar was not. However, previous studies have shown that
the 40Ar-39Ar is more easily reset, not less easily reset, than the
Rb-Sr system. Furthermore, to the extent that the alkalis are
geochemically coherent, we would expect to find very little Rb
in the carbonates, hence a pure carbonate sample could probably only constrain the 87Sr/86Sr ratio at the time of formation.
Can either the K-Ar or Rb-Sr system be used to determine an
age of the carbonate in ALH84001? The K-Ar system can
probably be used, but the low K abundance in it, particularly
compared to the closely-related maskelynite, means that samples to be dated will have to be (1) relatively large, to get
enough gas from a sample with only tens of ppm K; and (2)
quite pure, since %50% or more of the K will be in maskelynite
for a carbonate-maskelynite mixture that is even 99% pure
carbonate. A sample of tens to hundreds of micrograms should
be sufficient in size to do a stepwise heating experiment which
could separate Ar released from the carbonate from that released from the feldspathic glass, for a sample that is 99% pure
carbonate and has a few to a few tens of ppm of K. The Rb-Sr
system, in which the strontium isotopic composition of the
carbonate probably evolves little after formation, will probably
be useful if it can be shown that either (1) some Rb-rich phase
is cogenetic with the carbonate or (2) the carbonate inherited
the strontium isotopic composition of the maskelynite, and that
neither the carbonate nor the maskelynite exchanged with any
Sr from outside the system. At the moment, however, not
enough evidence exists to constrain the absolute age of the
carbonate.
4.4. Duration of Fluid Activity
While it is currently impossible to determine the absolute age
of the carbonate, we are able to begin constraining the length of
time needed to dissolve maskelynite and replace it with carbonate. As described above, this reaction occurred when fluids
took advantage of the increased porosity and permeability
produced by shock-metamorphic fracturing of the rock. The
exact nature of this fluid is currently unknown, but for the
moment, let us consider it was a hydrothermal fluid. In that
case, the duration of hydrothermal activity needed to produce
the carbonate can be estimated by considering the dissolution
rate of maskelynite. The dissolution rates of maskelynite and
other feldspathic materials are dependent on the pH of a hydrothermal fluid. Previous assessment of the assemblage of
carbonate, ZnS, Fe-sulfides, and Fe-sulfates in ALH84001 suggests the dissolution occurred in a system where pH $ 7
(Wentworth and Gooding, 1995). In a mildly to strongly alkaline system, experimental results (Welch and Ullman, 1996)
indicate that plagioclase with the ALH84001 composition of
Ab60An36Or4 (andesine) would dissolve at a rate of 1.9 '
10(10 !m/s (pH & 7, T & 22°C) to 1.4 x 10(12 !m/s
(pH & 12, T & 22°C). At these rates, 50 !m of plagioclase
(equivalent to the approximate radius of carbonate globules)
could be dissolved in 8,300 yr to 1.1 million yr. Since we
believe carbonate replaced maskelynite rather than plagioclase,
the applicable dissolution rate may have been a little faster, but
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Fig. 6. 40Ar*/39Ar vs. K abundance in laser probe analyses by Turner et al. (1997) and the ages implied by these analyses.
The vertical heavy dashed line represents the upper limit of K abundances in carbonate which was inferred from our electron
microprobe analyses. Most of the analyses in which carbonate was identified in the target (●) contain more K than can be
accounted for by carbonate alone. Four carbonate-bearing samples have apparent ages of 2 Ga or less. Two of these samples
(those with 100 ppm K) nearly plot on top of each other and may be hard to separate in the figure. The error bars correspond
to 1$ uncertainty.

not as fast as the dissolution rate of a completely disordered
glass. If hydrothermal fluids were hotter than %22°C, then the
dissolution rate would have been even faster. For example,
experimental dissolution of tektite glass at 90°C (LaMarche et
al., 1984) and andesitic glass at 300°C (Guillemette et al.,
1980) suggests time scales as short as a few years are possible.
According to Wentworth and Gooding (1995), the carbonate
may have been produced at temperatures of %100 to 300°C, in
which case the hydrothermal system that affected ALH84001
may have been very short lived. If the temperatures were even
higher, like those ($650°C) proposed by Harvey and McSween
(1996), then the dissolution-precipitation reaction would have
occurred very quickly.
If the temperature of the hydrothermal system was $650°C,
then the 40Ar-39Ar systematics in the maskelynite would have
been reset while the carbonate precipitated (Turner et al.,
1997). In this case, the age of the carbonate would correspond
to the last degassing age of the maskelynite, %4.0 Ga (Knott et
al., 1995; Ash et al., 1996; Turner et al., 1997; Bogard and
Garrison, 1997). On the other hand, if the temperature of the

hydrothermal system was !300°C, then the 40Ar-39Ar systematics in the maskelynite may have only been disturbed and the
carbonate could have an age significantly less than 4.0 Ga. If,
as discussed in section 4.3, the carbonate is significantly
younger than maskelynite, then the dissolution rates calculated
for a relatively low-temperature hydrothermal system may
more closely reflect the duration of fluid activity.
While the experimental database on which we have estimated the dissolution rate of maskelynite is idealized for hydrothermal systems, the mineralogy in ALH84001 suggests the
fluid that flowed through the rock may have had very little H2O.
When carbonate replaces plagioclase in terrestrial hydrothermal systems, the carbonization reaction (which is a form of
propylitic alteration that occurs at temperatures below 400 to
480°C; Creasey, 1966) also produces chlorite, kaolinite, and/or
epidote, with associated sulfides like pyrite (e.g., Creasey,
1966; Meyer and Hemley, 1967). The hydrous minerals in this
group (chlorite and kaolinite) are not present in ALH84001, nor
is the carbonate associated with significant volumes of any
other hydrous minerals (see also Harvey and McSween, 1996).
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Similarly, in the reaction that produced carbonate at the expense of maskelynite at the Clearwater West impact crater, the
carbonate was accompanied by zeolites. Again, this group of
minerals is not present in ALH84001 in any significant volume
(if at all). Consequently, the fluid associated with the precipitation of carbonate in ALH84001 seems to have had very little
water compared to the hydrothermal systems we normally
consider in terrestrial systems. Preliminary thermodynamic calculations suggest that carbonate without hydrous silicates can
be produced from orthopyroxenites like ALH84001 in fluids
with various mole fractions of CO2, depending on the temperature of the fluid (Griffith and Shock, 1997). In this case, it may
be better to describe the fluid that affected ALH84001 on Mars
as a carbonic fluid rather than a hydrothermal fluid.
This conclusion has two implications. First, the lack of water
in the fluid system may affect the dissolution rate of maskelynite. Consequently, the estimated dissolution rates described
above (and duration of fluid activity implied by them) should
be considered tentative until experiments in carbonic fluid
systems have been conducted. Second, if water was completely
absent in the fluid, then the phase diagram in the HCl-H2OCO2-H2S-ZnO system used by Wentworth and Gooding (1995)
to estimate fluid pH may not have any thermodynamic bearing
on the problem. Ideally, an independent method of determining
system pH will be found. On the other hand, if the system is
truly dominated by a carbonic fluid, then pH may not be the
best parameter to use when characterizing the fluid.
4.5. Subsequent Mobilization of Carbonate
and Maskelynite
To understand the relationship between carbonate and feldspathic glass, most of the discussion above has been limited to
the least deformed portions of our thin-section. However, the
multiple deformation events that have affected ALH84001
have clearly produced some textural complexities that make
interpretations more difficult in other regions of the rock.
Partial annealing has made some regions even more complex.
For example, we have already noted that offsets along the
margins of some feldspathic regions indicate they were once
fractured, even though no internal evidence of these fractures
remains in BSE images. In this case, a deformation event must
have fractured the material and then been followed by an
annealing event that healed the fractures. The annealing event
must have been subtle, however, because it did not heal the
fractures crosscutting adjacent phases and the glass did not
recrystallize.
In other areas, the feldspathic glass is still fractured (or was
fractured by a later event). Sometimes it appears these fractures
are associated with compositional heterogeneities in the glass.
However, the compositional variation (if it is not an optical
effect along fracture edges) is not detectable in our microprobe
analyses because they are such small scale (1–2 !m) features.
These subtle BSE imaging features may correspond to the
subtle variations in the refractive index of the glass described
by Treiman (1998; see his Fig 1d).
G. McKay and Lofgren (1997) have also noted that there are
regions in ALH84001 where feldspathic glass crosscuts globular carbonate structures. They interpreted this texture to mean
that the feldspathic glass was produced after the carbonate.

However, we suggest that this texture simply implies that the
feldspathic glass was mobilized after the carbonate had precipitated. That is, the maskelynite could have already existed, been
partially replaced by carbonate, and then the whole assemblage
deformed so that the maskelynite was forced to crosscut the
carbonate.
4.6. Implications for the Microbial Life Hypothesis
D. McKay et al. (1996) argue that the morphology of the
carbonate indicates its growth was mitigated by microbial
activity on Mars, in part because similar spherical or globular
forms with radiating crystal growth have been known to precipitate in the presence of bacteria on Earth (Buczynski and
Chafetz, 1993). However, these features can also be produced
in the absence of bacteria. For example, Ca-carbonate with
radiating crystal fibers which form globular forms with the
same dimensions (%50 !m diameter) as seen in ALH84001
have been described in CI chondrites (Fredriksson and Kerridge, 1988). Like the carbonate in ALH84001, this chondrite
carbonate also occurs with magnetite. In the case of the CIchondrite carbonate, it seems clear that it was produced by
aqueous alteration of the original chondritic assemblage.
Rather than relying on microbial life to produce the spherical
or globular carbonate forms in ALH84001, we think it is more
likely that this texture was produced because the carbonate was
growing into a gaseous or liquid medium (as in CI-chondrites)
or, more likely, as a replacement of maskelynite. That is, we
consider the radiating textures and globular forms to have been
produced by kinetic phenomena associated with nucleation and
crystal growth, not to be a biologically mitigated product.
D. McKay et al. (1996) did not base their argument for fossil
life in ALH84001 entirely on the textures of carbonate. Indeed,
they suggested that the combination of these textures, the
association of single-domain magnetite and Fe-sulfides with the
carbonate, and the types of polycyclic aromatic hydrocarbons
(PAHs) associated with the carbonate are, taken collectively,
evidence of fossil life. Our study only addresses the radial and
globular textures of the carbonate. However, their other evidence is also controversial (e.g., Shearer et al., 1996; Bradley et
al., 1996; Becker et al., 1997; Greenwood et al., 1997).
5. CONCLUSIONS

The textures in ALH84001 indicate that most of the carbonate replaced maskelynite rather than plagioclase and is thus
younger than the 4.0 Ga maskelynite. While it is not yet
possible to determine a specific age of formation for the carbonate from existing 40Ar-39Ar data (Turner et al., 1997), it
may be possible to do so with larger and purer splits of
carbonate. Carbonate appears to have formed at the expense of
maskelynite in a coupled dissolution-precipitation reaction. Using data associated with hydrothermal systems (which is the
only analogue currently available), the duration of fluid activity
needed to dissolve maskelynite could have been as long as
%8,000 to 1 million yr if the temperature was %22°C, a few
years or less if temperatures were %100 –300°C, or even
shorter if temperatures were $300°C. We note that temperatures in excess of 650°C would have reset the 40Ar-39Ar system
in the surviving maskelynite, in which case the age of the
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carbonate and maskelynite would appear to be the same. Since
there are hints that the 40Ar-39Ar age of carbonate is younger
than maskelynite, we tentatively infer that the temperature of
the fluid system was !300°C.
The carbonization reaction requires a CO2-charged fluid.
There is little, if any, evidence this fluid contained significant
amounts of H2O, so it may be best to describe the system in
terms of carbonic fluids rather than hydrothermal fluids. The
source of this fluid is currently unknown, although the composition of the fluid must have changed with time to produce the
observed chemical zoning in carbonate. It is also clear that the
fluid must have been carrying Mg and Fe to produce the
carbonate, if these elements were not being scavanged from
subtle dissolution of orthopyroxene in the rock. Mass balance
calculations indicate that the dissolution of less than a 0.5 !m
thick layer of material around each orthopyroxene crystal could
provide the Mg and Fe in the carbonate. Sulfur for the pyrite
and pyrrhotite may have also been introduced by this fluid.
While some elements were added to the system to produce
carbonate from maskelynite, other elements were carried away
by the fluid. It is clear that Na, Al, and Si were leached and
transported elsewhere, as previously noted by Treiman (1995).
In contrast, the REE seem to have been little affected by the
fluid system, because the Sm-Nd isotopic system still reflects a
much older %4.5 Ga crystallization age (Jagoutz et al., 1994;
Nyquist et al., 1995).
Finally, if the precipitation of carbonate was mitigated by
microbial life, then life on Mars would have been present
within the last 4 Ga because the carbonate is younger than the
4.0 Ga maskelynite. However, the textures in the carbonate
could also have been (and, we think, more likely) governed by
kinetic phenomena associated with the nucleation and growth
of carbonate as it replaced maskelynite. Consequently, the
textures in the carbonate cannot be considered unambiguous
proof of life on Mars.
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