
CARBONATES IN MARTIAN METEORITE ALH84001: PETROLOGIC EVIDENCE FOR AN IMPACT
ORIGIN.  Edward R.D. Scott and Alexander N. Krot, Hawai‘i Institute of Geophysics and Planetology, School of
Ocean and Earth Science and Technology, University of Hawai‘i at Manoa, Honolulu, HI 96822, USA
(escott@pgd.hawaii.edu)

Summary: Petrologic studies of nine sections suggest
that carbonates in fractures and crushed zones of
ALH84001 formed from interstitial carbonate-
plagioclase grains that were melted by impact and
partly dispersed.  Carbonate disks in fractures could
not have formed at low temperatures and do not
preserve mineralogical evidence for martian life [1].

Introduction: Carbonates in ALH84001 occur in three
distinct locations: in pyroxene fractures, in crushed
zones, also called granular zones [2], and as massive
grains on pyroxene grain boundaries [e.g., 2, 3]. Three
mechanisms have been proposed for carbonate
formation: 1) precipitation from aqueous fluids that
were percolating through fractures at low temperatures
[1, 4]; 2) reaction between percolating CO2-rich fluids
and plagioclase or plagioclase glass [e.g., 2, 5, 6], or
other silicates [7] at low or high temperatures; or 3)
shock melting and mobilization of preexisting
carbonates in the rock [8].  Our studies of one section
showed that plagioclase and silica were melted by
shock pressures >30 GPa, partly injected into fractured
pyroxene during decompression and quenched to
glasses [8].  Textural similarities suggested that
carbonates had also been melted and partly dispersed
by impact.

Carbonates in fractures: Carbonate forms disks [1]
and veins on roughly planar fractures and irregularly
shaped grains in regions with intersecting cracks.
Existing fractures in ALH84001 formed after the
carbonate-bearing fractures were healed by impact
compression. Disks typically have tapered rims and
may be accompanied by smaller, thinner magnesite
microdisks, 10-30 µm in diameter, which Romanek et
al. [9] called oblate magnesite spheroids. These appear
to have formed simultaneously with the nearby
magnesite rims. We infer that carbonates crystallized
as the fractures were closed. This is inconsistent with
crystallization from a percolating fluid but entirely
consistent with crystallization from shock melts [10,
11].  Magnesite microdisks occur only around
normally zoned carbonates. This is inconsistent with
crystallization from an externally-derived percolating
fluid as microdisks should be widespread in cracks.
The distribution is entirely consistent with growth
from trapped, residual melt that was squeezed along
fractures, provided that Ca-rich carbonate grew first
metastably [8].  The highest concentrations of
carbonate in pyroxene fractures are observed around
carbonate-plagioclase intergrowths on pyroxene grain
boundaries (Fig. 1B).

Carbonates in crushed zones: Carbonate grains in
crushed zones are ~50-300 µm in size, mostly irregular
in shape and enclose pyroxene fragments and rare
grains of plagioclase glass. They are heterogeneously

distributed: adjacent 0.1 mm2 areas of crushed zone

with similar textures may have 100-fold differences in
carbonate concentration (e.g., 0.05-5 vol.%). One 500
µm long grain of carbonate with intergrown
plagioclase glass was found in the side of a crushed
zone (Fig. 1A). At one end of the grain, smaller
plagioclase and carbonate grains are spread through
crushed pyroxene in a mm-long trail that parallels an
adjacent mm-long trail of chromite grains produced by
shear deformation. The massive carbonate grain
contains all three types of textures which we find to be
characteristic of large carbonate-plagioclase
intergrowths on pyroxene grain boundaries (see
below). The small grains of carbonate and plagioclase
glass are dispersed behind the large grain like the tail
of a comet and resemble other occurrences in crushed
zones. We infer that these and other carbonates in the
crushed zones were derived from impact-melted, grain
boundary carbonates.

Carbonates on pyroxene grain boundaries: Many
plagioclase grains on pyroxene grain boundaries
(~30%) contain carbonates that occur in three textural
types: a) carbonate regions up to 300 µm in size
containing 5-50 vol.% irregularly shaped plagioclase
grains 5-50 µm in size, b) radially zoned carbonate
nodules ~100 µm wide that lack glass [2, 7], and c)
lacy networks of 1-10 µm wide carbonate filaments
that enclose irregular or rounded glass grains [12].
Several large intergrowths are composed of all three
textural types; smaller carbonate occurrences may
form only lacy networks.  Around the carbonate-glass
intergrowths, carbonates and much smaller amounts of
plagioclase glass appear to have been dispersed <1000
µm along adjacent pyroxene fractures and grain
boundaries (Fig. 1B). The proportion of carbonate in
the adjacent pyroxene appears to be related to the
degree of fracturing.  In some heavily fractured
regions, there is more carbonate in the fractured
pyroxene than in the plagioclase glass. We infer that
preexisting plagioclase-carbonate grains on the grain
boundaries were shock melted; the melts were partly
mixed and dispersed into adjacent fractured pyroxene.
Textural complexities within the glass-carbonate
intergrowths may reflect  incomplete mixing of
viscous plagioclase melt with carbonate melts,
crystallization of carbonate from multiple nucleation
sites within the mixture, and possible transient
formation of a high-pressure phase of plagioclase
composition [see 17]. Raman spectra of several grains
with plagioclase-like compositions show broad
features characteristic of glass and totally lack shock
features from crystalline phases [18].

On Mg-Fe-Ca plots, all types of carbonate grains
show very similar trends; the trajectories and the
relative densities of analyses along the trajectories are
indistinguishable. Except for the Mg-rich microdisks,
all grains appear to have similar bulk compositions.
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Discussion:  Formation of carbonates from plagioclase
glass [2, 5, 6] appears incompatible with the observed
distribution of carbonate and glass. Veins of glass are
shorter and thinner than many carbonate veins;
plagioclase disks have not been observed;  and
intergrowths of carbonate and glass are relatively rare
except on pyroxene grain boundaries and seldom
show what could be regarded as replacement textures.
Replacement of glass by carbonate requires complete
removal of Na, Al, and Si without the formation of any
of the phases associated with terrestrial replacement of
plagioclase by carbonate [5]. Formation of carbonates
in pores from fluids cannot account for the carbonate-
glass intergrowths on pyroxene grain boundaries.

The high abundance of carbonates in fractured
pyroxene around some large grain boundary
carbonate-plagioclase grains (Fig. 1B) and their
absence in adjacent regions of fractured pyroxene is
very difficult to understand if carbonates grew from an
externally derived fluid that percolated through
fractured rock.  The heterogeneous distribution in
fractures requires that carbonate must have crystallized
from the fluid faster than the fluid could penetrate
along fractures.  This is precisely what we should
expect if grain boundary carbonates had been shock
melted and partly injected into cooler, fractured
pyroxene. Carbonates are heterogeneously distributed
in silicate fractures and crushed zones because they are
derived from preexisting carbonates that were widely
separated on pyroxene grain boundaries (up to a cm
apart), and carbonate melts were typically mobilized
along fractures <1 mm.

Carbonates in fractures in ALH84001 have many
features of shock-melted minerals that are minor
constituents in meteorites that were largely unmelted,
e.g., FeS in strongly shocked chondrites [13, 14], SiO2
in ALH84001 [8]. Arguments against formation of
carbonates at high temperatures [4] do not apply to
rapid formation in seconds from small amounts of
impact melt.   Kirschvink et al. [15] inferred that
pyroxene grains in the crushed zones were not heated
above 110°C after they cooled in the martian magnetic
field prior to crushing.  However, crushed zones once
contained plagioclase melts [9], and locally
recrystallized microtextures formed at high
temperatures after crushing (8). The shock that melted
plagioclase probably heated pyroxene by a few
hundred degrees C. Large O isotopic fractionations [4]
may reflect partial decomposition and loss of CO2
during crystallization [16]. Confirmation of this model
requires experiments to test whether carbonates in
pyroxene can be shock melted and whether quenched
carbonate melts can initially crystallize metastable Ca-
rich carbonates.

References: [1] McKay D.S. (1996) et al. Science 273,
924. [2] Treiman A.H. (1995) Meteoritics 30, 294. [3]
Mittlefehldt D.W. (1994) Meteoritics 29, 214. [4]
Valley J. W. et al., (1997) Science 275, 1633. [5]
Gleason J.D. et al. (1997) GCA 61, 3503. [6] Turner G.
et al. (1997) GCA 61, 3835. [7] Harvey R.P. and

McSween H.Y. Jr. (1996) Nature 382, 49. [8] Scott
E.R.D., Yamaguchi A. and Krot A.N. (1997) Nature
387, 377. [9] Romanek C.S. et al. (1995) LPS 26, 1183.
[10] Joreau P. et al. (1997) MAPS 32, 309. [11]
Ashworth J. (1985) EPSL 73, 17. [12] McKay G.A. et
al. (1997) MAPS 32, A87. [13] Keil et al. (1992) Icarus
98, 43. [14] Britt D.T. and Pieters C.M. (1994) GCA 58,
3905. [15] Kirschvink J.L. et al. (1997) Science 275,
1629. [16] Martinez I. et al. (1994) EPSL 121, 559.
[17] Sekina T. and Ahrens T.J. (1992) Phys. Chem.
Minerals 18, 359. [18] Cooney T.F. et al. (1998) this
vol.  This work supported by NASA and NSF.
Fig. 1. Back scattered electron images of carbonates in
ALH84001. (A) Comet-shaped occurrence of
carbonate and plagioclase glass in a crushed zone
(,146). The head (lower left) is composed of carbonate-
glass intergrowths with textures that we observe in
large intergrowths on pyroxene grain boundaries. The
tail (top left) is composed of finely dispersed
carbonate and plagioclase grains in fractured pyroxene
which closely resemble carbonate and plagioclase
glass grains observed elsewhere in the crushed zone.
(B) Abundant irregularly shaped carbonate grains in
fractured pyroxene (left side) next to an intergrowth of
carbonate and plagioclase glass (upper right) located
on the pyroxene grain boundary (,89). The massive
carbonate was first described by A. El Goresy in Maui
in 1997.
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