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Vibrational spectroscopic study of minerals in the Martian meteorite ALH84001
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ABSTRACT

Micro-Raman spectra of carbonates, silica and amorphous plagioclase, and both micro-Raman
and IR reflectance spectra of phosphates in ALH84001 are reported. Data from these vibrational
techniques combined with electron microprobe analyses show that (1) the carbonates exhibit com-
plex compositional heterogeneity on a sub-micrometer scale, (2) the phosphates, chlorapatite and
merrillite, are largely anhydrous, (3) amorphous silica and plagioclase experienced peak shock pres-
sures >32 GPa and >50 GPa, respectively, and (4) vitreous plagioclase was quenched from a shock-
induced melt after relaxation of the peak shock pressure. The observed general Raman band broadening
of lattice and internal modes of carbonates in ALH84001 indicates complex sub-microscopic compo-
sitional heterogeneity and possibly structural disorder. Any search for biogenic markers in ALH84001
must recognize the complex shock and thermal history of these minerals.

INTRODUCTION Langenhorst 1994), occurs as a scattered accessory phase in

The claim of possible evidence of ancient life in the caf\LH84001, although its structure has not yet been identified.
bonate globules of the Martian meteorite ALH84001 (McKayN0Sphates are important interstitial trace minerals in
et al. 1996) has intensified controversy over the origin of the@&H84001 (Mittlefehldt 1994) and other Martian meteorites
carbonates. Proposed alternatives to biogenic formation inclieause they might contain significant amounts of water
high-temperature hydrothermal (Mittlefehldt 1994; Harvey arid-€shin et al. 1996). Plagioclase-composition regions in
McSween 1996); vapor-phase (Bradley et al. 1996) precipiﬁ'—-H84001v although presumably initially crystalline feldspar,
tion, low-temperature fluid-mediated precipitation (RomanelTkave attained their current amorphous character either by melt-
et al. 1994; Valley et al. 1997); replacement of maskelynii(’ég or by soliq state amorphizatign. Correct.interp.retation pf
(Gleason et al. 1997; Kring et al. 1998); or shock melting §1€ 9eochemical and petrographic data requires mineralogical
preexisting carbonates (Scott et al. 1997). Studies of the chefifid structural information for these minor phases. Vibrational
cal and isotopic compositions of the carbonates (Harvey a§ghniques, including infrared (IR) and micro-Raman (e.g.,
McSween 1996; Romanek et al. 1994; Valley et al. 199$harma 1989; Wopenka et al. 1996; El Gorsey 1997) spectros-
Treiman 1997; Leshin et al. 1998; Saxton et al. 1998) ha8PY, can give information on the structures of these minerals
failed to develop convincing constraints on their formation tenf?€réby providing constraints on phase identification, peak
peratures. Also, there is little agreement on pressures and GdtRcK pressure, and possible sub-microscopic exsolution. This
logical processes that affected the carbonates and associgtédy reports confocal micro-Raman spectroscopy directly on
interstitial phases: silica, vitreous plagioclase, and phosphat®éneral grains in polished thin sections of the meteorite
Although chemical (Mittlefehldt 1994; Harvey and McSweeftLH84001.
1996; Gleason et al. 1997; Scott et al. 1997) and isotopic
(Romanek et al. 1994; Valley et al. 1997) zoning in the carbon-
ates are well characterized, the degree of structural disordep@nples
not known. Detailed chemical analyses of ALH84001 carbonates in the

Petrographic and structural studies on other accesstitgrature (Mittlefehldt 1994; Harvey and McSween 1996;
phases in ALH84001 can provide additional constraints on tldeason et al. 1997; Scott et al. 1997; Kring et al. 1998) indi-
petrogenetic history of the rock. Silica, which is a sensitivaate a zoning trend from ferroan dolomite to nearly pure mag-
indicator of the degree of shock metamorphism (Stoffler amesite with an abrupt compositional gap between the inner
zoned core and the outer magnesite mantle. Figure 1 is a
backscattered electron image of a representative irregular car-
bonate patch showing the locations of Raman microprobe
*Current address: Avanex Corporation, 42501 Albrae Streéfjalyses of the mantle and core regions ("1 and “2", respec-
Fremont, California 94538, U.S.A. tively, in Fig. 1). These spots are located on either side of the
TE-mail: sksharma@soest.hawaii.edu inner ring of opaque inclusions (thin bright strips in Fig. 1)

EXPERIMENTAL PROCEDURES
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FIGURE 1. Backscattered electron
image of chemically zoned carbonate
(labeled, “carb”) in orthopyroxene (px)
in ALH84001,6 showing location of
micro-Raman analyses (points marked as
1 and 2).

demarcating the compositional gap between the magnesite makéleé using a beam current of 5-10 nA, well-analyzed standards,
and more calcic core. Figure 2 presents backscattered elecand a ZAF correction procedure. Reference Raman spectra of
images of the silica grain and intergrown phosphate phases t&ve microscope slide and mounting epoxy in each thin section
amined here. Electron microprobe analyses are in Table 1. Analere also recorded to guard against mis-identification of spec-
ses with a rastered electron probe beam show that most feldspathicpeaks arising from thin section substrates.
grains have plagioclase stoichiometry aroungl AyOr; s (Table The confocal micro-Raman system used here was described
1; Mittlefehldt 1994; Scott et al. 1997). in detail by Sharma et al. (1996). Raman spectra were obtained
Based upon the microprobe analyses, the phosphate nifom selected ~um spots and with axial resolution ofu2n
eral designated “Cl-apt” in Figure 2b is identified asising a modified Leitz Ortholux | petrographic microscope,
chlorapatite. Based upon the same set of electron micropraioepled to a Spex Triplemate grating spectrometer outfitted
analyses, as well as Raman, and IR spectroscopy (see belait)y a multichannel photo-detector (either a Photometrics or
the phosphate mineral designated “merr” is identified d&inceton Instruments liquid-nitrogen-cooled CCD). An inter-
merrillite. This phase, which was previously misnamed “apaal moveable prism assembly at the top of the microscope was
tite” (Mittlefehldt 1994), is commonly called “whitlockite” used to toggle the light path between the eyepiece and the spec-
(e.g., Boctor et al. 1998). However, Dowty (1977) has showrometer. All experiments were performed in 18@ckscatter-
that whitlockite and merrillite are structurally distinct minering geometry using a 48lichroic beam splitter housed midway
als and that the name whitlockite should only be used for thwithin the microscope tube to direct part of the incident laser
hydrous mineral, which occurs on Earth but is absent in luna@am (At 488.0 or 514.5 nm) vertically downward through
rocks and chondrites. We follow Dowty’s suggestion (Dowtthe objective and onto the sample. The same 160X microscope
1977) as the IMA Commission on New Minerals and Mineralbjective with numerical aperture (N.A.) of 0.95 was used for
Names (Rubin 1997) approved it. Microprobe reconnaissartoath focusing the laser to auin diameter spot as well as for
suggests that merrillite is more abundant than apatite éollecting Raman backscattered light from the sample. Most

ALH84001. spectra were obtained using a 1200 grooves/mm grating with
slits set for 4 cnt resolution, although a few spectra of the
Raman spectra lattice mode region of carbonates were obtained using a 1800

All results reported herein were obtained from minor mirgrooves/mm grating and 3 chnesolution. In these higher reso-
erals located within pyroxene inter-grain boundaries ilmtion spectra, it was not possible to measure simultaneously
ALH84001,6 and ALH84001,146. Confocal micro-Raman antie strongest C-O stretching mode (near 1096¢)anith the
Fourier-Transform IR reflectance spectra were obtained frazarbonate lattice modes because of high dispersion.
carbonates, phosphates, silica, and amorphous plagioclase. Onl¥he simple confocal modification used in the Raman analy-
a single hemispherical silica grain was found that was largis of thin sections consisted of spatial and/or N.A. filters placed
enough for Raman analysis. Mineral compositions were arigetween the microscope and the spectrometer. The N.A. filter
lyzed with a Cameca Camebax electron probe analyzer at(iL8., f-stop) consisted of a set of mutually perpendicular slits
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TABLE 1. Electron microprobe analysis (in weight percent) of minerals in ALH84001

No. of analyses SiO, Al,O; Cr,0; FeO MnO MgO CaO Na,O K,O Cl P,0s Total
Carbonate 11 1| 0.05 <0.02 0.1 1.1 0.1 45.4 2.6 0.1 <0.02 * * 101.9**
Carbonate 21 1| 0.1 <0.02 0.1 22.6 0.3 25.8 4.8 0.2 <0.02 * * 100.3**
Silicat 7 97.3 0.03 <0.03 0.27 <0.02 <0.02 0.03 0.11 0.04 * * 97.74#
Phosphate (merr)8 6 0.05 <0.03 <0.03 0.73 0.04 3.4 46.6 * * <0.03 45.7 96.52#
Phosphate (Cl-apt)§ 2 0.22 <0.03 <0.03 0.18 0.03 0.04 53.7 * * 44 409 99.47
Plagioclase Phase 1l 59.9 25.3 0.1 0.4 <0.02 <0.02 6.8 7.3 0.62 * * 100.42

* Not analyzed.

T Figure 1. These compositions were estimated based on analyses of several carbonate grains.

¥ Figure 2a.
8§ Figure 2b.
|| Representative analysis of phases.

# Low total probably due to use of a pyroxene standard for Si analyses.

** Sum includes CO, calculated assuming stoichiometry.

FIGURE 2. Backscattered electron
images of minerals in ALH84001,6a)(
Hemispherical silica grain (labeled, “sil”)
associated with carbonate and plagioclase
glass (pl) in an inter-grain boundary; and
(b) Inter-grown phosphates, chloroapatite
(labeled, “Cl-apt” )and merrillite (labeled,
“merr”), in an inter-grain boundary.
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attached to the microscope. The spatial (confocal) filter con- RESULTS AND DISCUSSION
sisted of two co-axial mutually facing microscope objectiveSsrhonates
and an intervening piece of metal foil with aj2@ round pin-

hole. Collimated scattered light collected by the microscope The R_amgn bands shown n Figure 3 mclutiie two lattice
was focused onto and through the pinhole by the first objec’[ir\PeOdes (librational and translational) below 345camd the
(O-C-0O in-plane bending) mode of carbonate ion near 730

and re-collimated by the second objective. Va

1 i -
Experimental trade-offs exist between spectral quality and" (White 1974). Concurrently, the, Raman band corre

spatial resolution in confocal micro-Raman analyses of petrs oonding to the C-O symmetric stretch mode (Fig. 4) ranges

graphic thin sections. The small laser beam spot size (roug r%m nc;ar 108|4 to nc?rarb|10?4tt|::mnbacgord Wt'th elgct;ﬁn nr:"
1 um diameter with the 160objective), necessary for lateralSTOPrOPe analyses (Table 1) the band positions in the Raman

and depth spatial resolution, also gives rise to extremely hi?ﬁectrum of the mantle region are similar to those of pure mag-

| - esite whereas those of the inner core regions are significantly
aser power densities at the sample (on the order of 3 MW/c oader and shifted toward lower wavenumbers than ferroan ma
for 30 mW total power). Unfortunately, Raman signal streng 9

only depends on the total available laser power (i.e., not povVgrS'te'.Thg Raman bands of the meteoritic carponates are, how-
ver, significantly broader than any of the terrestrial end-members

density). The degree to which any given mineral grain can tfl .
erate such power densities without damage depends upo S €9 Herman et al. 1987). Also, spectra obtained from the

N . . i - non-mantle carbonate regions often exhibit band asymmetry (e.g.,

intrinsic properties—thermodynamic stability and optical a 212 et band of Fi 3) and partial splitting (Figs. 3 and 4), and

sorbance—.as well as .the comparable propert!es of any inclu teey invariably disp?I.ay a brogd bandpnearg674?er.nd weakér

phages. Minerals grains particularly susceptible to laser dab 1ds near 368 and 410 énThese latter three bands orob-

age include those that are strongly colored (such as the carbcﬁy arise from magnetite (Wang et al. 1998), which is known
i ' '

ates and pyroxenes of ALH84001), have sub-microscopa d sub-mi icinclusi in thi |
opaque or colored inclusions (such as ALH84001 carbonatet PCCUF as scattered sub-microscopic inclusions in this sample
and those that are thermodynamically unstable (such as the h cKay et al. 1996).

pressure stishovite form of silica that could be present in

shocked meteorites). Clear, inclusion-free minerals such as feld-

spars, feldspar glasses, and possibly phosphates present few:
problems because most of the beam energy is simply transmit-

—

330

. - Magnesite 738
ted through the sample. As a compromise, variable laser power, 212 /
approximately 30 mW for Raman analyses of vitreous plagio- 80
clase (ALH84001,146) and 4 mW or less for Raman analysgs Siderite 735

of carbonates, silica, and phosphates (ALH84001,6), was us@d
such that acceptable spectra were obtained without produci'fgg
visible beam damage. 5
In addition, the confocal modifications attenuate a signifi;
cant proportion of the spectral intensity. The combined effects
of low laser power (for some mineral grains), confocal optics%
and small Raman scattering cross sections (for some phas?_és

ALH84001 - Mantle
3

739
P /

368"

ALH84001 - Core
410*

674"
/ 3;3

especially silicate glasses) results generally in low intensity.
Furthermore, virtually unavoidable fluorescence from mount-

310
207
ing epoxy (which has been subtracted from the presented spec-/\j\ Qc)ﬂ\ Mech. Mixture, Breunnerite
171 \
200 300 400

tra) adds a significant degree of “shot noise” but no usable & Fe-Dolomite - Calc.
“signal.” Therefore, the signal-to-noise ratios in the spectra were 500 00
enhanced by using long exposure times. Exposure times of :
approximately one hour were used for each of the spectra re- Raman Shift (cm™1)
ported here. These gondltlons have produced ad_equate-quallt){:lGURE 3. Confocal micro-Raman spectra (lattice-mode spectral
spectra for most grains except, perhaps, for the single analyg(%]lon) of the irregular carbonate globule from ALH84001,6 obtained
silica grain which had limited thickness and which was angith 1800 gr/mm grating at 3 cfnresolution. Meteorite carbonate
lyzed with low laser power. spectra (third and fourth curves from top) compared to those of
terrestrial MgCQ (upper curve), FeC{dsecond curve from top) and a
Infrared reflectance spectra calculated spectrum (lower curve) representing the expected results
Infrared reflectance spectra were obtained with a Spectf@-a mechanical mixture of ferroan magnesite and ferroan dolomite.
Tech IR-Plan microscope interfaced to a Bomem DA3 |:T|_§urve_Iabeled“‘mantle" takgn between two concentric band_s of opaque
spectrometer equipped with a KBr beam splitter and a liquitfc!usions (point no. 1 of Fig. 1); curve labeled “core” obtained from
nitrogen-cooled MCT detector. Analyses were obtained fl,o(r}]aFe-carbonate-enrlched central region (just within inner opaque ring,

ircular 10 di t . th le by i " point no. 2 of Fig. 1). The meteorite carbonate spectra (third and fourth
cireu ar, Oum diameter I’egIOI’.]S onthe Samp e by mse,r, Ir]gc%rves from the top) have been corrected for fluorescence by subtraction
block with a 1 mm hole at the image plane (i.ex tiagnifi-

) . - of a sloping baseline. See text for further discussion. Peaks marked
cation) at the top of the microscope. A gold foil standard Wagih asterisks are from either mounting epoxy (63820 included
used for the reference spectra. magnetite.

700 800
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of two bands below 200 cty Fig. 3), shoulder development
S Magnesite (i.e., 1084 cni shoulder on 1090 crhband, Fig. 4), and asym-
a metry (312 cmt band, Fig. 3). These features suggest that the
ALHB84001 carbonates are either multiphase or composition-
g Siderite ally heterogeneous on a submicroscopic scale. However, the
- greater widths and variability of the ALH84001 carbonate

>
g ___________ ~N Raman bands than those in the calculated spectra suggest that
o) 3 ALH84001, 6 - the compositional heterogeneity is more complex than simple
O o Mantle two-phase unmixing. Although a range of compositions is sug-
= % gested by these data, the occasional split bands and shoulders
Fz ALH84001 .6 - (Figs. 3 and 4) suggest the presence of some proportion of a
9 é Core separate Ca-enriched carbonate (dolomite or possibly calcite)
) —— - ] in carbonates whose bulk compositions are close to the MgCO
T | , FeCQ join.
fg\ m&gur}grj'%%/c' Raman band broadening has been observed in single-phase
- synthetic and biogenic magnesian calcites (Bischoff et al. 1985)
1000 1050 1100 1150 1200 @s a result of both cationic mixing disorder and anionic posi-
Raman Shift (cm1) tional disorder (tilting of C&¥-ions out of the crystallographic

basal plane). The lattice mode bandwidths of biogenic magne-
FIGURE 4. Confocal micro-Raman spectra (C-O stretch spectréian calcites are greatgr ?‘nd more V?'r'able than those of syn-

region) of the irregular carbonate globule from ALH84001,6 shown #R€tic carbonates of similar composition because of greater
Figure 1. Meteorite carbonate spectra compared to the measured sp@@fitional disorder (Bischoff et al. 1985). As in the Raman spec-
of terrestrial magnesite, siderite and a calculated spectrum representiagof biogenic carbonates, the carbonate lattice mode vibra-
the expected results for a mechanical mixture of breunnerite and ferrg@ms in ALH84001 are similarly broad and variable (Fig. 3).
dolomite. Curve designations are same as in Figure 3. The spectrglefvever, there are currently no systematic studies of the varia-
Figure 4 were not obtained simultaneously with those of Figure 3, kit of Raman band positions and widths as a function of com-
an attempt was made to re-visit the same spots (marked in Fig. 1ha8iition for Fe-bearing carbonate solid solutions like those in
closely as possible. ALH84001. As discussed above, part of the band broadening

may be the result of complex sub-microscopic compositional

heterogeneity. Further experimental studies are thus required

The chemical zonation trend of ALH84001 carbonateas test whether the general Raman band broadening in

crosses a miscibility gap and Valley et al. (1997) have thas H84001 carbonates is the result of biogenic origin, cation
speculated that these carbonates may exhibit sub-micromeligorder, quenching from high temperatures, partial sub-soli-
phase exsolution characteristic of low temperature growth. @ias unmixing, or some other cause.
address this question, we compared the observed ALH84001
carbonate Raman spectra with calculated Raman spectraslilpa
simple mechanical mixtures of breunnerite and ferroan dolo- The Raman spectrum of the silica grain (Fig. 5a) shows
mite having the same bulk composition (specificallyproad features indicating it is predominantly amorphous. The
Cay o & 20V 6,C0O;) as that estimated for the carbonate at poimteak, sharp peak at 462 dris attributable to a minor propor-
“2" of Figure 1. In this calculation, we used (1) the carbonatén (1-5%) of crystalline quartz; the band at 400'cmay
end-member Raman band positions of magnesite, siderite, tesult from a trace amount of tridymite. There is no evidence
lomite, and ankerite (Herman et al. 1987); (2) our own meaf the diagnostic Raman bands of other crystalline silica poly-
surements of spectral band width of magnesite, dolomite, andrphs (stishovite, 753 ctn cristobalite, 416 cri coesite,
siderite; (3) an assumption of linear change of band positi6a1 cnt).
and band width with composition in each solid solution series The Raman spectrum of the silica grain is similar to that of
(breunnerite and ferroan dolomite); (4) Gaussian band shapg;thermal glass (Fig. 5) in the low-wavenumber region (Sharma
(5) an assumption of co-existing phase compositions respet-al. 1981) but exhibits a distinct shift of the mid-frequency
tively along the MgC@FeCQ and CaMg(C@),-CaFe(CQ), band to greater wavenumbers (from 797 to 814)cithe high-
joins; and (6) no Fe/Mg partitioning between the two hypavavenumber features are too weak to discern in this microscopic
thetical carbonate phases. The latter two assumptions saenple; the small 1100 chfeature is probably spectral con-
roughly consistent with analyses of terrestrial carbonate phaamination from the glass slide. Raman spectra of laboratory
assemblages (Essene 1983). These simulated spectra exbifditked quartz revealed significant residual crystallinity (strong,
fully or partially resolved “doublets” in the lattice-mode resharp Raman peaks) up to peak shock pressures of 31 GPa
gion (Fig. 3) but only show slight broadening or developme@icMillan et al. 1992) but a rapid change to total amorphization
of asymmetry of other bands, as compared to Raman speatrpeak pressures near 32 GPa (Champagnon et al. 1996). Within
of single-phase carbonates (Fig. 4). The ALH84001 carbotire uncertainties of interpreting peak shock pressures (Sharp
ates—especially those of the CaFe-enriched inner region®tal. 1997; Chen et al. 1996), the largely glassy character of
appear to exhibit similar splitting (i.e., the apparent presenigtee ALH84001 silica grain spectrum thus suggests peak pres-
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cant deviations from plagioclase composition (Scott et al. 1997).
a Raman studies are needed to understand the origin of the feld-
spathic phases and to constrain their shock history.

Shock amorphization effects in feldspar are thought to be
similar to those of silica because of the similar tectosilicate struc-
tures in both crystalline and glassy states (Richet and Gillet 1997).
The existing Raman data on feldspars shock-amorphized in the
laboratory at peak shock pressures up to 50 GPa (Velde et al.
1989) suggest that the spectra are highly variable and slightly
different from compositionally similar thermal glasses. Heymann
and Horz (1990) noted progressive weakening and ultimate dis-
appearance of crystalline-related Raman and XRD peaks in ex-
perimentally shocked oligoclase and microcline near 30 GPa.
Progressive band broadening and loss of spectral detail in IR
spectra of shocked feldspar have also been interpreted in terms
of progressive increase in glassy fraction with increasing shock
pressure (Velde et al. 1987). Static amorphization of anorthite
was first noted from IR spectroscopy of material recovered from
high-pressure diamond anvil studies (Williams and Jeanloz 1989).
More recently, detailed Raman and synchrotron XRD study of
static compression and amorphization of anorthite up to 30 GPa
(Daniel et al. 1997) has shown the dependence of amorphization
pressure upon deviatoric stress, and the important role of de-
compression history on the degree of amorphization in recov-
ered pressure-quenched samples. Specifically, it was found that,
although the Raman spectrum of recovered pressure-amorphized
anorthite is similar to that of thermal glass, there is an increase
in the relative intensity of the 580 chshoulder, suggesting a
non-reversible increase in the proportion of three-member alu-
minosilicate rings (Daniel et al. 1997).

ALHB4001 .6 The intermediate character of the ALH84001 vitreous feld-
spar spectrum between those of the synthetic end-member glasses
(Fig. 5b) is consistent with its average composition of approxi-
9 | mately An; (Mittlefehldt 1994). Raman spectra of several other
400 600 800 1000 1200 1400  Vitreous feldspar grains do not show any significant deviations
Raman Shift (Cm'U from the spectrum illustrated in Figure 5b. The lack of spectral
evidence of densification, as would be characterized by increase
in intensity (Daniel et al. 1997) of the 580 €mhoulder, and

FIGURE 5. Confocal micro-Raman spectra ad)(silica in  the similarity of spectra from multiple grains, in contrast to
ALH84001,6 (Fig. 2a) andj vitreous plagioclase in ALH84001,146 g nificant variability (Velde and Boyer 1985; Velde et al. 1994)
compared to those Of. sym.het'c them.]"."l glasses. La.bEIS Abloo. -observed in Raman spectra of shocked feldspars from a single
An100 denote synthetic albite-composition and anorthite-composition . . . .
thermal glasses, respectively. §amp|e or thin sectlon,' together suggest that.thls glass achieved

its final structural configuration from quenching of a melt at a
lower pressure than that required for solid-state amorphization.
Because there is clear petrographic evidence that the feldspar
sures at least 32 GPa. Because of the residual crystalline pewis, amorphized by shock (Scott et al. 1997), the spectroscopic
it appears that this particular silica grain was not melted. If thesults thus suggest that this material was quenched from a high-
silica was, in fact, shock melted, much higher peak pressutegiperature, low-pressure (less than several GPa) liquid asso-
are within reason. In fact, other silica grains in the rock dwated with residual heat from the shock event. This shock event
appear to have been melted and mobilized (Scott et al. 199%ps of sufficient intensity (ca 50 GPa) to completely melt or
amorphize pre-existing crystalline feldspar (Stéffler 1984). The
Amorphous feldspar existence of feldspar melt is consistent with the observation of

Feldspathic glasses in ALH94001, as in most Martian megaction between feldspar and carbonates at their interface
teorites are optically isotropic due to shock. Previous authdByearley 1998).
have generally assumed that these phases, often called
maskelynite, formed by solid-state processes (Stoffler 1986j10sphates
However, in ALH84001, some grains appear to have flowed In phosphates, water (as well as fluorine and chlorine) be-
into fractures as melts, contain rare vesicles, and show signfifaves as a compatible trace component and these minerals are

462

400

ALH84001,6

Intensity (arbitrary)

Ab100
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therefore very sensitive indicators of water availability (Dowtphosphates formed in the absence of water or else were de-
1977). The identification of the Mg-bearing phosphate phagassed during shock. Although nothing is known about pos-
as merrillite B-Ca-phosphate structure) is made by comparirgible shock amorphization of phosphates, static amorphization
its Raman and IR-reflectance spectra (Fig. 6) to those of syrtcurs at pressures near 10 GPa (Vaidya et al. 1997), some-
thetic phosphates having tReCa(P0O,), structure (Mooney et what lower than for feldspars. Truncations of phosphates at frac-
al. 1968; de Aza et al. 1997). Petrographic study indicates thate zones indicate that these minerals predate shock events,
most of the phosphate in this rock is, in fact, merrillite, anget coarse-grained apatite and merrillite occur next to shock-
that the two phases exhibit a replacement relationship. Imppreduced plagioclase glass (Fig. 3b). The possible explanations
tantly, the structure of anhydrous merrillite (known from thare either (1) that the shock experienced by ALH84001 did not
Moon and chondritic meteorites) is different from that ofroduce diaplectic phosphate glass, (2) phosphates devitrify
whitlockite (terrestrial), which preferentially incorporates wamore readily than feldspars, or (3) phosphates crystallized from
ter (Dowty 1977). a phosphate shock melt, whose formation may have been aided,
The bands between 947 and 974%nvhich are strong in in the initial stages, by water of dehydration from precursor
the Raman spectra and of intermediate intensity in the IR origiydroxyapatite. Some apparent re-mobilization of phosphate
nate from thev, symmetric stretching mode of BGons adjacent to pyroxene (Fig. 2b) favors the latter hypothesis.
(O’Shea et al. 1974). Bands in the 1000-1156" cegion of
all spectra (Fig. 6), which exhibit opposite relative intensities, CONCLUSIONS
result from antisymmetrig; vibrations (Mooney et al. 1968).  Confocal micro-Raman spectroscopy provides valuable
In the 1400 and 1700 chregion of IR reflectance spectra ofcomplimentary structural information with a few micrometers
these phosphates (not shown in Fig. 6) no evidence was fouesolution on both crystalline and glassy phases in Martian
for the presence of OH or moleculag® The Raman spec- meteorite ALH84001. The observed general Raman band broad-
trum of merrillite shows no evidence of the P-OH stretchingning in ALH84001 carbonate spectra indicates complex sub-
band that occurs at 923 crin spectra of terrestrial whitlockite microscopic compositional heterogeneity and possibly
(Jolliff et al. 1996). Also absent, from the Raman spectrum structural disorder. The information from amorphous silica and
ALHB84001 apatite is any indication of the Oitbrational band plagioclase clearly indicates that carbonate and other minor
at 655 cm® characteristic of hydroxyapatite (O’'Shea et aphases in ALH84001 have experienced complex thermal and
1974). Together, these data indicate either that the ALH8406Hock histories, including possible post-shock annealing and
melting. Future controlled laboratory studies on structural dis-
order and its Raman spectral expression in Fe-Mg-Ca carbon-
ates and on shock metamorphism of phosphates are needed to
better constrain this complex history. This structural evidence
must be recognized in the interpretation of chemical and isoto-
pic data and in any search for biogenic markers.
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