MINERALOGY OF CARBONACEOUS CHONDRITIC MICROCLASTS IN HED ACHONDRITES: A TENTATIVE SAMPLING OF THE PAST MICROMETEORITE FLUX IN THE INNER SOLAR SYSTEM.

INTRODUCTION.

Carbonaceous Antarctic micrometeorites with sizes ranging from 25 µm to 600 µm collected in the terrestrial southern polar cap since 1987 (Maurette et al 1991, 1994; Gounelle et al 1999) are by far the dominant extraterrestrial matter accreting Earth at the present time (Love and Brownlee 1991). Numerous chemical, mineralogical and isotopical studies (see Maurette (98) and Engrand and Maurette (99) for reviews) have shown that AMMs consit of a new solar system population related mainly to the C2 chondrites and rather to CM2 than to CR2 carbonaceous chondrites (Engrand et al 1999). Only 5% of them are related to the CI1 carbonaceous chondrites (Kurat et al 1992) and less than 1% to ordinary chondrites (Walter et al 1995). As a consequence, it happens that the dominant matter accreting Earth at present time is under the form of micrometeorites and is a CM2-like material. Has this observation been always true ? In other words, was CM2 dust the bricks of solar system ? 

Unfortunately, the oldest micrometeorite known on Earth has been retrieved from a sediment « only » 1.4 Ga old (Kettrup et al, 1999) and cannot provide any information on the composition of the micrometeorite flux at the solar system’s dawn. The only chance we have to sample older micrometeorites is to look for them in stones that have not been reprocessed such as stones in the terrestrial environment were. These unprocessed stones are nothing else but meteorites. 

HED meteorites have since long been known to contain many dark inclusions that they incorporated during the first phases of solar system (B, W). The most comprehensive work on these dark clasts has been performed by Zolensky et al (1996) who studied 76 millimeter-sized carbonaceous clasts from eucrites and howardites. Unfortunately, the size of the objects studied by Zolensky and collaborators by far exceeds the AMMs’ size and corresponds to a size range which is known to contribute very little to the composition of the extraterrestrial matter flux onto Earth (Love and Brownlee, 1991). The purpose of our study is to examine the same HED meteorites’ sections that contains the millimeter-sized clasts studied by Zolensky et al (1996) to look for carbonaceous micrometeorite-sized clasts (hereafter carbonaceous chondritic microclasts, abbreviated as microclasts).

The mineralogical study and the thorough classification of the microclasts in HED meteorites will enable us to address several exciting problems togrther with the variations of the composition of the micrometeorite’s flux. First, the study of carbonaceous chondritic microclasts per se may reveal mineralogical associations recording very specific conditions (such as temperature, fluid pH or pressures…) so far unknown from any carbonaceous chondrites groups. Second, comparing carbonaceous chondritic microclasts to their larger counterparts may help to resolve the conundrum we face on Earth: why is it that small particles such as AMMs yet related to the CM and CR  carbonaceous chondrites groups show many differences with both groups (Kurat et al 1994, Engrand et al, 1999a 1999b) ? Is this observation specific to Earth at the present time or was it valid over the solar system history ? Finally, the very identification of the microclasts’ petrographic class (C1, C2, C3 or other) and maybe an even more rafinate classification will enable us to appreciate eventual variations of the composition of micrometeorite’s flux on Earth.

EXPERIMENTAL PROCEDURE.


We chose to examine 4 achondrites thin sections already studied by Zolensky et al.(1996): three  howardites (Jodzie, Kapoeta, Y793497) and one eucrite (LEW 87295). To seek possible correlations between the abundance of millimeter-sized clasts and the abundance of microclasts we chose a Jodzie section containing 9 CM2 and 2 CR2 millimeter-sized clasts (demonstrating a ratio CM/CR ~ 4.5 close to the average ratio of 5 found by Zolensky et al. (1996)), a Kapoeta thin section containing 2 CM2 and no CR2 millimeter-sized clasts and a Y793457 thin section containing 2 CR2 and no CM2 millimeter-sized clasts. The eucrite LEW87295 was chosen because it contains a unique, heated CM2 clast.


We performed a systematic scanning of the 4 selected thin sections with a total area of ~5 cm2 and decided according to the clasts’ textures and to qualitative EDX analyses whether we faced a genuine foreign clast or an impact melt clast (which were found to be very abundant in the three howardites). An International Scientific Instruments SR-50 Scanning Electron Microscope operated at 25 kV and equipped with an Oxford SiLi EDX detector was used for this location task. Backscattered Electron Images (BSE) of selected chondritic microclasts were taken with a PHILIPS XL 40 Field Emission Gun Scanning Electron Microscope. The mineral grains and matrix of the same selected microclasts were analyzed using a SX100 CAMECA Electron Microprobe operated at 15 kV with a beam current of 20 nA. All analyzes but a few bulk ones were performed using a focused beam having a diameter of ~ 1 µm. Detection limits are below 1000 ppm for all elements analyzed but P (1056 ppm) and S (1418 ppm). Natural as well as synthetic standards were used. Matrix samples of a restricted amount of microclasts were also carefully handpicked for more detailed characterization by Transmission Electron Microscopy (TEM). This was done using ultramicrotomed sections of grains embedded in EMBED-812 mow-viscosity epoxy. We observed the microtomed sections using a JEOL 2000FX STEM equipped with a LINK EDX analysis system.

RESULTS.

We found a grand total of 75 microclasts having a total superficy of ~9 mm2, 42 of them being studied in detail. Sizes range from 25(25 µm(µm to 500(800 µm(µm. Carbonaceous microclasts are heavily cracked independently of the host meteorite considered. A large range of morphologies such as rounded, elongated, angular and irregular have been observed. As already noted by Bunch et al (1979), Jodzie contains the largest amount of carbonaceous clasts per unit of surface (see table 0). Most of the microclasts consist of a phyllosilicate-rich matrix supported olivine-pyroxene-phyllosilicate sulfide aggregates, loose olivine and pyroxene crystals, tochilinite associated with serpentine, sulfides and magnetite. Metal is rare, Calcium-Aluminum rich Inclusions (CAIs) and chondrules are very rare (2 chondrules were found as well as 2 CAIs). We will refer to the microclasts using their final mineralogical classification (CM or CR) that will be discussed below. Carbonaceous chondritic microclasts will be successively presented in the four achondrites rather than on the basis of the mineralogical classification so that diversity of clasts -pertaining to the same mineralogical class- within each meteorite can be appreciated.

Microclasts in the Y793497 howardite.

In the Y793497 section we chose to study, Zolensky et al. (1996) described 2 CR2 and 0 CM2 millimeter-sized carbonaceous chondritic clasts. We found 18 CR and 8 CM carbonaceous microclasts. 14 CR and 5 CM clasts were studied in detail.

The choice of an Antarctic meteorite can be contested as significant mineralogical alteration has occurred during exposure on blue ice fields in Antarctica (Gooding). This thin section was however the only one at our disposition that contained CR2 and no CM2 millimeter-sized clasts. The catalog of Antarctic meteorites classifies Y793497 as slightly weathered (Photographic catalog of the Antarctic meteorites, NIPR, Tokyo, 1987). This observation, together with the fact that metorites residence times on Yamato blue ice fields are known to be relatively short, i. e. peaked at 100 000 years (see e.g. Zolensky 1998), confers a certain confidence in the mineralogical study of the Y793497 howardite. 


CR microclasts.
Clasts #8, 15, 17, 22, 31, 32, 34, 43, 44, 52 and 53 in Y793497 have sizes ranging from 50(40 µm(µm to 300(200 µm(µm (see figure YI1). They consist of matrix supported magnetite (very abundant), iron-nickel sulfides (abundant), Fe-rich serpentine (common), olivine and spinel (very rare). Magnetite occurs as framboidal aggregates, plaquettes, spherules and  subhedral to euhedral crystals. Plaquettes which sit in phyllosilicates may have grown in somewhat different conditions than for Orgueil [Hua, 1998 #523] as the intersection of such objects with the polishing cut plan often displays trapezoidal to irregular morphologies (see figure YI2) instead of the usual rounded one. Pyrrhotite is the most abundant sulfide; pentlandite and sulfides of intermediate composition are rare (see table 1). Olivine and pyroxene crystals are very rare except in clast #44. They have very magnesium-rich compositions (Fo98-99 and En98Wo1 respectively), and are heavily cracked (see figure YI5). A bleb of Fe-Ni metal having a composition (see table) typical of CR2 carbonaceous chondrites ([Weisberg, 1993 #495]) sits within an olivine crystal. An isolated spinel was found in the matrix of microclast #52. Fe-rich serpentine having a composition close to that of cronstedtite is common as patches in the fine-grained matrix (see table 3). It appears sometimes as a rim around a mixture of saponite and serpentine. No carbonates were found. Abundant fine-grained matrix (see table 3 for analysis) consists of an assemblage of phyllosilicates (saponite+serpentine, see table 3 for analysis), iron sulfides and magnetite.  The major elements composition of the matrix phyllosilicates (see figure TD) is intermediate between that of Orgueil matrix phyllosilicates [Tomeoka, 1988 #483] and that of CR2 carbonaceous chondrites phyllosilicates [Weisberg, 1993 #495]. 

Some areas of the matrix conspicuously depleted in submillimeter sulfides and magnetite contaminants (see figure YI4) consists solely of smectite (see table 5 for analyses). Average composition (as determined from 5 analyses) of the smectite is (Na0.03Ca0.02K0.01Mg0.12)(Si3.55Al0.43)(Al0.03Mg1.84Ti0.01Cr0.04Mn0.02Fe2+1.01Ni0.03)O10(OH)2 where all iron is assumed to be in the Fe2+state and OH is assumed.  This smectite is a trioctahedral saponite, having a magnesium content (mg* =0.66) intermediate between that of purely magnesian saponite (i.e. purely magnesian) and that of the ferrous saponite (Kohyama et al, 1976). This saponite is significantly richer in iron than the saponite analyzed in CI1 carbonaceous chondrites (mg*=0.85 for Orgueil (Tomeoka and Buseck, 1988)), CI carbonaceous clasts in the Nilpena Ureilite (mg*=0.72 (Brearley and Prinz, 1992)), in CV3 meteorites (mg*=0.93 and 0.91 for Mokoia (Tomeoka and Buseck, 1990; Hutcheon 1998); mg*=0.86 for Kaba (Keller  and Buseck 1990)) and in the thermally metamorphosed carbonaceous chondrite Asuka-881655 (mg*=0.86 (Lipshutz et al, 1998)). Saponite  in the CM1 lithologies described in the  Bench Crater  meteorite recovered on the Moon  (Zolensky 1997) and in the Kaidun meteorite (Zolensky, 1993) is also depleted in iron (mg*=0.99 and mg*=0.75 ) compared to the saponite in micrometeorite-sized carbonaceous clasts. The only saponites so far that have been identified with such a high content in iron have been found in the heated carbonaceous chondrite Y82162 (mg* ranges from 0.40 to 0.67 for the fine-grained saponite and mg*=0.81 for coarse-grained saponite crystals (Zolensky, 1993)), Stratospheric Interplanetary Dust Particles (SIDPs), Antarctic micrometeorites, and the unequilibriated ordinary chondrite Semarkona (see figure 23 in Klöck and Stadermann, 1993). As already noticed for the Bench Carter meteorite, the saponite from carbonaceous microclasts is depleted in Ca2+, Na+ or K+ which are the usual cations lying between octahedral and tetrahedral sheets. In carbonaceous microclasts in howardites as well as in the Bench Crater meteorite, Mg2+ is the predominant cation in the intersheet site. No correlation between mg* and the amount of Mg2+ in the intersheet site was observed. Although saponiite is one of the most common constituant of extraterrestrial materials, it is difficult to obtain high-quality EMPA analyses as it is usually very fine-grained and found in a close association with other minerals like ferrihydrite and/or serpentine (see for example [Tomeoka, 1988 #483], [Weisberg, 1993 #495] and Zolensky, 1993).  Moreover, its composition is usually closer to that of magnesium saponite (i.e. with a moderate content of iron, mg*~0.75) rather than being iron-rich (mg*=0.66).

Microclast #01 in Y793497 is the largest clast encountered in the course of this study (~400(500 µm(µm), it consists almost entirely of fine-grained matrix. Olivine and pyroxene are very rare, only three iron-poor crystals were found (Fo99 and En95Wo3). Magnetite occurs as rounded aggregates surrounded by a saponite+smectite rim (see table 4), as irregular aggregates of anhedral micrometer-sized crystals or as micrometer-sized euhedral crystals (see figure YI6) circularly rimming iron-rich serpentine (mg*=0.39, see table 4). This rim is reminiscent of the magnetite rim frequently observed at the Antarctic Micrometeorites' surface, which formed during atmospheric entry (Kurat, 1994). A sulfide-rich phyllosilicate mixture (saponite+serpentine) is observed as what at first sight would appear as an homogeneous, geometrically well defined phase (see figure YI7 and table 4 for a typical analysis). This object could be a pseudomorph of a previous olivine or pyroxene crystal which has been transformed into saponite+serpentine through aqueous alteration (see below). Matrix of clast 01 in Y793497 is a fine-grained mixture of phyllosilicates (saponite+serpentine), magnetite and abundant sulfides (see table 4 for analyses of the matrix). Iron-rich serpentine often occurs as nicely elongated plates (see figure YI8)  set in a magnesium-rich matrix. 

CM microclasts.
Microclasts Y35 and Y46 show many cracks and some holes; rust is rare but present (see figure YM1). These two clasts consist of a matrix supported assemblage of iron-nickel sulfides, orthopyroxene, olivine, spinel and metal (both rare). Sulfides are pentlandite (29.78-35.49 wt% Ni) and rare troilite (see table 1 for representative sulfide analyses). Clast Y35 contains only orthopyroxene (En96Wo2-En98Wo1) and clast Y46 only olivine (Fo39-Fo96). One of the olivine crystals (Fo75) in Y46 is rounded and surrounded by a phyllosilicate rim (see figure YM2) whose composition is close to that of the matrix: this object is possibly a microchondrule. Matrix (see table 6 for composition) is a mixture of fine-grained phyllosilicates (serpentine +/- saponite), pentlandite and pyrrhotite. The phyllosilicate major element composition (see figure TD) is compatible with a mixture of serpentine and saponite unusual for CM carbonaceous chondites (see figure TD) whose matrix is usually poor in saponite (Zolensky et al, 1993). Some phyllosilicate veins enriched in magnesium (mg*=0.62 to be compared to mg*=0.38 in the matrix) are found across the whole microclast and may record a Mg-rich fluid having circulated throughout the whole clast. 


The entirety of microclast #47 found in Y793497 is a Calcium-Aluminium rich Inclusion (CAI) consisting of an intergrowth of diopside (En47Wo49) and iron-rich serpentine  (mg*= 0.27) seeded with spinel grains (see figure YM3 and table 6). This mineralogical association is typical for CM2 chondrites despite the unusual texture: rather than the sinuous or nodular texture found in CM2 carbonaceous chondrites (McPherson & Davis, 1994 ; Lee & Greenwood, 1994; Greenwood et al, 1994) where a well-defined mineralogical sequence is observed (spinel, iron-rich phyllosilicate, pyroxene) diopside and iron-rich serpentine are found to be thightly intergrown. Moreover, in some places is present within the iron-rich serpentine (figure YM4) a needle-shaped Fe-S rich phase whose composition (see table 6 for analysis) falls into the wide compositional range of the interstratified tochilinite-iron rich serpentine phase (Mc Kinnon & Zolensky, 1984 ; Zolensky et al, 1993). Tochilinite (+ serpentine) has already been reported in CM2 CAIs by Lee & Greenwood (1994) and Mc Pherson & Davis (1994). Presence of tochilinite mixed with the iron-rich serpentine suggests that during alteration, fO2 was low and fS2 was high (Browning,1996).

Microclast #50 in Y793497 is a matrix supported assemblage of olivine, pyroxene, spinel, iron-nickel sulfide, magnetite and tochilinite. Olivine compositions range from Fo98 to Fo99 and pyroxene is magnesium-rich and calcium-poor (En87Wo3 - En98Wo3). Sulfides and magnetite are usually too small (£ 1 µm) to be analyzed by EMPA. Tochilinite occurs together with serpentine as patches in the matrix (see table 6). A 5 µm spinel (see table 6 for analysis) sits in a sulfide-rich mixture of serpentine and saponite having mg* = 0.41 rimmed by an olivine crystal (Fo99). This object (see figure YM5) is distinct from spinel-pyroxene-olivine inclusions described in the Murray CM2 carbonaceous chondrite by Lee & Greenwood (1994) in that it lacks a pyroxene rim and from aluminium-rich chondrules containing olivine described by Russel et al (1996) in that it lacks any evidence for an igneous texture. Matrix of microclast # 50 is a mixture of saponite and serpentine whose composition is unusual for CM carbonaceous chondrites (see figure TD).

Unclassified clast.
Microclast # 36 of Y793497 is a severely fractured object consisting entirely of ferromagnesian matrix supporting rare magnetite crystals (see figure YM6). Crack morphology as well as a somewhat high analytical total of the matrix (see table 6) suggests that this clast has been subject to thermal metamorphism. In this respect it should compare to the Antarctic meteorites Y82162, Y86720, Y8689, A881655 and B7904 that are thought to have endured post-accretional thermal metamorphism (see Ikeda (1992), Matsuoka et al. (1996), Lipschutz et al. (1998)), to the Bench Crater meteorite recovered on the Moon, that suffered thermal metamorphism while encountering our satellite at cosmic velocity (Zolensky 1997) and to the carbonaceous clast from the LEW87295 eucrite described by Zolensky et al. (1996). However, the high CaO (up to 8.6 wt %) and high Al2O3 (up to 9.3 wt %) contents of the matrix have not been reported from those thermally metamorphosed carbonaceous materials. The origin of this high Al2O3 - high CaO ferromagnesian phase is unknown, it may result from the hydrothermal alteration of a glass or from hydrothermal alteration of a fassaitic pyroxene.


Microclasts in the howardite Jodzie.


In this howardite (Mason, 1979) Zolensky et al (1996) found 9 CM2 and 2 CR2 millimeter-sized clasts. We report here 21 CM and 15 CR microclasts, 9 and 6 respectively being studied in detail.


CR microclasts.

Morphologies of microclasts #5, 22, 23, 28 and 32 from Jodzie are circular to elongated ; sizes range from 25x25 µmxµm to 160x200 µmxµm. Fracture networks are present in 4 microclasts out of 5. These clasts consist of abundant fine-grained matrix (see table 7 for compositions) supporting iron-nickel sulfides, magnetite (both abundant), barringerite (very rare), Ca-carbonate (rare) and one olivine-pyroxene-phyllosilicate aggregate (see figure JI1). Matrix, as examined both with TEM and EMPA is a fine-grained mixture of phyllosilicates (saponite + serpentine having up to 4.94 wt% Al2O3) and (sub)micrometer sulfides. Matrix phyllosilicate major element composition is intermediate between that of Orgueil matrix phyllosilicates and CR2 carbonaceous chondrites phyllosilicates (see figure TD). Magnetite occurs as plaquettes, framboids, euhedral and subhedral crystals. Sulfides occur as pyrrhotite with Ni content ranging from 0.84 to 1.60 wt% (see table 7 for representative compositions). In clast # 23 magnetite and one sulfide have been found associated in a symplectic texture. Although texture undoubtedly suggests an alteration event, paragenesis is difficult to decipher : analytical techniques we employed cannot help to distinguish between sulfidization or oxidation events. Barringerite has been found in clast #5 as a small (~1 µm) crystal associated with pyrrhotite (S 37.73 Fe 57.66 Ni 1.60 wt%). Two calcium carbonate crystals with sizes of 10 µm have been found in clast # 28. Anhydrous silicates were encountered only in clast # 22: pyroxene crystals (En97Wo1 to En98Wo1) form an aggregate together with olivine (Fo95-Fo97).

CM microclasts.

CM microclasts in Jodzie have sizes ranging from 30x45 µmxm to 330x200 µmxµm ; most of them are irregular in shape and display many fractures. They consist of matrix-supported crystals of olivine, low Ca-pyroxene (both abundant), high-Ca pyroxene (rare), serpentine of variable composition (see table 7), tochilinite, calcite, chromite and iron-nickel sulfides (see figure JM1). Olivine is the most abundant of the anhydrous ferromagnesium phases and has a narrow compositional range (Fo94-Fo99 with a pronounced peak at Fo99). Low-Ca pyroxene compositions range from En92Wo6 to En98Wo1 ; high-Ca pyroxene is present as diopside (En56Wo42) and augite (En61Wo37). Both pyroxene and olivine occur mainly as loose crystals in the matrix, occasionnally rimmed with discontinuous sulfides. Larger aggregates of olivine and pyroxene associated with serpentine and sulfide are rare. No round aggregate (i.e. chondrule) has been found, neither any high-temperature minerals assemblage (i.e. CAIs). Serpentine with a wide compositional range (mg*=0.17-0.91 and Al2O3=0.32-6.15 wt %, see table 7) occurs mainly in the matrix, in association with olivine, low-Ca and high-Ca pyroxene (see figure JM3) and commonly with tochilinite (forming the interstratified tochilinite + serpentine phase, see table 7 for analysis and figure JM4). The serpentine compositional range is fairly wider than that in CM2 carbonaceous chondrites (Zolensky et al (1993)) and in millimeter carbonaceous clasts (Zolensky, 1996) (see figure TD). However, as for Jodzie CM2 millimeter clasts, the serpentine Al2O3 content is anticorrelated with mg* suggesting that an appreciable amount of Fe is in the trivalent state [Zolensky, 1996 #522]. Calcium carbonate is common as crystals of variable size in the matrix and has also been found embedded within the interstratified tochilinite+serpentine phase. Pentlandite and minor pyrrhotite crystals (see table 1 for representative compositions) have been found loose in the matrix, rimming a somewhat «large» (30 µm) enstatite crystal (see figure JM4) and in association with a phosphorian sulfide (see below). 

An unusual 20 µm-sized pentlandite crystal showing a fractal Ni-zoning pattern (see figure JM5) corresponding to a nickel enrichment on the outside of the grain has been found in clast # 04. This pentlandite crystal could have been formed in the solar nebula, a relatively Ni-poor sulfide skeleton being the precursor for the formation of pentlandite. The rarity of such objects in chondritic meteorites (none have been reported so far) would be due to common thermal metamorphism in carbonaceous chondrites parent-bodies (Zolensky et al, 1993) which would have redistributed nickel after accretion and erased this fragile and beautiful figure. In such a case we could infer from the presence of this Ni-zoned pentlandite that submillimeter CM carbonaceous clasts in Jodzie suffered little (no ?) thermal metamorphism. Alternatively, the Ni-zoning pattern may have been created on the parent-body by …. thermal metamorphism. In such a case the effect of temperature elevation would have forced Ni to migrate from the center of the crystal toward periphery. Rarity of these objects would be due to the fact that only an appropriate amount of metamorphism would be required to  create the fractal Ni-zoning pattern: if heated too much all the Ni would be gone from the sulfide grain and alternatively if not heated enough no fractal diffusion pattern would be observed. 

Three phosphorian sulfides have been found in three different microclasts (see table 2 for analysis). They occur in the matrix, in association with serpentine and pyroxene and within a complex ovoïd object enriched in S (see figure JM6). These sulfides enriched in phosphorus (up to 5.21 wt % P in Jodzie’s submillimeter clasts) have been reported for the first time by Bunch et al. (1979) in millimeter-sized CM clasts in Jodzie and have been rediscovered by Nazorov et al. (1993) in CM xenoliths from the Erevan howardite. These authors have shown the phosphorian sulfides to be common in most CM2 carbonaceous chondrites and proposed that this intriguing phase is a solid solution of two components : (Fe, Ni)0.94 S and (Fe, Ni)1.28 P (Nazarov et al. 1999). Our data satisfy the proposed composition and the minor elements (such as Na, K, Cr) content is found to fit the range reported by Nazarov et al. (1994, 1996, 1997) except for the Ca content (2.13 wt %) of phosphorian sulfide #4-14 which is somewhat higher that what is usually reported (0.01-0.30 wt %). This Ca enrichment may be due to the presence of Ca oxyphosphide too small to be seen resolved by EMPA. 

Microclasts in the howardite Kapoeta.

In Kapoeta Zolensky et al (1996) found 2 CM2 and 0 CR2 millimeter-sized clasts. We report here 4 CM microclasts and 4 CR microclasts, all of them being studied in detail.

CR microclasts.

Microclast M3 is a fairly large (330x160 µmxµm) ovoïd microclast (see figure KI0). It contains a large (~100 µm) olivine-phyllosilicate-iron oxide-sulfide aggregate, olivine, hedenbergite, calcium carbonate, iron-nickel sulfides, and magnetite scattered through a relatively rare phyllosilicate (serpentine+saponite) matrix. Fractures are rare. The mineralogy of this microclast is similar to other CR2 clasts in Kapoeta (Zolensky et al (1996)). Olivine crystals from the aggregate have a very pronounced bimodal composition with a minor peak at Fo1 and a major peak at Fo99 (see table for compositions). Forsteritic olivines are larger than fayalitic olivines whose maximum size is 5 µm. Some olivine crystals display a very sharp compositional zoning (see figure KI1): in the interval of a few microns, iron content varies dramatically from Fo1 to Fo99. Circular to irregular iron sulfides (sometimes associated with small magnetite crystals) are scattered among olivine crystals. The aggregate contains also a rather large (75 µm across), irregular and cracked iron oxide enriched in S, Ni, P and Mg (see table 8 for analysis #18) whose composition is reminiscent of the COPS phase found in AMMs (Engrand, 1992). Phyllosilicates are present filling tiny interstices between olivine crystals. They consist of an aluminium and magnesium rich  mixture of serpentine and saponite (see table 8 for analysis). Matrix-supported forsterite (Fo99), augite (En61Wo37) and hedenbergite (En4Wo51-En15Wo50) crystals were found. Magnetite is very abundant, it occurs as euhedral crystals of fairly pure composition associated with calcite and sitting in an hedenbergite environment (see figure KI2). Low nickel iron sulfides are common in the matrix, most of them are broken, conspicuously altered and associated with magnetite. Matrix phyllosilicates consist of  a mixture of serpentine and saponite whose major elements composition is intermediate between that of Orgueil and that of CR2 carbonaceous chondrites phyllosilicates (see table 8 for representative analyses and figure TD).

Microclast #18 from Kapoeta is large (500 x 500 µm x µm) and is severly broken. It consists of two lithologies, 1 and 2. Lithology 1 consists of an iron-nickel sulfide-rich phyllosilicate matrix supporting magnetite and iron-nickel sulfides. Lithology 2 consists of a sulfide-free phyllosilicate matrix supporting olivine and pyroxene crystals. 

Magnetite is very abundant in lithology 1 and occurs as plaquettes, framboids and anhedral crystals. Pentlandite and minor pyrrhotite are common, they occur as isolated crystals in the matrix and have also been found rimming serpentine+saponite assemblages. Matrix phyllosilicates (see table 9 for compositions) from lithology 1 consist of a mixture of saponite+serpentine with mg* ranging from 0.40 to 0.69 (average 0.51). Al2O3 content ranges from 2.56 to 4.02 wt%. In a (Si+Al-Mg-Fe) ternary diagram these phyllosilicates lie in the field defined by phyllosilicates in CR2 carbonaceous chondrites (see figure TD). 

Olivine (Fo98) and pyroxene (En98Wo1) are common in lithology 2. They sit in a sulfide-free phyllosilicate (serpentine + saponite) rich matrix. These phyllosilicates (see table 9 for compositions) are enriched in aluminium (up to 10.37 wt% Al2O3) and in magnesium (mg* ranges from 0.64 to 0.78 with an average value of 0.73) compared to lithology 1. In a (Si+Al-Mg-Fe) ternary diagram these phyllosilicates analyses lie between the fields defined by the Orgueil matrix phyllosilicates and by CR2 carbonaceous chondrites matrix phyllosilicates (see figure TD).

 The coexistence of two distinct lithologies in the same microclast (at a scale smaller than 100 µm) suggests that the aqueous alteration has been very incomplete and varied almost point to point or, alternatively, that the microclast itself is a breccia.

Microclast #24 from Kapoeta is fairly large (300x600 µmxµm, see figure KI3) and presents a severly torn and fractured aspect. It consists of an olivine aggregate, of matrix supported olivine crystals, of magnetite showing a wide range of compositions as well as morphologies and of an interesting phyllosilicate-sulfide-magnetite aggregate. Matrix is a mixture of fine-grained phyllosilicates associated with minute magnetite and sulfide crystals. 

Olivine (Fo98-100) occur as individual crystals often fractured and in one aggregate where it is embayed and associated with a mixture of serpentine+saponite having mg*=0.58. One olivine crystal is associated with a phyllosilicate globule (see figure KI4) consisting of serpentine + saponite (see table 10) having a moderate magnesium content (mg*=0.60). The intrusion of the phyllosilicate phase into the olivine crystal suggests that olivine is dissoluting directly into the mixed phase (serpentine+saponite) rather than in a single serpentine phase (i.e. serpentinization, see for example fig.1 of Browning et al (1996)). In the same olivine crystal sits a bleb of magnetite enriched in P, S and Ni (see table 10).
Nice platy crystals of a phyllosilicate phase (see figure KI5) have been found forming a striking aggregate sitting in the matrix of microclast #24. Texture as well as reproducibility of major elements composition (see table 10 for an average of 4 analyses) would suggest that these plates are made of a monomineral phase. No known mineral composition was found to match our analyses consistent with a mixture of serpentine+saponite. It is discontinuously rimmed by minute low-Ni and high-Ni iron-nickel sulfides and is associated with magnetite rimmed by sulfide. The nice shape of this phase as well as the striking chemical homogeneity suggest that it is a pseudomorph of a previous anhydrous crystal (for example olivine). This interpretation is favored by the presence in the same clast of a previously described phyllosilicate globule showing similar composition and closely associated with olivine. Olivine pseudomorphs made of a mixed serpentine+saponite phase (reported then as « bowlingite ») are known on planet Earth (Delvigne et al, 1997) but have not been reported so far from carbonaceous chondrites. Delvigne and collaborators note that the tranformation of (Mg-rich) olivine crystals into bowlingite is "often relatively fast and complete". The rarity of such pseudomorphs in saponite-bearing carbonaceous chondrites (i.e. CR2 and CI1 carbonaceous chondrites) and the abundance of them in CR carbonaceous microclasts (see above) suggest that microclasts have been caught at a peculiar alteration stage rare in any other carbonaceous chondrites. Magnetite is abundant in this clast and occurs as plaquettes, "large" framboids, smaller and more densely packed framboids (see figure KI6) and anhedral crystals. Plaquette morphology is similar to that of Orgueil [Hua, 1998 #523]. A large (~40µm across) grain of magnetite enriched in P, Cr and Ni (see table 10) is being altered in a P, S, Si, Ni-rich iron oxide (see table 10) whose composition is reminiscent of the COPS phase (i.e. ferrihydrite enriched in C, P, S, Ni) reported in Antarctic micrometeorites [Engrand, 1993 #143]. Large sulfides have not been found in this clast although many submicrometer sulfides coexist with phyllosilicates in the fine-grained matrix. Phyllosilicates in the matrix are a mixture of saponite + serpentine having Al2O3 content ranging from 1.97 to 4.13 wt% and mg* ranging from 0.46 to 0.79 (see table 10 for compositions). The major element composition of phyllosilicate (see figure TD) is intermediate between that of Orgueil phyllosilicates and that of CR2 carbonaceous chondrites phyllosilicates .



CM microclasts.

CM microclasts in Kapoeta have morphologies ranging from angular (see figure KM1) to round. Sizes vary from 25x25 µmxµm (clast # 57, the smallest microclast found in the course of this study) to 400x300 µmxµm. These microclasts contain olivine-low-Ca pyroxene-serpentine-sulfide round aggregates, olivine aggregates, loose olivine and low-Ca pyroxene crystals, iron-nickel sulfides, tochilinite (all abundant), spinel, chromite and calcite (all rare). Matrix is abundant and consists of fine-grained phyllosilicates (serpentine+saponite) and sulfides.

Microlast # 57 is  a perfectly circular «micro»-CAI which consists of a 5 µm spinel crystal associated with the coherently interstralified tochilinite + serpentine phase (see table 11 for composition) and serpentine having mg*= 0.55 (see table 11 for composition). Although tochilinite is not a common mineral in CAIs, it has been previously described in CM2 carbonaceous chondrites (Lee & Greenwood (1994) and Mc Pherson & Davis (1994)). Despite the absence of a pyroxene rim and iron-rich phyllosilicates, this CAI is therefore similar to typical CAIs from CM2 carbonaceous chondrites (Lee & Greenwood (1994) and Mc Pherson & Davis (1994)). A round aggregate with a size of 100 µm consisting of forsterite (Fo99), enstatite (En98Wo1), serpentine (mg*= 0.37, see table 11 for compositions) and iron sulfide sits in the matrix of clast # 54 (see figure KM2). A fine-grained phyllosilicate assemblage consisting of saponite + serpentine (mg*= 0.63, see table 11 for compositions) has been found rimming this round object that we may call according to its petrographic features a chondrule. A smaller aggregate (size ~50 µm) irregular in shape consisting of fractured forsterite (Fo98) sits in the matrix of the same clast. Olivine (Fo53-Fo99) and low-Ca pyroxene (En92Wo1-En98Wo1) have also been found loose in the matrix. Phyllosilicates are very fine-grained and mostly confined to the matrix. They consist mainly of serpentine and saponite (mg* = 0.37-0.61 see table 11 for compositions and figure TD). Al2O3 content varies within a narrow range (1.93-3.33 wt%). Sulfides consist mainly of isolated grains of nickel-rich phases with compositions ranging from intermediate to that of pentlandite (see table 1 for analyses). A phosphorian sulfide has been found in clast # 54 (see figure KM4) associated with a serpentine + tochilinite phase (see table 11 for analysis). It is heavily cracked and seeded with minute phosphorus-iron-nickel-oxygen rich inclusions that may be iron-nickel phosphates. The composition of the Kapoeta CM clasts phosphorian sulfide is similar to that of similar objects in Jodzie CM clasts and to that described by Nazarov et al (1994, 1996, 1997). As shown by the two analyses displayed in table 2, composition varies significantly with point (i.e. O = 4.95-7.15 wt% as determined by difference, Fe = 31.52-33.94 wt%) demonstrating the chemical heterogeneity of the crystal at a micrometer scale (probably due to the changing abundance of the phosphate inclusions). Note that oxygen is not generally reported in phosphorian sulfides from CM carbonaceous chondrites (see Nazarov et al., 1996). The variable amount of oxygen may be related to the importance of oxidation events that produced secondary minerals such as the phosphate we describe here. Tochilinite associated with serpentine has been found as 10 µm-sized patches in the matrix, in association with spinel, phosphorian sulfide and as ubiquitous submicrometer flakes in the matrix. A 30 µm-sized round object (see figure KM5) sits in the ferromagnesian matrix of clast # M9, close to the host boundary. It is made of a succession of intergrowths of serpentine leading to a large variation of chemical compositions (see table 12 for the range of analyses). One matrix supported crystal of calcium carbonate with a size of 20 µm has been found.

Microclasts in the LEW87295 eucrite.

In the LEW87295 section we studied, Zolensky and collaborators (1996) reported one unique CM-like clast. This clast presented several oddities such as rarity of matrix and abundant platy yet dry ferromagnesian material which was interpreted to be strong evidence for heating. In the same section, we found 4 clasts having sizes ranging from 60(30 µm(µm to 300(100 µm(µm. All of them are located in the immediate vicinity of the large clast described by Zolensky et al. (1996). The mineralogy of the microclasts found in the LEW87295 eucrite is exactly the same as the mineralogy of their larger countepart, suggesting that microclasts are mere fragments of the larger clast. As a consequence, we will ascribe them a CM classification and will not describe them here. The reader is invited to consult Zolensky et al. (1996) for a detailed characterization of this peculiar set of clasts that were not found in other howardites we studied.

DISCUSSION.
Mineralogical classification of microclasts.
Ubiquitous phyllosilicates in the abundant matrix of microclasts constrain petrographic index to be £ 2 : the microclasts are related only to the CI1, CR2 and CM2 carbonaceous chondrites groups. 37 microclasts are tochilinite-rich and magnetite-free : they were classified as CM microclasts. 37  microclasts having a very high matrix modal abundance are tochilinite-free and magnetite-rich: although a CI1 classification has been envisioned we chose to classify them as CR clasts. We summarize below the mineralogy of CM and CR clasts and discuss the relevance of our mineralogical classification.

CM microclasts consist of matrix supported olivine-pyroxene-serpentine-sulfide and olivine-spinel-serpentine agregates, loose olivine and pyroxene crystals (abundant), metal (rare), sulfides (abundant), calcium carbonate (rare) and chromite (very rare). CAIs and chondrules are rare. Olivine is the most abundant mineral and displays a very forsteritic composition (see figure HISTO). The more iron-rich compositions which are commonly found in CM2 carbonaceous chondrite are apparently absent from microclasts. Pyroxene is the second most abundant mineral : low-Ca pyroxene crystals are common and have very magnesium rich compositions (En87Wo3 -En98Wo1) whereas only rare high-Ca pyroxene crystals (augite and diospside) were found. The relative abundance of olivine and pyroxene crystals is close to 1. An olivine-pyroxene-serpentine-sulfide aggregate in a Kapoeta CM clast (see figure KM2) and an olivine crystal in a Y793497 CM clast have been identified as chondrules. Tochilinite is abundant and has been found together with serpentine in the matrix and also forming larger aggregates. The most common sulfides are pentlandite and sulfides of intermediate composition between that of pentlandite and pyrrhotite-troilite. Troilite is rare, pyrrhotite absent. The Ni content in pentlandite (up to 35.49 wt% compared to a maximum of 32.7 wt% for CM2 carbonaceous chondrites, Kerridge (1979)) as well as the relative abundance of sulfide species distinguishes CM clasts from the CM2 carbonaceous chondrite for which pyrhottite is the most abundant sulfide, pentlandite and sulfide of intermediate composition common and troilite being rare (KERRIDGE 1979). Phosphorian sulfides have also been found to be common. The minor elements compositional range matches that of phosphorian sulfides in CM2 carbonaceous chondrites (Nazarov et al. 1994, 1996, 1997). More unusual is the presence of pentlandite showing a fractal Ni-zoning pattern corresponding to a nickel-enrichment from the outside toward the inside of the grain. No metal bleb has been found in olivine, one metal crystal with a composition matching that of metal typical for CM2 carbonaceous chondrites has been found in a microclast matrix. 3 CAIs have been found. Although mineralogically similar to CAIs in CM2 carbonaceous chondrites, the unusual texture of one of the Y793497 CAIs and the absence of pyroxene rims in CAIs from clasts in Y793497 and Kapoeta distinguish them distinct from the CAIs typical for CM2 carbonaceous chondrites (Lee & Greenwood (1994), Greenwood et al. 1994). Matrix is a fine-grained assemblage of phyllosilicates (serpentine +/- saponite) and sub-micrometer sulfides (pyrrhotite and pentlandite). The presence of abundant saponite in the matrix of CM microclasts in Y793497 and Kapoeta distinguishes CM microclasts from CM2 carbonaceous chondrites for which saponite is a minor phase (Zolensky, 1993). Serpentine  of variable composition in CM microclasts is very fine-grained as in CM2 carbonaceous chondrites (Zolensky, 1993). In Jodzie CM microclasts, a considerable amount of iron in serpentine is in the trivalent state, some serpentine crystals having a remarkably high magnesium content (up to mg*= 0.98) suggestive of extensive aqueous alteration (Browning et al, 1996).

The mineralogy we describe here is generally typical of CM2 carbonaceous chondrites. Therefore, half of the microclasts we examined is related to CM2 carbonaceous chondrites and deserves the name of CM microclasts. However, many mineralogical details of microclasts in howardites differ from the usual mineralogy of CM carbonaceous chondrites. These include a high pyroxene : olivine ratio (~1), unusual texture and mineralogy for high-temperature minerals assemblages, the presence of an interesting Ni-zoned pentlandite and abundant saponite in the matrix. These features sets apart CM microclasts from CM carbonaceous chondrites and may record different conditions (in pH, T ; fO2, fS2 …) of aqueous alteration.


CR carbonaceous clasts consist of an abundant matrix supporting a variety of minerals such as magnetite (very common), olivine, pyroxene, sulfides (all common), platy phyllosilicates, metal (rare), calcium carbonate (rare), spinel and barringerite (both very rare). The COPS phase, typical of AMMS ([Engrand, 1993 #234]) is present. No chondrules or CAIs were found. This absence may be due to a mere size effect. In fact, the average chondrule size of CR2 carbonaceous chondrites is 800 µm ([Weisberg, 1993 #495]) whereas the average size of CR carbonaceous clasts is 150 µm, therefore it is highly improbable to find any chondrule even if CR carbonaceous millimeter-sized clasts are true fragments of CR2 carbonaceous chondrites. Similarly, the rarity of metal in CR micrometeorite-sized carbonaceous clasts may be interpreted in a similar a way since metal in CR2 carbonaceous chondrite is usually associated with chondrules. Magnetite occurs with a wide variety of morphologies such as plaquettes, framboids and large euhedral crystals. Unusual plaquettes with a trapezoïdal intersection with the polishing plan have been found. Although framboids and plaquettes have already been reported in CM2 carbonaceous chondrites (Hymzn and Rowe) they are known to be abundant only in CR2 or CI1 carbonaceous chondrites ([Hua, 1998 #523], [Weisberg, 1993 #495]). Olivine crystals are very forsteritic in composition (strong peak at Fo99). Only 3 olivine crystals from the single clast M3 in Kapoeta have fayalitic compositions (Fo1-Fo9). This compositional range fits better that of CR2 carbonaceous chondrites chondrules olivine [Weisberg, 1993 #495] than that of isolated olivine grains in CI1 carbonaceous chondrites (Kerridge & Mc Dougall, 1979). Low-Ca pyroxene is also a common mineral, it has magnesian-rich composition (En92Wo1-En98Wo1). High-Ca pyroxene is relatively rare and occurs as augite and hedenbergite. Sulfides consist mainly of low-Ni phases such as pyrrhotite, troilite and low-Ni sulfides of intermediate composition (up to 7.57 wt% Ni). Pentlandite is rare which is consistent with relative sulfide abundance in CI1 carbonaceous chondrites (Brearley & Jones, 1998). No data is available on the relative abundance of sulfides in CR2 carbonaceous chondrites. Unusual, platy, subhedral phyllosilicates pseudomorphs ( saponite+serpentine) occur in diverse clasts in Y793497 and Kapoeta (see figure KI5).They may result from the alteration of an anhydrous mineral such as olivine and/or pyroxene. Calcium carbonate has been found as loose crystals in the matrix. The same holds for the single spinel crystal that has been found. Barringerite has been found associated with a pyrrhotite crystal. Phyllosilicates in the matrix are a mixture of saponite and serpentine whose major elements composition lies between the compositional fields defined by CR2 and CI1 carbonaceous chondrite matrix phyllosilicates. Some areas of the matrix are made solely of smectite significantly richer in iron than the smectite usually found in CI1 carbonaceous chondrite. 

The abundance of magnetite and sulfides as well as the mineralogical composition of matrix is typical for CR2 and CI1 carbonaceous chondrites. Difficulty of assessing a precise classification (CR vs CI) has already been encountered by the workers on millimeter-sized clasts : for example the same carbonaceous chondritics clasts in Bholghati were classified as CI1 by Buchanan (1993) and then as CR2 by Zolensky (1996). As Zolensky and coworkers did, we prefered a CR classification rather than a CI one. In fact, the relatively high abundance of ultramafic minerals such as pyroxene and olivine (very rare in CI1 carbonaceous chondrites and abundant in CR2 carbonaceous chondrites), highly forsteritic composition of olivine crystals (rare olivine crystals in CI1 carbonaceous chondrite display a much more wider compositional range than abundant olivine in CR2 carbonaceous chondrites), presence of a spinel crystal (unknown from CI1 carbonaceous chondrites, common in CAIs from CR2 carbonaceous chondrites) as well as the fact that calcium carbonate is the most abundant carbonate (calcium carbonate is very rare in CI1 carbonaceous chondrites and abundant in CR2 carbonaceous chondrites, (Frederikson and Kerridge 1988, Johnson and Prinz, 1993) rules out a CI classification and favours a CR classification for magnetite-rich carbonaceous microclasts.

However, as with the CM-like clasts, many mineralogical features are unusual for CR2 carbonaceous chondrites. These include the large abundance of matrix, the absence of CAIs and chondrules, the rarity of metal, an unusual magnetite morphology, the presence of fayalitic olivine crystals, the abundance of iron-rich smectite and several occurrences of phyllosilicates pseudomorphs. These differences possibly record aqueous alteration conditions distinct from the ones prevailing on the CR2 carbonaceous chondrites' parent-body, they also compare to the anomalous CR2 meteorite, Al Rais, which is known to differ from CR2 carbonaceous chondrites in being depleted in chondrules and in having an abunadant matrix modal abundance (Kalleymen and Wasson, 1994).

Comparing small microclasts and large carbonaceous clasts : small is another (strange) world.

The microclasts’ CM:CR ratio is exactly 1:1 and is far below the 5:1 ratio found for the complete population of millimeter-sized clasts or from the 3:1 ratio of the restricted population of millimeter-sized clasts contained in the 4 sections we chose to study (see table 0). No correlation was observed between CM:CR ratio in microclasts and the same ratio in millimeter-sized clasts. Jodzie presents a very homogeneous microclasts population: within one mineralogical class (CM or CR) all Jodzie microclasts have a similar texture and mineralogy whereas, for Y793497 and Kapoeta, within a given classification microclasts can display quite a wide range of mineralogy and texture. This situation strongly contrasts with that of millimeter carbonaceous clasts whose population was homogeneous within each compositional group (CM2 and CR2). Together with the fact that CM:CR ratio in microclasts is not correlated with the CM:CR ratio in millimeter-sized clasts, this suggests that we are facing genuine carbonaceous microclasts and not fragments of larger, millimeter-sized carbonaceous clasts.

 The wide range of mineralogical differences displayed by microclasts when compared to CM2 and CR2 carbonaceous chondrites strengthens the idea that carbonaceous chondritic microclasts form indeed a population of solar system objects distinct that the one formed by millimeter-sized microclasts. In addition, microclasts show no strong evidence for heating whereas coarse-grained serpentine, corrugated flakes of serpentine and hedenbergite rimming calcite suggested that larger clasts were heated up to 400°C (Zolensky et al, 1996). The absence of significant heating in microclasts may help us to better understand the incorporation mecanisms of both millimeter-sized and microclasts onto the Howardite parent-body.

Zolensky et al. (1996) suggested that heating (up to 400°C) of millimeter-sized carbonaceous clasts is due to the latent heat released by impact on an atmospherless body. The absence of heating evidence in carbonaceous microclasts implies that they accreted onto the howardite parent-body during an even gentler impact than larger carbonaceous clasts or, alternatively, that in the course of a same impact smaller material is less heated than larger one. This last possibility, if true, would be somewhat paradoxical as a smaller piece of matter, submitted to a similar flux of heat, should experience an higher peak temperature as long as the heat capacity is the same (physic book quoted). As a consequence, it is most probable that carbonaceous microclasts were incorporated onto the HED parent-asteroid during impacts distinct (i.e. gentler) from those which delivered onto the same asteroid millimeter-sized carbonaceous clasts. As discussed by Bunch et al. (1979), Wilkening (1973) and Zolensly et al. (1986), survival of millimeter-sized carbonaceous clasts already requires  low impact velocities. We have now to imagine an even gentler similar low-velocity impact that would have deposited very delicatly carbonaceous microclasts onto the howardite parent-body. One possibility is that carbonaceous microclasts had orbits similar to the orbit of the howardite parent-body and that consequently microclasts were able to accrete on the howardite parent-body with a low relative velocity. However dust are submitted to non-gravitational forces and are known to be subject to orbits distinct to that of larger bodies (Flynn ?), and consequently this explanation is improbable. We propose the alternative following tentative impact mecanism : carbonaceous microclasts would have been deposited onto the HED parent-asteroid during the impact of objects significantly richer in volatile ices (such as H2O) than the objects which delivered larger clasts. In such a case, the latent heat released by such a volatile-rich body would have been used preferentially to volatilize ice, keeping the environment at a relatively low temperature : that of ice sublimation in vacuo (i.e. ~ -100°C). As a consequence, carbonaceous chondritic material would have experienced a temperature not higher than -100°C during impact.

Questioning the HED parent-body.

Carbonaceous chondritic clasts in general are very rare in eucrites (Zolensky et al, 1993, this work). In these meteorites, microclasts have a similar texture and mineralogy than millimeter-sized clasts suggesting that the former are mere fragments of the latter. A SEM examination of the Johnston diogenite suggests that carbonaceous clasts are also rare in diogenites and abundant only in howardites. The rarity in eucrites and diogenites of carbonaceous clasts and microclasts (table 0), as well as the fact that all clasts in eucrites are very unusual compared to clasts in howardites (Zolensky et al (1992, 1996), this work) questions the idea that diogenites, eucrites and howardites come from the same parent-asteroid. Oxygen isotopes data (Clayton and Mayeda 1996) demonstrate that howardites, eucrites and diogenites have formed in the same region of the solar nebula. Chemical studies of howardites, diogenites and eucrites suggest that howardites consist of a mixture of eucrites and diogenites (e.g.Fukuoka et al 1977). These observations have lead to the concept of the Eucrite Parent-Body (EPB) that has even been identified as the asteroid 4 Vesta (Binzel and Xu 1993). However other observations may support the possibility that howardites, eucrites and diogenites originated in distinct parent-asteroids. In a course of a comprehensive petrographic and chemical study Simpson (1975) has shown that the compositional of pyroxenes in the howardite Malvern is incompatible with howardites being a simple physical mixture of diogenites and eucrites. Similarly, Dymek et al (1976) acknowledged that the Kapoeta howardite is indeed a mixture of « basaltic » and « pyroxenitic » compositions but that the composition range of pyroxenes precludes this mixture of being a simple mixing of eucrites and diogenites. In addition, the fall statistics contradict the common stratigraphy of the putative HED parent-asteroid for which howardites that are regolith breccias (as demonstrated for example by their high solar wind component but also by the abundance of foreign carbonaceous clasts) lay on the surface of the parent-asteroid and accordingly should be extracted preferentially relative to eucrites and diogenites by an impact. In fact eucrites’ falls amount to 26 whereas howardites’ falls amount only to 12 ( ?and the Meteoritical Bulletin) which makes it almost impossible that howardites originate from the surface of a body containing eucrites. 

We suggest that eucrites, diogenites and howardites indeed formed in the same region of the solar nebula but that they do not necessarily come from the same parent-asteroid. We propose that the generic term of eucrite parent-body be employed more cautionously from now on even there is no doubt that chemical affinities as well as oxygen isotopes data demonstrate that howardites, eucrites and diogenites deserve to be grouped as HED meteorites.

Sampling the temporal variations of the compostion of the micrometeorite flux  in the inner solar system.
Sampling the temporal variations of the composition of the micrometeorite flux using carbonaceous Antarctic micrometeorites and carbonaceous microclasts in howardites requires that we know when micrometeorites and microclasts where incorporated into their respective hosts. Furthemore, the sampling task is complicated by the fact that our two «collectors» of micrometeorites (Earth and Howardite parent-body) orbit at two distinct heliocentric distances and, less critically, by the fact that incorporation processes onto the two stony bodies are probably very distinct. However, the howardite parent-body and the Earth-Moon system are known to have experienced a similar flux of impactors during the first 1.5 Ga of solar system history (Bogard, 1995) suggesting that both micrometeorites from Antarctica, Earth and microclasts in howardites record the flux of micrometeorites in what may be called as a whole «the inner» solar system.

Micrometeorites collected in Antarctica are known to have incorporated Earth during the past 50 000 years (ref). Although it is impossible to determine with confidence when carbonaceous microclasts were added to the howardite parent-asteroid it is likely this happened during the heavy bombardment when the flux of impactors on the howardite parent-body (and on the Earth-Moon system) was so high to be called cataclysmic (Bogard, 1995) : carbonaceous microclasts were probably incorporated onto the howardite parent-body not after 3 Ga ago. In fact, Takahashi et al (1997) have given a model incorporation age of 4.2 Ga for a carbonaceous chondritic clast in the howardite Kapoeta using the Rb/Sr isotopic system. Micrometeorites from Antarctica and microclasts from the howardite parent-asteroid open indeed for us two windows to determine the variations in composition of the micrometeorite flux in the inner solar system : the present time and the early solar system. The time interval spanned by these two windows is fantastic : it compares to the age of solar system ! For comparison, variations in the composition of the meteorite flux can be sampled « only » within 2.4 Ma (the terrestrial age of the oldest Antarctic meteorite ref). 


Micrometeorites in the size range 25-600 µm retrieved from Antarctica ice cap represent the most abundant extraterrestrial matter falling on Earth now (Love and Brownlee, 1996). They consist mainly of an original C2-like material, most probably linked to the CM2 carbonaceous chondrites group rather than to the CR2 carbonaceous chondrites group (Kurat et al 1994, Engrand et al 1999). However, compared to CM2 carbonaceous chondrites Antarctic micrometeorites lack carbonates, very refractory olivines (enriched in Al and Ca), LIME olivines, are depleted in chondrules, enriched in saponite and exhibit a larger pyroxene :olivine ratio (Engrand and Maurette 1998, Klöck and Stadermann, 1994). Carbonaceous microclasts in howardites have sizes ranging from 25 to 800 µm, they consist of an original C2-like material equally dispatched between CM2- and CR2-like material. Differences with CM2 carbonaceous chondrites include a high pyroxene : olivine ratio (~1), unusual texture and mineralogy for high-temperature minerals assemblages, the presence of an interesting Ni-zoned pentlandite and abundant saponite in the matrix. No LIME or refractory olivines were found in carbonaceous microclasts in the course of our study though this absence may be due to the limited number of olivine grains available for chemicall analysis.  When directly compared, carbonaceous micrometeorites from Antarctica and microclasts in howardites bear many similarities and present only minor differences such as the lack of carbonates in AMMs that may be due to weathering (Kurat et al, 1994) or the depletion of chondrules that may be due to a mere size effect.


The composition of the micrometeorite flux in the inner solar system is and was dominated by an unusual C2 material exemplified by Antarctic micrometeorites and chondritic carbonaceous microclasts in howardites. Microclasts incorporated in howardites at the  very beginning of Solar System tell us that this C2 material was originally a mixture in equal proportions of CR2- and CM2-like material, and Antarctic micrometeorites that fall at present time on Earth reveal that this C2 material has evolved and is now dominated by CM2-like material. 

Inner solar system bricks were made of C2 material.

Our mineralogical study of carbonaceous chondritic microclasts in HED meteorites show that C2 material rather than CI1 one was the dominant dust material present in the inner solar system at the solar system’s dawn. Furthemore the relative abundance of the CM2- and the CR2-like material was comparable. The dominant dust material accreting on Earth now is also a C2 material most probably dominated by a CM2-like material  rather than a CR2 (see Engrand and Maurette 1998 for a review). Cosmic dust in the 50-300 µm size range is known to be the most abundant extraterrestrial matter falling onto Earth at the present time (Love and Brownlee 1993) but this may not have been true through the whole solar system’s history (Hughes ?): the modification of the nature of the inner solar system cosmic dust with time may  not be representative of the evolution of the composition of the global flux of extraterrestrial matter onto the Earth. To get an idea of the evolution of the composition of the meteoritic material accreting on Earth  as a whole we reexamined the geochemical data pertaining to Earth and Moon because geochemical data take into account the totality of meteoritic material accreting on the Earth-Moon system whatever the size of the dominant impactor is. One reason for this reexamination is that when most of these geochemical works have been done (during the 70s’ and the 80s’) the CR2 group had not been yet recognized as a chondrite group and Al Rais as one of its anomalous member (Weisberg et al (1993), Kalleymen and Wasson 1994). Consequently, the chemical features of the Earth and the Moon which we know now to bear some similarities with carbonaceous chondrites (Wasson et al 1975, Anders and Owen 1977, Morgan et al 1985) were compared to all chondrites groups but the yet unborn CR2 one.

Wasson et al (1975) showed on the basis of the lunar samples Ge/Ir-Au/Ir mixing line that CM2-like material was the dominant material  accreting on the Moon during the last 3.7 billion years. In figure X we have reported the soil mixing line they use (Fig. 2 of Wasson et al (1975)) and plotted the corresponding values of the carbonaceous chondrites groups. The CR2-anomalous meteorite Al Rais and the CM2 carbonaceous chondrites group are the only groups to fall on the vicinity of the solar soil mixing line. Furthemore Hertogen et al (1977) have shown that the composition of the bombarding population on the Moon has changed systematically and that the Ir /Au value of the impacting population has been in average decreasing through time. This observation is compatible with the population of the impactors on the Moon evolving from a mixture of C2 material CR2-rich to a mixture of C2 material CM2-rich (table 13).

The situation for the Earth is a little more complicated than for the Moon due to the early core-mantle differenciation that happened in our planet (Halliday and Drake 1999). In fact, siderophile elements such as Ir, Au or Ge present in the very early Earth (before the differenciation) have been accompanying iron into the core and the actual abundance of siderophiles elements seen in the Earth’s mantle is due to a late (meaning postdifferenciation) veneering of meteoritic material (see Morgan (1985) for a discussion). On the other hand, the actual lithophile non-volatile element ratios of the Earth primitive mantle are averaging over the time of all the successive meteoritic components added to Earth and probably are dominated by the earliest ones which actually built up the Earth because such elements were not involved in the core formation. 

The Ir/Au content of the pristine upper mantle as determined by Morgan (1985) is 3.18 (see table 13), closer to the CM2 ratio (3.70) than to the CR2 ratio (4.73) suggesting that the late contribution to the Earth of meteoritical component was dominated rather by CM2 material than CR2. This is indeed confirmed by the low average Ir/Au of AMMs (1.96) which are the dominant contributor to the Earth’s accretion rate now (Love and Brownlee 1993). 

Allègre et al (1995) studied the chemical composition of the Earth and proposed that for non-volatile lithophiles element ratios the Earth is closer to CM2 carbonaceous chondrites than to CI1 carbonaceous chondrites or any other chondrite group. Reporting data of the CR2 carbonaceous chondrites group and for Al Rais on their element ratios’ correlation diagrams we observed that Al Rais composition matches better the Earth composition than CM2 carbonaceous chondrites and that CR2 carbonaceous chondrites composition matches as well the Earth’s composition as CM2 carbonaceous chondrites. This observation suggests that early impactors onto Earth –that utimately built up the Earth- were dominated by a material similar to the CR2-anomalous Al Rais.

From these data we can conclude that indeed the dominant impactor population onto the Earth-Moon system was a C2 material, that it has evolved through time from a CR-rich material to a more CM-rich material and finally that both CR and CM components may have been anomalous if compared to the well identified contemporary CM2 and CR2 carbonaceous chondrites groups. 

Geochemical data pertaining to the Earth-Moon system and recording the evolution of the composition of the chemical composition of the extraterrestrial matter accreting onto Earth confirm the conclusions we drew from our mineralogical study of carbonaceous chondritic microclasts. In fact, to strenghten this agreement between our mineralogical observations and the geochemical data we would like to recall that the CR2-anomalous meteorite Al Rais differs from usual CR2 carbonaceous chondrites essentially in demonstrating a higher matrix modal abundance and in being depleted in chondrules (Kalleymen and Wasson, 1994) : these differences are actually what set CR carbonaceous chondritic microclasts from CR2 carbonaceous chondrites. Agreement between geochemical data and our mineralogical observations suggests that during the whole Solar System history cosmic dust was the dominant impactor on the Earth-Moon system as it is the cas today (Love and Brownlee, 1996). Alternatively the chemical nature of the dominant large bodies impacting the Earth-Moon system may have been similar to that of cosmic dust. In such a case, it remains to understand where these large bodies have gone and why large carbonaceous chondritic material falling on Earth are so rare today.

 Anomalous C2 material such as Antarctic micrometeorites and microclasts in howardites have been the building bricks of the inner solar system. It remains to understand why this very peculiar kind of hydrated material has been so abundant since the beginning of our solar system and where the extensive hydration it undoubtedly records has taken place. 
THE END. 

The paucity of large components such as chondrules and CAIs (which may be due to size selection effects) precludes a straightforward petrographic classification although ubiquitous phyllosilicates constrain petrographic index to be £ 2. Due to their small size it was not possible to pick any individual clasts to perform Instrumental Neutron Activation Analysis: proper chemical classification was difficult to assess although ubiquitous matrix phyllosilicates constrain micrometeorite-sized carbonaceous chondritic clasts to be related only to the hydrated carbonaceous chondrite groups (CI, CM, CR). The only classification we were able to perform was a mineralogical one.


We chose to classify the microclasts on the basis of the abundant matrix composition and on the basis of the relative abundance of coarser-grained opaque minerals such as sulfides and magnetite; identification and relative abundance of other minerals such as pyroxene, olivine and carbonates was also used. Roughly half of the microclasts have a matrix consisting of serpentine and minor saponite. In such clasts tochilinite is also abundant in the matrix and occurs in association with serpentine. Tochilinite is a mineral found so far only in CM carbonaceous chondrites(Zolensky, 1993): in consequence we will refer to serpentine-tochilinite rich clasts as CM clasts.

Matrix of the other half of the microclasts is dominated by a mixture of saponite and serpentine supporting abundant sulfides and magnetite, the latter demonstrating a wide range of morphologies such as euhedral circular crystals, framboids and plaquettes. These magnetite morphologies are very well known from CI1 carbonaceous chondrites (JEDWAB,KERRIDGE, Hua) but they have also known to be abundant in CR2 carbonaceous chondrite (WEISBERG, ENDRESS). The same holds true for phyllosilicates : mixtures of serpentine and saponite are typical of CI1 carbonaceous chondrites (KERRIDGE, [Tomeoka, 1988 #483], BREARLEY) but also of the CR2 carbonaceous chondrite group ([Weisberg, 1993 #495]). Mineralogy of dominant matrix as well as magnetite morphologies cannot help to distinguish between CI1 material and CR2 material. This classification ambiguity already existed for larger, millimeter-sized clasts; for example the same carbonaceous chondritics clasts in Bholghati were classified as CI1 by Buchanan (1993) and then as CR2 by Zolensky (1996). For saponite-magnetite-sulfide rich microclasts we will favor a CR classification mainly because of common olivine and pyroxene crystals in the matrix and within aggregates as well as rare but present metal grains. These minerals are typical of CR2 carbonaceous chondrites and extremely rare in CI1 lithologies. We should however keep in mind that a large amount of the microclasts we identify as CR are devoided of such minerals and that they may be indeed CI1 material or even some new kind of solar system material.

and from millimeter-sized CM carbonaceous clasts described by Zolensky et al. (1996) as theare similar to CM carbonaceous chondrites excepting scattered evidence for heating up to 400°C, such as coarse-grained serpentine, corrugated flakes of serpentine and hedenbergite rimming calcite.

Especially, abundant phyllosilicates pseudomorphs suggest that CR clasts have been caught at a stage of aqueous alteration, possibly intermediate between petrographic grade 2 and petrographic grade 1.

. Carbonaceous microclasts on Howardite parent-body significantly differs from larger accreted material (i.e. millimeter-sized carbonaceous clasts) as it is the case on Earth for which AMMs differ from their larger meteoritic counterparts (Engrand,1998).

The 4 microclasts found in the eucrite LEW87295 are texturally and mineralogically exactly similar to the unique heated CM millimeter-sized clast described by Zolensky et al (1996) and are probably fragments.

If this happened on something like a parent-body it means that water such as the one reported by Zolensky et al (1999) in the ordinary chondrite Monahans was overwhingly abundant in the solar system. If it happened on the solar nebula as suggested by several authors (e.g. Weisberg et al 1995) the details of the mechanism of phyllosilicate formation in gaseous phase are to be fully i
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