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the dramatic intensity of the shock is expressed in the
abundance of stishovite and high-pressure silica glass compared
to other shergottites (Chennaoui et al., unpubl. data).

Mineral Compositions

Pyroxenes–Pigeonite and augite are present as separate
crystals with no pyroxenes of intermediate compositions (Figs. 3
and 6; Table 1).  Augite crystals are euhedral to subhedral and
display simple zoning towards Fe-rich rims.

Their FeO/MnO ratios are similar to those of shergottites
(FeO/MnO = 32 ± 12 (2σ), n = 20) and correlate with their
Mg number (mg# = Mg/(Mg + Fe) mole fraction) from 26 at
mg# = 0.7 to 40 at mg# = 0.35.  Augites range from
En45Fs22Wo32 to rims of En27Fs41Wo32.  Pigeonite grains are

also euhedral to subhedral.  They exhibit FeO/MnO = 34 ± 10
(2σ, n = 105), and range from En59Fs29Wo12 to En26Fs59Wo15.
No extreme Fe-enriched compositions have been encountered.
It should be noted that the cores of pigeonite and augite crystals
have similar mg# values (∼ 0.7), indicating contemporaneous
nucleation.  Their average compositions are strikingly close to
those of Shergotty and Zagami (Table 2).

Abundances of the minor elements Al, Ti, Mn and Cr are
also zoned from pyroxene cores to rims in a continuum,
suggesting that the pyroxenes grew in a fractionating closed
system (Fig. 7).  Abundances of Ti and Mn increase from
pyroxene cores to rims, while abundances of Cr decrease.  This
is in accord with their chemical behavior as incompatible vs.
compatible elements.  The case of Na is not as clear, possibly
because of the limited variations in mg# compared to other

FIG. 4.  Backscattered electron image of typical impact melt pockets.  Residual pyroxene and maskelynite appear as rounded patches surrounded
by impact glass of intermediate composition.  A few dark clots correspond to silica (glass and stishovite which cannot be distinguished at this
magnification).  Notice that very few fractures crosscut the impact melt pockets, even less than the nearly fracture-free maskelynite.  Notice
that some of the melt penetrates into the pyroxene fractures (arrows) and that melt pockets are located preferentially at the boundary between
pyroxene and maskelynite.  Width of view is 1.5 mm.
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shergottites, and the comparatively small amount of Na in
pyroxene with regard to analytical precision.  In addition at
low mg# , Na may be contaminated by maskelynite since these
compositions correspond to pyroxene rims.  The case of Al is
particularly interesting as its concentration increases in the core
of pyroxene and decreases for mg# below 0.56.  This behavior
can be explained as the fingerprint of plagioclase crystallization,
in agreement with textural relationships.

We examined the pyroxenes at high magnification by field
effect gun-scanning electron microscopy (FEG-SEM) in order
to detect exsolution features.  Preliminary results show that
pyroxenes are devoid of exsolutions, at least on the scale of a
few tens of nanometers.  We find no evidence of exsolution in
the Mg-rich cores and in the augite bands.  The only exsolution-
bearing areas are located in pyroxenes in contact with the melt
pockets.

Maskelynites–Plagioclase has been converted into
maskelynite by shock, as in other shergottites.  Maskelynite
areas are interstitial to pyroxenes and typically lath-shaped.
They display small offshoots as smooth and irregular branches
in the neighboring pyroxenes, and commonly contain pyroxene
fragments that were rafted into the maskelynite.  The
maskelynite is normally zoned (An35–53Ab56–42Or1–5, with an
average of An50Ab48Or2; Table 3), similar to maskelynite in
Shergotty and Los Angeles (Hale et al., 1999; Rubin et al.,

FIG. 5.  Raman spectrum of a silica patch.  The characteristic peaks
at 231 and 753 cm–1 identify stishovite without ambiguity.  A broad
peak between 300 and 500 cm–1 corresponds to dense silica glass.
The abundance of glass and its density (from the peak position) is
variable from one spot to the next.

FIG. 6.  Quadrilateral pyroxene compositions of NWA 856 compared to Shergotty (shaded area).  Data sources are Stöffler et al. (1986),
Stolper and McSween (1979), and Smith and Hervig (1979).  The line corresponds to the zoning trend observed in shergottite NWA 480
(Barrat et al.,  2002).
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TABLE 1.  Representative electron microprobe analyses of NWA 856 pyroxenes. FeO* = total Fe.

49 291 35 52 423 371 44 362

Pigeonite
SiO2 52.85 52.78 51.88 51.41 50.67 49.75 49.52 48.62
TiO2 0.19 0.16 0.16 0.35 0.19 0.45 0.56 0.72
Al2O3 0.67 1.78 0.78 0.78 0.69 0.63 0.64 0.85
Cr2O3 0.44 0.33 0.42 0.24 0.09 0.11 0.10 0.08
FeO* 17.46 20.24 24.19 25.17 29.29 29.93 31.58 34.48
MnO 0.75 0.69 0.60 0.67 0.80 0.81 0.62 0.94
MgO 20.27 17.66 15.95 14.92 12.97 11.12 9.43 7.91
CaO 6.33 6.04 5.70 6.17 5.22 6.54 7.18 5.75
Na2O 0.10 0.29 0.11 0.12 0.07 0.07 0.08 0.11
K2O 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.01
P2O5 0.21 0.03 0.04 0.09 0.00 0.04 0.07 0.02
Cr2O3 0.44 0.33 0.42 0.24 0.09 0.11 0.10 0.08
Total 99.30 100.06 99.84 99.91 99.98 99.45 99.77 99.49

En 0.59 0.53 0.47 0.45 0.39 0.34 0.29 0.25
Fs 0.28 0.34 0.40 0.42 0.50 0.51 0.55 0.62
Wo 0.13 0.13 0.12 0.13 0.11 0.14 0.16 0.13

28 31 24 402 407 340 20

Augite
SiO2 52.34 51.60 51.53 51.47 50.98 50.09 50.04
TiO2 0.19 0.20 0.21 0.36 0.34 0.49 0.54
Al2O3 1.05 1.14 1.27 1.16 1.14 1.01 0.97
Cr2O3 0.46 0.84 0.54 0.33 0.37 0.29 0.11
FeO* 13.84 14.95 16.15 17.50 21.33 23.79 23.59
MnO 0.41 0.57 0.56 0.58 0.65 0.63 0.59
MgO 15.51 15.06 13.52 12.24 11.18 10.80 8.82
CaO 15.67 15.04 16.20 15.84 13.99 12.42 15.04
Na2O 0.18 0.26 0.17 0.18 0.13 0.16 0.20
K2O 0.04 0.00 0.00 0.01 0.00 0.00 0.04
P2O5 0.16 0.24 0.31 0.01 0.06 0.00 0.24
Cr2O3 0.46 0.84 0.54 0.33 0.37 0.29 0.11
Total 99.84 99.89 100.47 99.67 100.23 99.68 100.16

En 0.45 0.44 0.39 0.37 0.34 0.33 0.27
Fs 0.22 0.24 0.26 0.29 0.36 0.40 0.40
Wo 0.33 0.32 0.34 0.34 0.30 0.27 0.33

TABLE 2.  Composition of average pyroxene cores in NWA 856 (this study), Shergotty (Hale, 1999), and Zagami (McCoy et
al., 1992).

NWA 856 Shergotty Zagami
(This study) (Hale, 1998) (McCoy et al., 1992)

Pigeonite Augite Pigeonite Augite Pigeonite Augite

SiO2 53.4 52.6 52.8 51.9 53.0 51.7
TiO2 0.12 0.21 0.14 0.17 0.15 0.22
Al2O3 0.70 1.05 0.72 1.27 0.78 1.20
Cr2O3 0.46 0.68 0.50 0.71 0.45 0.71
FeO* 18.1 13.4 17.8 12.2 19.2 12.9
MnO 0.63 0.51 0.64 0.50 0.63 0.44
MgO 20.3 15.4 20.6 16.4 20.7 15.8
CaO 6.29 15.85 6.36 16.20 5.60 16.10
Na2O 0.09 0.18 0.08 0.17 0.10 0.18
Total 100.0 99.9 99.6 99.5 100.6 99.3

En 58.0 44.9 58.6 47.0 58.3 45.7
Wo 12.9 33.2 13.0 33.4 11.3 33.4
Fs 29.0 21.9 28.4 19.6 30.3 20.9
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Comparison with Other Shergottites–Many element
ratios have been used in order to discriminate the various types
of basaltic achondrites (for a review, see Treiman et al., 2000).
Trace element ratios such as K/La (=500) or Ga/Al (= 4.8 × 10–4)
indicate clearly that NWA 856 is a new member of the martian

meteorite clan.  This conclusion is confirmed by the bulk rock
analysis for oxygen isotopes which yields δ17O = +3.09‰,
δ18O = +5.03‰, ∆17O = +0.47‰, a value slightly higher than
those measured on other shergottites (Clayton and Mayeda,
1983, 1996; Romanek et al., 1998; Franchi et al., 1999) but

TABLE 6.  Trace element abundances (in ppm) for NWA 856, Zagami, Shergotty, NWA 480 (Treiman, 1986; Barrat et al., 2001, 2002),
and Los Angeles.

NWA 856 Zagami     Shergotty NWA 480 Los Angeles

ICP-MS INAA Treiman Barrat et al. Treiman Barrat et al. Barrat et al. (This study)
(1986)  (2001) (1986) (2001) (2002)

Li 4.06 – – – – – 2.93 5.03
Be 0.355 – – – – – 0.21 0.54
Sc 55.7 54.1 – 53 – 54 28 41.3
V 295 – – – – – 202 –
Co 36.3 43 – 39.5 – 35 37.6 29.2
Ni 77 85 90 101 55 66 63 32
Cu 14.0 – – 14.0 – 12.3 17.6 22.6
Zn 59.1 66 63.8 59 68.3 61 64 62.3
Ga 14.66 – – 12.68 – 14.31 16.27 22.09
As – 0.18 – – – – – –
Br – 2.64 0.79 – 1.06 – – –
Rb 6.24 8.2 9.56 5.32 9.5 5.57 2.67 12.00
Sr 48.7 56 – 38 – 40 49.3 81.0
Y 18.81 – – 13.55 – 14.26 16.46 29.39
Zr 62.8 69 – 61.01 – 59.65 58.74 79.6
Nb 3.37 – – 3.93 – 2.68 1.99 4.99
Ag – <0.05 0.0142 – 0.0169 – – –
Sb – 0.014 0.0052 – 0.0017 – – –
Cs 0.43 0.41 0.367 0.37 0.529 0.42 0.19 0.88
Ba 41.3 46 – 22.3 – 25.6 28.4 46.8
La 2.16 2.34 – 1.44 – 1.56 1.48 3.97
Ce 5.49 6.1 – 3.47 – 3.73 3.77 9.84
Pr 0.786 – – 0.509 – 0.568 0.619 1.43
Nd 3.88 3.9 – 2.53 – 2.97 3.70 7.07
Sm 1.50 1.68 – 0.961 – 1.18 1.73 2.64
Eu 0.582 0.62 – 0.399 – 0.479 0.756 1.02
Gd 2.51 – – 1.56 – 1.94 2.67 4.28
Tb 0.474 0.48 – 0.308 – 0.381 0.477 0.792
Dy 3.12 – – 2.17 – 2.53 3.05 5.04
Ho 0.677 – – 0.479 – 0.548 0.62 1.03
Er 1.87 – – 1.34 – 1.52 1.57 2.76
Yb 1.64 1.76 – 1.22 – 1.32 1.33 2.35
Lu 0.251 – – 0.186 – 0.202 0.19 0.331
Hf 1.55 2.01 – 1.54 – 1.63 1.64 2.19
Ta 0.16 0.23 – 0.19 – 0.17 0.10 0.28
W 0.43 0.52 – – – 0.19 0.34 0.66
Au – 0.004 0.00176 – 0.005 – – –
Pb 0.46 – – – – – 0.37 1.12
Th 0.398 0.442 – 0.285 – 0.293 0.215 0.57
U 0.096 0.092 0.094 0.075 0.129 0.068 0.064 0.12

(La/Sm)n 0.91 0.88 – 0.94 – 0.83 0.54 0.95
Eu/Eu* 0.92 – – 1.00 – 0.97 1.08 0.93
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FIG. 11.  Concentrations of Ba and Sr vs. La and Nd in shergottites.  Unlike NWA 856, both Dhofar 019 and Dar al Gani 476/489 display
strong Ba and Sr enrichment, a feature of hot desert weathering.  Literature data are from Barrat et al. (2001, 2002), Borg et al. (2000),
Burghele et al. (1983), Dreibus et al. (1982, 1992, 1996), Folco et al. (2000), Gleason et al. (1997), Jagoutz (1989), Jagoutz and Wänke
(1986), Jérome (1970), Kong et al. (1999), Laul et al. (1986), Ma et al. (1981, 1982), Neal et al. (2001), Rubin et al. (2000), Shih et al.
(1982), Smith et al. (1984), Treiman et al. (1994), Warren and Kallemeyn (1987, 1996), Warren et al. (1999), and Zipfel et al. (2000).

FIG. 12.  REE pattern of NWA 856 compared to Zagami, Shergotty, NWA 480 and Los Angeles (Barrat et al., 2001, 2002).  The reference
chondrite is from Evensen et al. (1978).  Notice the strong similarity between NWA 856, Zagami, Shergotty and Los Angeles contrasting with
the pattern of NWA 480.
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compatible with the overall scatter of previous analyses of
martian meteorites.  Indeed, if we consider the data of Clayton
and Mayeda (1983, 1996) the largest data base from one single
laboratory, one obtains an average ∆17O value of +0.31 when
whole rocks alone are considered, with a 2σ range of ±0.1‰.
If mineral separates are also considered then, the 2σ range
becomes ±0.16‰.  According to the ∆17O value of NWA 480
(+0.4‰), another shergottite measured in the Paris laboratory,
a calibration bias is likely to explain the high NWA 856 value
in addition to the limited reproducibility of the technique.

Two determinations of trace element abundances were
carried out on two different splits of the same powder using
ICP-MS and INAA.  The results are similar but not
indistinguishable because of possible calibration bias (e.g., Hf),
and mainly because of powder heterogeneity.  These differences
should not be overemphasized.  The compatible trace element
abundances (such as Ni, Co, Cr, Cu) are strikingly similar to
those reported for Shergotty and Zagami (Table 6).
Furthermore, the rare earth element (REE) pattern of NWA
856 is parallel to those of Shergotty, Zagami and Los Angeles
and obviously distinct from NWA 480.  This is a strong
evidence against pairing between NWA 480 and NWA 856
and a confirmation of its strong affinity with the Zagami and
Shergotty meteorites.

CONCLUSIONS

NWA 856 is the second reported basaltic shergottite from
Morocco after NWA 480.  A number of arguments exclude the
pairing of these two stones:

• The textures of the two rocks are different.  Pyroxene
phenocrysts and maskelynite laths are larger in NWA 480.  The
relationships between pyroxene and maskelynite on one hand
and maskelynite and silica on the other are specific of NWA
856.  The volume fraction and the size of impact melt pockets
are significantly higher in NWA 856.

• NWA 856 exhibits two separate pyroxenes while NWA 480
pyroxene displays more complex zoning.  Their compositions
are significantly different.  NWA 856 unlike NWA 480 is almost
devoid of chromite in the core of its pyroxenes.

• NWA 856 and NWA 480 are chemically distinct.  For example,
the REE patterns of the two rocks are significantly different.

Among basaltic shergottites, Shergotty and Zagami
strikingly resemble NWA 856 from phases and chemical
perspectives.  These three stones display similar bulk chemical
compositions and contain pigeonite and augite in independent
crystals, with similar core compositions (Table 2).  Their REE
are similar even though the REE concentrations of NWA 856
are 1.5× higher than in Zagami.

The crystallization conditions of such pyroxene
assemblages in shergottites have been extensively discussed
(Stolper and McSween, 1979; McCoy and Lofgren, 1999;
McKay et al., 2000; Dann et al., 2001).  Stolper and McSween
(1979) and McCoy et al. (1992) have proposed that the textures

observed in Shergotty and Zagami are indicative of a multi-
stage magmatic history with Mg-rich pyroxene crystallization
in a deep-seated magma chamber followed by eruption of a
thick phenocryst-bearing lava flow.  The magmatic conditions
recorded by co-crystallization of augite and pigeonite crystals
were recently inferred using experiments performed at various
pressures, under anhydrous or H2O-saturated conditions
(Dann et al., 2001), and estimated to 1120 °C and 56 MPa of a
H2O-saturated melt (∼ 1.8 wt% in Shergotty parental melt).
Crystallization under a significant vapor pressure is in
agreement with the presence of amphibole inclusions in
pyroxenes as observed in NWA 856, Shergotty and Zagami
(Treiman, 1985; McCoy et al., 1992).  McSween et al. (2001)
argue for a loss of water during the ascent of the magma,
according to Li and B behaviors in Shergotty pyroxenes.  The
same crystallization history may be extended to the new
shergottite NWA 856.  The lack of mesostasis, the relative
abundance of interstitial silica (previously quartz), K-feldspar
glass (formerly K-feldspar) and mixtures of silica with
maskelynite distinguish NWA 856 from Shergotty and Zagami,
and suggest a slightly slower cooling at the end of the
crystallization of NWA 856.
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