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Cover: Inthisissuewe publish aseries of papers on Mercury from aworkshop entitled "Mercury: Space Environment, Surface and Interior"
that was held at the Field Museum in Chicago, Illinois on 2001 October 4-5. The cover of this issue sets the mood for the series.
(Top) Mercury isthe least explored of the terrestrial planets. Despite itslunar-like surface, from bulk density alone we know that it has avery
different composition from that of the Moon or any of the terrestrial planets. Our knowledge of Mercury is nonetheless very limited, and we
are till debating fundamental questions. Has Mercury experienced surface volcanism? At what solar distance was Mercury formed? Is
Mercury's magnetic field the result of a core dynamo? (Lower left) An unusual group of chondrites containing up to 80% metal coexisting
with very-low-FeO silicates may be similar in bulk composition to Mercury. In this reflected light photograph of the Weatherford meteorite,
metal grains are bright and silicate is dark (photo courtesy of Sasha Krot, Smithsonian Institution). (Lower right) The impact that formed
Mercury's Caloris basin (1340 km diameter) excavated deep into the crust and possibly even the upper mantle (Mariner 10 mosaic; latitude
and longitude are shown at 10° increments). This region may provide our best chance to infer Mercury's upper mantle composition and thus
estimate the composition of the bulk silicate portion of the planet (Mariner 10 mosaics courtesy of Mark Robinson, Northwestern University).
(Overlay) These questions and many others will be addressed with a suite of scientific instruments aboard NASA's MESSENGER (MErcury
Surface, Space ENvironment, GEochemistry, and Ranging) spacecraft scheduled to be launched in 2004 and to orbit Mercury for one Earth
year beginning in 2009. The MESSENGER mission, led by Principal Investigator Sean C. Solomon of the Carnegie Institution of Washington,
is being built and operated by The Johns Hopkins University Applied Physics Laboratory.
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The basaltic shergottite Northwest Africa 856: Petrology and chemistry
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Abstract—We report on the discovery of a new shergottite from South Morocco. This single stone
weighing 320 g is referenced as Northwest Africa (NWA) 856 with Djel Ibone as a synonymous
name. It isafresh, fine-grained basaltic rock consisting mainly of two pyroxenes (total (168 vol%:
45% pigeonite, Engy_16W0g_20FSys_gg; 23%0 augite, Engg_ogW034_29FSp1_43) and plagioclase converted
to maskelynite ((23 vol%, Absz 570r1_sAns, 36). Accessory mineralsinclude merrillite, Cl-apatite,
pyrrhotite, ilmenite, ulvéspinel, silica (stishovite and glass), amorphous K-feldspar and baddel eyite.
Amorphous mixtures of maskelynite and silica occur most commonly as median layers inside
maskelynite laths. 1n addition, melt pockets ([ vol%) were recognized with relics of maskelynite,
pyroxene and both dense silica glass and stishovite occurring as both grains and submicrometer
needles. The compositions of the melt pockets are consistent with mixtures of maskelynite and
pyroxenes with an average of [50 vol% maskelynite. The meteorite ishighly fractured at all scales.

The bulk composition of NWA 856 has been measured for 44 elements. It is an Al-poor ferroan
basaltic rock which strongly resembles Shergotty and Zagami in its mgjor and trace el ement composition.

The nearly flat rare earth element (REE) pattern (La/Lu), = 0.9, issimilar to that of Shergotty or
Zagami and differs significantly from NWA 480, another Moroccan shergottite recently described.
According to the U, Ba and Sr abundances, NWA 856 is not significantly weathered. The oxygen
isotopes (6180 = +5.03%o, 6170 = +3.09%o, and A170 = +0.47%o) are in agreement with the martian
origin of this meteorite.

On the basis of grain size, pyroxene zoning and composition, abundance of silica inclusions
associated with maskelynite, trace element abundances, REE pattern and oxygen isotopes, pairing
with NWA 480isexcluded. Thesimilarity with Shergotty and Zagami isstriking. Theonly significant
differences are a larger grain size, a greater abundance of silica and melt pockets, a dlightly more
restricted range of pyroxene compositions and the absence of significant mesostasis.

INTRODUCTION

After the first discovery of martian meteorites a second
stage of discoveriesoccurred in Antarctica (with the recognition
of their martian origin). A third stage has been ongoing for
several years now, with the new finds in hot deserts: Dar a
Gani (DaG) 476/489/670/735, Sayh a Uhaymir (SaU) 05/08/
51/94, Dhofar (Dho) 019, Northwest Africa (NWA) 480 and

817. Thesesnew discoveries present an opportunity to improve
our knowledge of martian meteorites: shergottites appear to
form a prominent group (thirteen specimens) while nakhlites
(four specimens) remain rare stones; Allan Hills (ALH) 84001
and Chassigny remain unique. Shergottites according to their
mineralogy can be divided into basaltic shergottites (eight
specimensif weinclude Elephant Moraine (EETA)79001B and
NWA 856, the last discovery), picritic shergottites (five
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FIG. 1. (a) The mass of NWA 856 showing awell-preserved fusion crust and minor ateration. Thesizeis b cm. (b) Sawn surface of NWA
856 showing the long pyroxene needles (several millimeters). (Photographs courtesy of B. Fectay and C. Bidant of LaMémoire delaTerre))
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specimens including EETA79001A and NWA 1068) and
peridotitic shergottites (three specimens).

We report on NWA 856, or Djel Ibone, the third martian
meteorite from Morocco. It isasingle stone of 320 g with a
nearly complete, fresh fusion crust (Fig. 1a). It wasfoundin
April of 2001 by meteorite dealers in the south of Morocco
and the exact location of its discovery has not been revealed.

On a sawn surface (Fig. 1b), its appearance is dominated
by light green elongated pyroxenes (to a few millimeters),
interstitial maskelynite, and rare opaque oxides. It will be
shown that its mineralogical and geochemical properties rule
out pairing with any of the previous Moroccan finds.

ANALYTICAL METHODS

Petrographic observations and quantitative chemical
analyses of the various phases were made on apolished section
of NWA 856 of [10.95 cm2. The procedures are very similar to
those used for the shergottite NWA 480 (Barrat et al., 2002)
and nakhlite NWA 817 (Sautter et al., 2002). Backscattered
electron images were taken with a JEOL JSM6301-F scanning
electron microscope (SEM) with an energy dispersive
spectrometer (EDS) at SCIAM, Angers. Additional SEM work
was performed in Paris (UPMC) with a JEOL 840-A, mostly
to provide working backscattered electron images and x-ray
mapping to eval uate the abundance of and locate minor phases.
Electron microprobe (EMP) analyses were performed in Paris
(UPMC) with a Cameca SX50 wavelength dispersive
spectrometer (WDS). Operating conditions were 15 kV
accelerating voltage with a probe current of 12 nA and a spot
sizeof (1L um for al phases except for maskelynite and impact
melts. For the latter, we used a defocused beam of 10 um in
diameter and aprobe current of 8 nA as suggested by Mikouchi
et al. (1999), in order to minimize volatile loss.

A 500 mg fragment was finely ground using a sapphire
mortar and pestle. A split (120 mg) was used to determined
the major and trace element abundances in Grenoble, by
inductively coupled plasma-atomic emission spectrometry
(ICP-AES) and inductively coupled plasma-mass spectrometry
(ICP-MS), respectively. Ancther split of the same powder
(80 mg) was used for the determination of additional trace
element abundances (As, Br, Sh, Au and Ag) by instrumental
neutron activation analysis (INAA) at Laboratoire Pierre Sie,
Saclay. Our procedures are the same as those described by
Barrat et al. (2000) and Joron et al. (1997). The accuracy on
major and trace element concentrations is better than 5% in
most cases, except for As (15%), and Au (30%).

The modal composition has been estimated from points
counted on backscattered electron images, Ca and Mg images,
and from a mass balance calculation for the phases and bulk-
rock composition.

Themineralogy of the silicahasbeen determined by Raman
spectroscopy. Raman spectra were recorded on the polished
sectionwith aDilor® XY spectrometer equipped with confocal
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optics and a nitrogen-cooled charge coupled-device (CCD)
detector at ENS Lyon. A microscope is used to focus the
excitation laser beam (488 and 514 nm lines of a Spectra
Physics® Ar+ laser) to a2 um spot and to collect the Raman
signal in the backscattered direction. Accumulations lasted
from 120 to 300 s. The laser power was restricted from 2 to
50 mW to avoid deterioration of the sample.

Oxygen isotopes were determined by laser fluorination
at IPGP. A subsample of [l mg is reacted at a pressure of
100 mbar BrFs under the spot of a CO, Melles Griot laser
(20 W). The resulting O, is purified over a KBr furnace
and analyzed as O, in a VG Optima dual inlet mass
spectrometer. Quartz and basalt glass standards are routinely
analyzed for calibration of the system. The overall
reproducibility is estimated at +0.1%o.

RESULTS AND DISCUSSION
Petrography

Thisstoneisnearly totally covered with glassy black fusion
crust (Fig. 1). It is fresh and weathering products (such as
carbonates) are limited to afew spots on the fusion crust and a
few large cracks within the sample. On the sawn surface, the
interior appears fine-grained crystalline and consists mainly
of gray acicular pyroxene phenocrysts (the largest grains are
up to 12 mm in length) and plagioclase laths converted to
maskelynite of <500um. At smaller scale, on the backscattered
electron view of thewhole section, only smaller pyroxenesare
recoghized because of stereological considerations (Fig. 2) and
because of fracturing. Maskelynitelaths are commonly stacked
up and interstitial to the pyroxene phenocrysts (Fig. 3).
Pyroxenes rarely include oxides (e.g., chromite), unlike NWA
480. Augite and pigeonite form separate crystals (as in
Shergotty and Zagami) and not as complexly zoned grains as
in NWA 480 and Queen Alexandra Range (QUE) 94201
(McSween et al., 1996; Mikouchi et al., 1999; Barrat et al.,
2002). In some areas, augite crystals are surrounded with a
corona of pigeonite crystals and/or pigeonite and maskelynite
laths. No preferred orientation of the pyroxeneswas observed.
Maskelynite is less abundant and is interstitial to pyroxenes
and appears sometimes injected between broken pyroxenes.
The maskelynite contains numerousinclusions of Fe-Ti oxides
(of afew micrometers). Typically phosphatesand small crystals
of Fe-Ti oxides (110 um) are interstitial at the boundary
between pyroxene and maskelynite.

Four different occurrences of silica are observed:

» Most commonly as thin patches (20 «m) included in the
middle of maskelynite laths associated with Fe-Ti oxide
inclusions. Similar silica lamellae are present (although
uncommon) in Zagami and are nearly absent in Shergotty and
NWA 480.

» Rarely as small inclusions in ulvdspinel, surrounded by
radiating cracks.
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FIG. 2. Backscattered electron image of the whole polished section of NWA 856 showing dominant pyroxene (light gray), maskelynite (dark
gray), and oxides (white). Notice that the apparent size of pyroxene is significantly smaller compared to those of Fig. 1b. Width of view is
1 cm.



The basaltic shergottite Northwest Africa 856

1151

FiG. 3. Backscattered electron image (middle left of the section in Fig. 2) showing the characteristic features. Large grey crystals are zoned
pyroxenes, the dark phase is maskelynite. Fe-Ti oxides, minor pyrrhotite and chromite (all white) are included in maskelynite or interstitial
between maskelynite and pyroxene. Silica and silica-maskelynite glass (black) inside the maskelynite stacks. Notice the fracturation of

pyroxene. Width of view is 1.5 mm.

» As wedges between maskelynite laths or between
maskelynite and pyroxene, the most common texture for silica
in shergottites. These silica grains resemble those recently
described in Shergotty by Sharp et al. (1999).

 As crystals and patches in impact melt pockets (Fig. 4).
Itisobserved as either euhedral crystalsup to 200 «m, rounded
patches (up to 100 um) or very thin needles of (1L um with a
square cross section. These needles have been identified as
stishovite by Raman spectroscopy.

These occurrences are quite similar though more abundant
than those aready found in NWA 480 (Barrat et al., 2002).
Raman spectroscopy measurements show that these silica
grains represent a mixture of dense silica glass and stishovite
(Fig. 5). This is the third unambiguous determination of
stishovite in a shergottite after Shergotty (Stoffler et al., 1986;
Sharp et al., 1999) and NWA 480 (Barrat et al., 2002). In
NWA 856 melt pockets are more frequent and of larger size
(of the order of amillimeter) compared to Shergotty, Zagami,
Los Angeles and NWA 480.

M ode-Excluding the melt pockets, modal analyses gives
the following mineral proportions: 68 vol% pyroxenes (23%

augite, 45% pigeonite), 23% maskelynite, 1% phosphates
(merrillite and minor chlorapatite), 2% opaque oxides (mainly
ilmenite and ulvéspinel and minor chromite), rare sulfides
(pyrrhotite, <0.1%), 1% silica including stishovite) and
amorphous mixtures of silica and maskelynite. This modal
composition is very similar to that reported for Shergotty by
Hale et al. (1999), with the same abundance ratio of pigeonite
to augite ((R).

Shock Features-The rock is extensively fractured, even
more so than the other basaltic shergottites. A few large
fractures cut the fusion crust and have been cemented by
carbonate (a common feature of desert alteration). Pyroxene
grains are highly fractured, with an increase from core to rim
where numerous small fractures are observed. Commonly, the
cores of pyroxenes are delimited by a circular fracture.
Maskelynite, as in other shergottites, is aimost devoid of
fractures.

Shock melt pockets (Fig. 4) are more abundant in NWA
856 than in Shergotty, Zagami or NWA 480 (McCoy et al.,
1992; Marti et al., 1995; Barrat et al., 2002). No obvious
relation appears between fractures and melt pockets. Finally



i ¥ o

“m
E..L.a._ H‘*{é’iw :._.!

H‘

Pt

i

FIG. 4. Backscattered electron image of typical impact melt pockets. Residual pyroxene and maskelynite appear asrounded 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.

the dramatic intensity of the shock is expressed in the
abundance of stishoviteand high-pressure silicaglass 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 FeEO/MnO ratios are similar to those of shergottites
(FEO/MNO = 32 = 12 (20), 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
EnysFsy»Wogyp to rims of Eny7Fs,1Wosp. Pigeonite grains are

also euhedral to subhedral. They exhibit FeO/MnO =34 + 10
(20, n=105), and range from EnsgFsygW012 to EnggFssgWo1s.
No extreme Fe-enriched compositions have been encountered.
It should be noted that the cores of pigeonite and augite crystals
have similar mg# values ([1.7), indicating contemporaneous
nucleation. Their average compositions are strikingly closeto
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 coresto rims, while abundances of Cr decrease. This
is in accord with their chemical behavior as incompatible vs.
compatible elements. The case of Nais not as clear, possibly
because of the limited variations in mg# compared to other
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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.
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shergottites, and the comparatively small amount of Na in
pyroxene with regard to analytical precision. In addition at
low mg# , Namay be contaminated by maskelynite since these
compositions correspond to pyroxene rims. The case of Al is
particularly interesting asits concentration increasesin the core
of pyroxene and decreases for mg# below 0.56. This behavior
can be explained asthefingerprint of plagioclase crystallization,
in agreement with textural relationships.

We examined the pyroxenes at high magnification by field
effect gun-scanning el ectron 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 coresandin the augite bands. The only exsolution-
bearing areas are located in pyroxenesin 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 isnormally zoned (Anss_s3Absg_4o0r1_s, with an
average of AngpAbygOry; Table 3), similar to maskelynite in
Shergotty and Los Angeles (Hale et al., 1999; Rubin et al.,

En

Fs

FIG. 6. Quadrilateral pyroxene compositions of NWA 856 compared to Shergotty (shaded area). Data sources are Stoffler 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
SO, 52.85 52.78 51.88 51.41 50.67 49.75 49.52 48.62
TiO, 0.19 0.16 0.16 0.35 0.19 0.45 0.56 0.72
AlO3 0.67 1.78 0.78 0.78 0.69 0.63 0.64 0.85
Cry03 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
Na,O 0.10 0.29 0.11 0.12 0.07 0.07 0.08 0.11
K20 0.04 0.03 0.00 0.00 0.00 0.00 0.00 0.01
P,0Os5 0.21 0.03 0.04 0.09 0.00 0.04 0.07 0.02
Cr,03 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
SO, 52.34 51.60 51.53 51.47 50.98 50.09 50.04
TiOy 0.19 0.20 0.21 0.36 0.34 0.49 0.54
Al>O3 1.05 114 127 1.16 114 101 0.97
Cr,03 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
Ca0 15.67 15.04 16.20 15.84 13.99 12.42 15.04
Na,O 0.18 0.26 0.17 0.18 0.13 0.16 0.20
K0 0.04 0.00 0.00 0.01 0.00 0.00 0.04
P>Os5 0.16 0.24 0.31 0.01 0.06 0.00 0.24
Cr,03 0.46 0.84 054 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
SiO, 53.4 52.6 52.8 51.9 53.0 51.7
TiO, 0.12 0.21 0.14 0.17 0.15 0.22
Al>,O3 0.70 1.05 0.72 1.27 0.78 1.20
Cry03 0.46 0.68 0.50 0.71 0.45 0.71
FeO* 18.1 134 17.8 12.2 19.2 12.9
MnO 0.63 0.51 0.64 0.50 0.63 0.44
MgO 20.3 154 20.6 16.4 20.7 15.8
Ca0 6.29 15.85 6.36 16.20 5.60 16.10
Na,O 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 58.3 457
Wo 12.9 33.2 13.0 334 1.3 334

Fs 29.0 21.9 28.4 19.6 30:3 20.9
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TABLE 3. Representative electron microprobe analyses of NWA 856 maskelynite, silica, and maskelynite-silica mixtures.

Maskelynite Silica
269 270 193 60 12 Moyenne o T50 T44

SO, 61.03 5865 57.76 56.80 5552 55.39 0.33 95.98  99.04

TiO, 0.00 0.06 0.09 0.06 0.12 0.05 0.06 1.32 0.13

Al,O3 24.08 2528 2502 2546 2783 27.63 0.31 0.06 0.67

Cro03 0.00 0.04 0.23 0.00 0.00 0.10 0.11 0.09 0.00

FeO* 0.80 0.49 0.85 1.02 0.81 0.94 0.17 1.22 0.10

MnO 0.00 0.00 0.18 0.00 0.03 0.12 0.09 0.00 0.03

MgO 0.09 0.01 0.03 0.08 0.04 0.05 0.03 0.03 0.00

Ca0 7.36 8.11 9.05 1013 1093 10.76 0.10 0.06 0.04

Na,O 6.10 6.22 5.75 5.66 4.86 5.10 0.19 0.00 0.28

K50 0.64 0.80 0.65 0.22 0.37 0.35 0.06 0.02 0.11

P>O5 0.14 0.06 0.09 0.18 0.21 0.17 0.07 0.00 0.11

Total  100.22 99.72 99.68 99.60 100.72 100.65 0.52 98.78 100.49

Ab 0.53 0.54 0.51 0.50 0.42 0045 - - -

An 0.35 0.39 0.44 0.49 0.53 0.52 - - -

Or 0.04 0.05 0.04 0.01 0.01 0.02 - - -

Qz 0.09 0.02 0.02 0.00 0.03 0.01 - - -

K-feldspar silica mixtures Maskelynite-silica mixtures
T52 G52 T35 235 233 231 204 256 222 185 260

SO, 7176  76.11 85.82 55.93 60.62 67.00 71.02 7470 7990 8423 94.01
TiO, 0.11 0.03 0.16 0.00 0.00 0.00 0.04 0.18 0.27 0.13 0.20
Al,O3 1576  13.16 6.42 27.02 2429 2062 1823 1298 1207 9.84 3.38
Cr,03 0.00 0.04 0.00 0.00 0.09 0.00 0.00 0.28 0.00 0.00 0.00
FeO* 0.31 0.43 0.22 0.60 0.71 0.40 0.59 0.30 0.40 0.57 0.15
MnO 0.01 0.14 0.13 0.00 0.18 0.03 0.03 0.00 0.10 0.00 0.00
MgO 0.02 0.00 0.00 0.00 0.05 0.04 0.05 0.06 0.04 0.01 0.00
Ca0O 0.97 0.83 0.25 10.24 9.04 7.22 6.02 5.78 3.50 2.57 0.71
Na,O 2.07 241 1.10 5.28 4.69 431 4.25 3.34 3.26 3.08 1.05
K20 9.25 6.73 3.94 0.46 0.40 0.31 0.42 0.42 0.29 0.29 0.24
P,0Osg 0.05 0.20 0.07 0.04 0.13 0.14 0.15 1.87 0.09 0.00 0.00
Total 100.31 100.08 98.10 9957 100.19 100.06 100.79 99.89 99.91 100.73 99.73
Ab 0.18 0.20 0.09 0.46 0.41 0.37 0.35 0.28 0.27 0.25 0.08
An 0.05 0.04 0.01 0.50 0.43 0.34 0.28 0.27 0.16 0.11 0.03
Or 0.52 0.38 0.22 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.01
Qz 0.25 0.38 0.68 0.01 0.14 0.28 0.34 0.42 0.56 0.62 0.87

2000). Noticethat because of the analytical spot size (10 um),
zoning may actually have a wider range than that measured.
They contain a moderate amount of Fe (FeO = 0.94 + 0.17
(10), n=102), similar to that in Shergotty maskelynites. In a
few areas, glasswith K-feldspar composition has been detected.
In addition, significant phosphorus appears in most EMP
analyses (P,O5=0.17 = 0.07 (10), n = 102). We suggest that
P is dissolved in the lattice or that maskelynite contains tiny
phosphate inclusions.

Baddeleyite-Two small crystals of baddeleyite were
recognized, one of which could be analyzed. Its chemical

composition is ZrO, = 98.02, HfO, = 1.14, SnO, = 0.08 =+
0.03, SiO, = 0.05 wt%. This grain has a Zr/Hf ratio of 74,
which is nearly twice that of the bulk rock. Baddeleyite has
been reported in Shergotty, QUE 94201 and Los Angeles (Smith
and Hervig, 1979; Lundberg et al., 1988; McSween et al ., 1996;
Rubin et al., 2000).

Phosphates—Merrillite and Cl-apatite are present in NWA
856 (Table 4). Merrillite, the most abundant phosphate, occurs
asthin laths (up to 0.1 mm in length) and contains a moderate
amount of FeO (3.2 = 0.2 wt%). Maerrillite grains are often
associated with silica, Fe-Ti oxides, pyrrhotite and fayalite.
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TABLE 4. Representative electron microprobe analyses of NWA 856 minor mineral phases.
Pyroxene cores Interstitial Interstitial
Spinel ilmenite ulvospinel Melt pockets Merrilite
78 74 6 8 424 359 395 4

SO, 0.07 0.82 0.00 011 57.13 53.69 49.81 0.35
TiO, 2283 1812 51.49 23.54 0.00 0.54 0.48 0.02
Al,03 1.66 6.41 0.01 1.74 25.86 15.30 8.27 0.05
Cry03 299 10.04 0.12 0.70 0.00 0.26 0.08 0.00
FeO* 67.21 59.54 46.52 70.73 1.07 12.80 1543 2.94
MnO 0.42 0.50 0.40 0.58 0.03 0.27 0.05 0.22
MgO 0.41 0.75 0.79 0.32 0.04 4.42 8.67 1.93
Cao 0.19 0.52 0.00 0.00 9.69 9.39 1350 45.38
Na,O 0.00 0.03 0.02 0.20 5.08 2.67 1.69 1.43
K20 0.00 0.01 0.00 0.00 0.35 0.27 0.00 0.05
P>0Osg 0.00 0.00 0.00 0.00 0.22 0.20 0.35 45.24
Total 95.776 96.73 99.35 97.91 99.46 99.81 98.33 97.59

Opaque Minerals-Ulvospinel (Fe/Ti = 3.4) is the most
abundant opaque mineral (Table 4); it is interstitial among
pyroxenes and maskelynite, and often isrimmed with ilmenite.
At high magnification, the ulvospinel crystals appear
heterogeneous at ascale of afew micrometers. They frequently
contain small rounded inclusions of silica, both stishovite and
glass, which are commonly surrounded by radial cracks. Unlike
in NWA 480, Cr-spinel crystals are small and rare in the
pyroxene cores; their chromite component is moderate. Small
pyrrhotite crystals are rare (Fe = 59.36 wt%, Ni = 0.29 wt%,
S = 37.65 wt%).

Silica—Electron microprobe analyses (Table 3) show that
this phase is free of aluminum, unlike the silica grains in
Shergotty, Zagami and NWA 480 (Stolper and McSween, 1979;
Sharp et al., 1999; Weber et al., 2000; Barrat et al., 2001). Its
textural relationship with maskelynite indicates that the silica
marks boundaries of the original plagioclase crystals. The
original silicawasinterstitial among plagioclase and pyroxene.
Backscattered electron images show that silica is not
homogenous. some stishovite hasretrograded to glassas shown
by Raman spectroscopy.

Even moreinteresting isthe chemical relationship between
maskelyniteand silica. Intermediate compositions are common
but, surprisingly, the most common composition is SiO, = 80—
75% (Fig. 8). Silicarich glass has been mentioned previously
in Shergotty, QUE 94201 and ALH 84001 (Binns, 1967; Smith
and Hervig, 1979; Stolper and McSween, 1979; McSween et
al., 1996; Thomas et al., 1996). Contribution of a pyroxene
component is obvious for a few points only. A similar
observation can be made in a few instances for a mixture
between silica and K-feldspar composition. We suggest that
such intermediate compositions are eutectic-like composition
in the plagioclase-silica and K-feldspar silica systems. The
silica—maskelynite system is aternary (Qz—Ab-An) and melts
are enriched in Ab relative to the solid assemblage. A trend

towards an Ab-enriched composition is observed, a deviation
from a simple binary mixing between maskelynite and silica.
This suggests that shock promoted melting at silica—feldspar
boundaries where minimum transport distance by diffusion is
required, with the eutectic composition corresponding to the
maximum extent of melting; the time allowed above the
transformation temperature was so short that some silica was
preserved and in awater-free system (or nearly so), thekinetics
was too sluggish to permit feldspar and silica crystallization
upon cooling.

Amphibole-The pyroxene cores of NWA 856 sometimes
contain small melt inclusions with amphibole, pyrrhotite and
K-feldspar like those of Shergotty and Zagami (Treiman, 1985;
McCoy et al., 1992). In our section, amphiboles are too small
to be accurately analyzed. An amphibole analysis has been
obtained with another section and corresponds to a kaersutite
(Mikouchi and Monkawa, pers. comm.).

Impact Melt Pockets-Melt pockets are typically from 0.5
to 2 mm in diameter. Analysis with a 10 um spot shows that
the average melt composition, though heterogeneous,
corresponds to a mixture of maskelynite and pyroxene (Fig. 9
and Table 5). Ghost minerals, like maskelynite or pyroxene
lumps, can still be recognized. In addition stishovite is
identified either as rounded clots or polygonal spots of
100-300 «m and aways associated with variable amounts of
densesilicaglass. Nearby are numerous submicron needles of
stishovite with square cross sections. The phosphorus content
of the melt pockets is low (0.22% on the average with a
maximum of 0.45).

Carbonates—-On the section examined, afew largefractures
cross cutting the fusion crust (see Fig. 2), appear to be coated
with fluffy material. The determination of this material as
calcium carbonate was possible with EDS analysis (including
the detection of C). No other products of terrestrial alteration
were visible.
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FiG. 8. Composition of silica-maskelynite patches associated with maskelynite. (a) The straight line is a visual fit to the SiO, > 80% data
points. For SiO, < 80%, some of the data points correspond to a mixture of maskelynite and some component (m) at 80% silica; they are
likely to be an artifact related to the size of the analytical spot (10 um). The trend to a sodium-rich component (the straight line) is expected
for amelt derived from silica and maskelynite. (b) The histogram of SiO, concentrations reveals, beside maskelynite, a subsidiary maximum
corresponding to the most likely melt composition (m) in the plagioclase-silica system.

Bulk Chemistry

The bulk composition of NWA 856 is given in Table 5.
This new shergottite is an Al-poor ferroan basaltic rock
which strongly resembles Shergotty and Zagami in its major
element composition. Major element ratios such as FeO*/
MnO (=36), where FeO* istotal iron, or Na/Al (=0.26) are
typical of shergottites (McSween, 1994). In a Cr vs. mg#
diagram, NWA 856 falls exactly on the Shergotty—Nakhla—
Chassigny (SNC) trend which departs markedly from
terrestrial, howardite—eucrite—diogenite (HED) or lunar
trends (Fig. 10).

Alteration—Because hot desert ateration can affect the
compositions of meteorites (e.g., Bland et al., 1998; Barrat et
al., 1998, 1999, 2001; Stelzner et al., 1999; Zipfel et al., 2000;
Crozaz and Wadhwa, 2001), these effects must be evaluated.
Chemical effects of alteration should be most obvious in

abundances of Ba, Sr, Cs, U and Ce (Table 6). NWA 856 has
a chondritic Th/U ratio (=4.1), similar to the ratios in the
unweathered falls Shergotty and Zagami. Hot desert meteorites
often display a strong Ba and Sr enrichment (e.g., Stelzner et
al., 1999; Folco et al., 2000), especially when secondary
carbonates are present. Ba and Sr abundances in NWA 856
are in the trend defined by other "unweathered" shergottites
(Fig. 11). In afew Saharan finds, elevated Cs abundances
have been measured (e.g., Folco et al., 2000). The Cs/Thratio
of NWA 856 ([11.1) issimilar to those of Zagami and Shergotty
(1.3 and 1.4, respectively). Barrat et al. (1999) and Neal et al.
(2001) have shown that desert weathering is able to produce a
significant positive Ceanomaly. Thedlight positive Ceanomaly
of NWA 856 (Ce/Ce* = 1.01) is barely significant (Fig. 12).
Therefore, alteration effects on the bulk composition of NWA
856 are negligible especially when compared to DaG 476—
489 and Dhofar 019.
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HED evolutions. NWA 856 falls exactly on this trend demonstrating
its consanguinity with SNC meteorites.

TABLE 5. Major element abundances (in wt%) for NWA 856 compared to NWA 480 (Barrat et al., 2002), Zagami and Shergotty (Stolper

and McSween, 1979), and Los Angeles.

NWA 856 Zagami Shergotty NWA 480 Los Angeles
Stolper and Stolper and Barrat
ICP/AES INAA McSween McSween et al. ICP/IAES
(This study) (This study) (1979) (1979) (2002) (This study)
SO, 50.8 50.4 - -
TiO, 0.81 - 0.77 0.81 1.16 112
Al,O3 6.83 - 5.67 6.89 6.46 10.86
Cr,03 0.23 0.27 0.30 0.21 0.31 0.015
FeO* 17.81 19.97 18.0 19.1 19.44 21.07
MnO 0.49 0.54 0.50 0.50 051 0.46
MgO 9.51 - 11.0 9.27 10.06 391
Ca0 10.24 - 10.8 10.1 9.32 9.92
Na,O 1.28 - 0.99 1.37 1.26 2.24
K,0 0.13 - 0.14 0.16 0.10 0.36
FeO*/MgO 1.87 - 1.64 2.06 1.93 5.39
FeO*/MnO 36.35 36.98 36.00 38.20 38.12 4572
Al,O4/TiO, 8.43 - 7.36 8.51 5.57 9.72
TiO,/NayO 0.63 - 0.78 0.59 0.92 0.50
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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 - - - - - 293 5.03
Be 0.355 - - - - - 0.21 0.54
Sc 55.7 54.1 - 53 - 54 28 41.3
\Y 295 - - - - - 202 -
Co 36.3 43 - 39.5 - 35 37.6 29.2
Ni 7 85 0 101 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 82 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 - 223 - 25.6 28.4 46.8
La 2.16 234 - 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 39 - 253 - 297 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 251 - - 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 - 253 3.05 5.04
Ho 0.677 - - 0.479 - 0.548 0.62 1.03
Er 1.87 - - 1.34 - 152 157 2.76
Yb 164 1.76 - 1.22 - 1.32 1.33 235
Lu 0.251 - - 0.186 - 0.202 0.19 0.331
Hf 1.55 2,01 - 154 - 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 - - - - - 0.37 112
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), 0.91 0.88 - 0.94 - 0.83 0.54 0.95
EwEU* 092 - - 1.00 - 0.97 1.08 0.93

Comparison with Other Shergottites-Many element
ratios have been used in order to discriminate the various types
of basaltic achondrites (for areview, see Treiman et al., 2000).
Trace element ratios such asK/La (=500) or Ga/Al (= 4.8 x 104)
indicate clearly that NWA 856 is anew member of the martian

meteorite clan. Thisconclusion is confirmed by the bulk rock
analysis for oxygen isotopes which yields 6170 = +3.09%o,
0180 = +5.03%o0, A170 = +0.47%0, a value slightly higher than
those measured on other shergottites (Clayton and Mayeda,
1983, 1996; Romanek et al., 1998; Franchi et al., 1999) but
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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 A170 value of +0.31 when
whole rocks aone are considered, with a 2o range of +0.1%o.
If mineral separates are also considered then, the 20 range
becomes +0.16%.. According to the A170 value of NWA 480
(+0.4%0), another shergottite measured in the Paris laboratory,
acdibration biasislikely 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
i ndi stingui shabl e because of possiblecalibration bias (e.g., Hf),
and mainly because of powder heterogeneity. Thesedifferences
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
phenocrystsand maskelynitelathsarelarger 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
aresignificantly different. NWA 856 unlike NWA 480 isalmost
devoid of chromite in the core of its pyroxenes.

» NWA 856 and NWA 480 arechemicdly 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. Thesethree stonesdisplay 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 1.5x 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

Jambon et al.

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 H,O-saturated conditions
(Dann et al., 2001), and estimated to 1120 °C and 56 MPaof a
HoO-saturated melt ((11.8 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 behaviorsin 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
maskel ynite 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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