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Understanding Mars from meteorites — the nitrogen

and noble gas perspective

Ratan K. Mohapatra

Mars has inspired our imagination and scientific research. While space missions in the 1960 and
1970s set up a milestone in the study of Mars, discovery of meteorites apparently from the Red
Planet led scientific research into a new dimension. Easily identified and linked by their nitrogen
and noble gas isotopic signatures, martian meteorites have provided a unique means of acquiring
geochemical data about Mars. These in turn, complemented by results from various geophysical
studies and cosmochemical modelling, provide important constraints on the planet’s origin and
evolution, which constitute the subject matter for the present article.

MASs spectrometers aboard Viking Landers (1 and 2)
analysed in situ the elemental and isotopic signatures of
martian atmosphere'”, which were somewhat ‘dupli-
cated’ in shock glass samples from a meteorite — EETA
79001 — collected from Antarctic ice sheet™”. While con-
centrations of carbon dioxide, nitrogen and noble gases
(Ne, Ar, Kr and Xe) measured in the above samples show
a 1:1 correlation (on a log-log plot), their isotopic com-
positions are often indistinguishable from corresponding
martian atmospheric signatures measured by Viking mis-
sions (Table 1). This observation together with a host of
others provided convincing evidence that linked®’ a
group of meteorites found on Earth to Mars. A major ef-
fort in the study of Mars today involves identification of
such meteorites and extracting geochemical information
from them about their parent body by a myriad of labora-
tory techniques. In this article I bring out some of the im-
portant results from the study of nitrogen and noble gases
in martian meteorites. Although this may sound a bit spe-
cific, I have organized the presentation so as to make it
legible and useful especially for amateurs (like me) and
readers with general scientific interests. At the same time
I apologize to specialists in the field for oversimplifica-
tion and omission of some of the important but rather
specialist results. My predilection for this particular line
of research is based, besides acquaintance with these ele-
ments, on the following reasons. Nitrogen and noble
gases uniquely describe Mars in solar system and have
been instrumental in the discovery of martian meteorites.
Results obtained from studies of these elements in mar-
tian meteorites have implications for the origin and evo-
lution of Mars, nature of its interior, atmosphere and
hydrosphere, which are of general and broad scientific in-
terests.
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Martian meteorites

So far only 29 out of about 22,000 meteorites discovered
on Earth have been recognized to have originated from
Mars. An updated list of these meteorites and relevant
general information about them may be found in NASA’s
web page (www?2 jpl.nasa.gov/snc/), while Meyer’ provi-
des a nice compilation of their petrography, chemical and
isotopic characteristics.

Martian meteorites evolve in three stages (Figure 1).
Like terrestrial (Earth or earth-like) igneous rocks they
crystallize from martian magmas at or near the surface of
Mars. Their crystallization ages® varying from ~ 150 Ma
to ~4 Ga are however not typical of meteorites. This in
turn requires’, as explained below, origin from a large
(rocky) planetary body (that experienced igneous activi-
ties until as recent as ~ 150 Ma) rather than asteroids. Me-
teorites, with sizes ranging from a few micro metres
(cosmic dust, micrometeorites) to kilometres (such as that
blamed for killing dinosaurs ~65 Ma ago) come from a
variety of cosmic sources (asteroids, comets, Moon and
interstellar medium), although a majority of them can be
linked to the ‘asteroidal belt’ lying between the orbits of
Mars and Jupiter. Representing either ‘primordial’ solar
system material (such as chondrites) or the products of
igneous activity (such as achondrites) in early solar system,
they are much older than martian meteorites except for
ALH 84001 (which has a crystallization age of ~4 Ga)®.

Some of these meteorites, such as ALH 84001 and
Nakhlites (represented by Governador Valadares, Lafayette,
Nahkla, Northwest Africa:817 and 998, and Y : 000593,
000749 and 000802), show effects of aqueous interaction’.
For example, ALH 84001 contains significant secondary
carbonates believed to contain trace fossils of micro-
scopic martian organisms’. Similarly, Nakhlites contain
iddingsite — a clay mineral formed by the interaction of
olivine with water. The extraterrestrial nature of these
secondary phases is verified by various isotopic signa-
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Table 1. Comparative planetolgy: nitrogen and key noble gas isotopic ratios for the atmosphere and interior of
Mars and Earth
"N (%0)" BArCAr OArCAr 129X e/ Xe

Atmosphere
Mars (Viking) 620 (160)' - 3008 (1137)" 2.5

(EET 79001) 300% 0.244 (12)* 2257 (697)* 2.6%
Earth 0 0.188* 295.5" 0.98"
Mantle
Mars —30% - ~300% 1.03% to 1.07*'
Earth (Upper) —-15% 0.188 to 40000% 1.15Y

(Lower) —25%:26 0.179% 10000% 1.10%
Krypton isotopic data®

BRr/AMKr SR MK KA BKeAKr R rAKr

Mars'® 0.637 (36) 4.32 (2) 20.99 (6) 20.58 (8) 29.75 (7)
Earth"’ 0.609 (3) 3.96 (2) 20.22 (6) 20.14 (6) 30.52 (6)

18N (expressed in %o) = (Rample/Raic — 1) X 1000, where R =

SN/'N and Ry = 3.669 x 107,

"Krypton isotopic ratios represent values multiplied by 100. Signatures of martian mantle are not known, while

those of Earth’s mantle are indistinguishable from corresponding atmospheric signatures.

T Kr/**Kr ratio is from atmosphere-a while the others are from atmosphere-b of ref. 19.

Courtesy www geocties comisupriyarmishra2002
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Figure 1. Evolution of a martian meteorite (e.g., Shergotty,

which fell in Bihar in 1865) consists of three stages (that

correspond to different components in it, see text for explanation). Stage I: origin and evolution on Mars (trapping of mar-
tian volatiles), II: evolution in interplanetary space as a meteoroid (accumulation of cosmogenic radionuclides) and III:
entry into Earth’s atmosphere and terrestrial residence (acquisition of terrestrial contamination). During the last stage it
also acquires a thin (dark) layer of melt glass coating (due to burning in air) called ‘fusion crust’, which distinguishes it

from terrestrial igneous rocks in field.

tures. Effects of martian secondary processes are also
visible in noble gas signatures of these meteorites. For
example, it has produced a mass-dependent fractionation
favouring heavier noble gas species (Ar, Kr and Xe) in
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the trapped martian atmospheric gases'®. Such effects are
consistent with solubility and adsorption behaviour of
noble gases, as expected in a secondary process' "'’ At
present water mostly occurs as a frozen subterranean res-
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ervoir in Mars. But topographic features (relict channels
and probably a global ocean) and recent discovery of
polar ice caps containing both CO, and water by Mars
Express suggest that water would have played an impor-
tant role on Mars at some point of its history.

These rocks (precursors of martian meteorites) witness
martian geological processes until shock waves (with
pressures up to ~30 GPa'>') from asteroidal impacts
eject them from the gravitational field (escape velocity
~5 km/s) of Mars. Besides helping them to overcome the
planet’s gravitational attraction, shock often metamor-
phoses or even partially melts martian rocks. Shocked
plagioclase (maskelynite) from martian meteorites provide
estimates of the peak shock pressures"’, while ‘glass in-
clusions’ (~ 1 mm) representing partial melts of the parent
rock deliver key geochemical information from Mars.
Shock-induced partial melting of martian rocks fairly dif-
fers from partial melting of terrestrial rocks (either in
mantle or by high grade metamorphism). The former op-
erates under high and directive pressures lasting for a du-
ration (seconds) much smaller than that (years) typical of
terrestrial partial melting events operating under hydro-
static pressures. Shock apparently produces melts in a much
more localized scale, which cool fast resulting in tiny
(~1 mm) ‘glass-inclusions’ in martian rocks. Although
the precise nature of such a process is poorly understood,
laboratory shock-experiments on terrestrial basalts reveal
that ‘shock-implantation’ (as it is called) can incorporate
ambient volatiles without producing (detectable) effects
on their elemental and isotopic compositions'”. Because
of fast cooling, the ‘implanted’ gas has little time to
‘communicate’ with volatiles beyond the melt volumes in
a rock, which probably enabled shock glasses in EETA
79001 to deliver us a ‘sample’ of martian atmosphere. At
the same time glass-inclusions from no other martian me-
teorites have been able to trap martian atmosphere so
efficiently. For example, shock glasses from SaU 005, a
martian meteorite from Oman, show traces of gases both
from martian atmosphere and interior'®. This indicates
that parent rock for this meteorite might not have been as
communicating with martian atmosphere as that for EETA
79001, also understood by its much lower gas content.

The ejected martian rocks spend some time in inter-
planetary space (as meteoroids in trajectories defined by
their initial energy) where they are exposed to cosmic
rays (both galactic and solar). The duration that a rock
spends in its trajectory, known as ‘cosmic ray exposure
age’, is estimated from the growth of radionuclides by in-
teraction with cosmic rays. Exposure ages of martian
meteorites (varying from ~1 to 19 Ma’) apparently fall
into six groups, believed to represent different ‘ejection
events’ that derived them from Mars.

At some point of time, captured by Earth’s gravita-
tional field they fall as meteorites. While a few of martian
meteorites are observed ‘falls’ (e.g., Shergotty, Figure 1),
most of them are ‘finds’. Till the late 1990s, meteorites
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recovered from Antarctic ice dominated the ‘martian me-
teorite collection’. But careful exploration of deserts of
the Middle East (e.g., Oman) and Africa (e.g., Algeria,
Libya and Morocco) has almost doubled the number of
martian meteorites in the last five years’. In this context it
would probably be useful to extend similar exploratory
programmes in the Thar Desert. Interestingly, some of mar-
tian meteorites, such as Los Angeles 001, 002 (picked up
from a twenty-year-old private meteorite collection) and
ALH 84001 (thought to be a common achondrite for almost
ten years) had to wait long in our collections before they
were correctly identified and brought into the limelight!

Each of the evolutionary stages described above leaves
its imprints on a meteorite, readily picked up in different
chemical and isotopic signatures in the form of ‘compo-
nents’ (Figure 1). The study of martian meteorites essen-
tially tries to track the evolution back in time to derive
geochemical signatures acquired from Mars, the success
of which depends on efficient resolution of the superim-
posed components as these can influence indigenous che-
mical and isotopic signatures of a meteorite.

A note on experimental approach

Because of their terrestrial residence (e.g., ~ 13000 years
for ALH 84001 (ref. 17), estimated from cosmogenic nu-
clides) martian meteorites acquire variable amount of ter-
restrial contamination (e.g., gases from air, carbonates
from deserts), which often possesses a major experimen-
tal challenge in their study. A commonly employed ex-
perimental approach involves simultaneous nitrogen and
noble gas isotopic analysis'®, which uses a noble gas mass
spectrometer and an ultrahigh vacuum gas extraction line
(maintained at ~ 10™'* atm prior to an experiment) such as
that at the Physical Research Laboratory (PRL), Ahmeda-
bad (and at six other laboratories in the world). Terrestrial
contamination may even reproduce some of the ‘martian
noble gas signatures’, and can be misleading'"'*. How-
ever a carefully planned gas extraction by stepped heating
often enables one to isolate terrestrial contamination,
even in a fairly weathered martian meteorite (e.g., DaG
476 (ref. 18) and SaU 005 (ref. 16)) from indigenous
‘martian components’. A few studies however concentrate
on noble gases (for example'’) only and even on a parti-
cular species (such as Xe, for example®), although utiliz-
ing similar piecemeal (stepped heating) extraction of
sample gases.

A meteorite during its crystallization from the parent
magma (Stage I, Figure 1) traps magmatic volatiles (in
the form of inclusions inside the crystal lattice) that are
released at temperatures as high as the melting tempera-
tures of its minerals. On the other hand, gases incorpora-
ted into it by terrestrial contamination, which are loosely
held, are released at low temperatures. Secondary pro-
cesses in hot deserts often deposit low temperature phases
(e.g., carbonates) along fractures inside these meteorites.
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Terrestrial contamination in such meteorites often hangs
on up to ~1000°C'®. Experience shows that heating in an
ultra-pure oxygen environment (known as ‘combustion’
in contrast to ‘pyrolysis’ that involves heating in vacuum)
efficiently removes atmospheric contamination from a
meteorite at a temperature as low as 200°C*' (but typically
400°C"%). One may extend the release pattern for terres-
trial contamination to low temperature components (from
secondary processes) inherited from Mars, which is partly
justified except for uncertainty about the effect of shock
on any such component. Release of ‘martian gases’ from
these meteorites has been reported from ~400°C*' to
~ 1600°C16, where the low temperature releases are belie-
ved to be contributed by fluid inclusions and the high
temperature ones from more retentive sites in a sample.
Such release pattern of the meteoritic gas may raise con-
cerns about possible loss of gas during any prior heating
events. While gas loss during the exit from Mars and entry
into Earth’s atmosphere appear insignificant because of
the very small interval of time involved, loss by any pro-
longed ‘heating phases’ on Mars or interplanetary space
(which is somewhat unlikely though) are difficult to
evaluate. The uncertainty about gas loss from a martian
meteorite (which apparently fails to erase its ‘cosmoche-
mical memory’, as for many other meteorites) is however
overwhelmed by rich chemical and isotopic information
about Mars that could not have been obtained by any
other means of study so far.

Martian meteorites acquire significant cosmogenic nu-
clides by interaction with cosmic rays, which often dras-
tically affect the indigenous isotopic signatures. One esti-
mates the ‘cosmogenic component’ by using certain
‘trapped martian’ noble gas isotopic ratios (such as *'Ne/
*Ne) and empirically determined ‘production ratios’ for
cosmogenic nuclides. The readers may refer to relevant
literatures (for example'®) for more information regarding
the rather involved procedures adopted for resolving
various components in a meteorite.

Martian atmosphere

Mars has a very thin atmosphere with an average pressure
of about 7 (varying from 1 to 9 depending on the altitude)
millibars (~10~ atm), but is thick enough to produce
strong winds and occasional dust storms. It is composed
mostly of carbon dioxide (95.3%); with minor amounts of
nitrogen (2.7%), argon (1.6%), and traces of oxygen
(0.15%), water (0.03%) and other volatiles'. The high con-
centration of CO, (in atmosphere) produces a greenhouse
effect only enough to raise the surface temperature by 5°
(K) compared to the average martian temperature of 218 K.

Nitrogen and noble gas signatures

The first-hand information about nitrogen and noble gases
in martian atmosphere obtained from the Viking data'~,
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although were able to identify martian meteorites, are in-
sufficient to address many specific problems of cosmo-
chemical interests because of large uncertainties (tens of
%). But data from martian meteorites have provided a
more precise definition (except for He and probably Ne)
of martian atmosphere. While martian atmosphere is
similar to its terrestrial counterpart in relative concentra-
tions of 20Ne, 36Ar, 84Kr, 130%e and overall enrichment of
heavier isotopes (except for krypton), it is quite distinct
(even in solar system) in the isotopic signatures of nitrogen
(SISN), argon (38Ar/36Ar and 40Ar/36Ar) and xenon (129Xe/
¥2Xe) some of which even stood out in Viking data
(Table 1). Isotopic compositions of krypton in martian
atmosphere exhibit a fractionation trend enriching the
lighter species (opposite to terrestrial Kr)'?. Apparent en-
richments in *Kr and **Kr observed in some martian
meteorites indicate the effects of neutron capture on "*Br
and 81Br, although it is not certain if such enrichments are
characteristic of martian atmosphere. Neon (not included
in Table 1) isotopic data from some of these meteorites
indicate *°Ne/*Ne ratio of about ~11 (compared to 9.8
for Earth’s atmosphere) for the martian atmosphere®.

Martian interior

Martian meteorites are at present the only direct samples
to study the interior of Mars. In terms of nitrogen and
noble gases, Chassigny (a dunite, composed mostly of
olivine) is believed to represent martian mantle, which
apparently is indistinguishable from ‘solar’ in its '*Xe/
2Xe (= 1.03) signature™ but appears quite different from
Earth’s mantle (Table 1). While terrestrial upper mantle,
with “Ar/®Ar ~40000; "*Xe/'*Xe ~1.15 shows signifi-
cant contributions from radiogenic argon (*Ar from decay
of K, half life = 1.26 Ga) and xenon ("*’Xe from extinct
1 half life = 15.6 Ma), martian mantle is fairly devoid
of such in situ radiogenic contributions. On the other hand,
nitrogen isotopic composition (8'°N ~-30%c) of martian
mantle*"** is not much different from that of its terrestrial
counterpart (~—25%, observed so far>*°). It is interesting
to note that xenon in martian meteorites often show exis-
tence of more than one interior reservoir for Mars, differing
slightly in their radiogenic signatures (Table 1). While the
precise natures of these reservoirs and their implications for
other noble gases are not clear, they may as well refer to a
zoning in martian mantle indicated by other geochemical®
and geophysical data®®. Earth’s upper mantle is more radio-
genic than the two martian mantle xenon reservoirs in Table
1, although its lower mantle may not be much different
from the ‘radiogenic martian mantle reservoir’.

Origin of Mars

The remarkable similarity observed in chemical composi-
tions between CI carbonaceous chondrites and solar pho-
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tosphere has led a number of models to propose a uni-
versal carbonaceous—chondrite-like precursor for terres-
trial planets”. But bulk geophysical properties of Mars
such as moment of inertia factor (I/MR?), more precisely
determined from Mars Pathfinder mission30, and mantle
structure as imaged from the study of martian meteorites
are difficult to explain by significant contributions from
carbonaceous (represented by CI, CK, CM, CO, CR, CV)
chondrites in Mars®'. Similarly, isotopic compositions of
nitrogen (SISN) and oxygen (A”O) of Mars (Figure 2) re-
quire contributions mostly from enstatite (represented by
EH and EL chondrites) and ordinary (represented by H,
L, and LL) chondrite-like precursors24 consistent with bulk
planet chemical and physical properties of Mars (some of
which are difficult to explain by contributions from car-
bonaceous chondrites). An interesting outcome from the
above observation is the prediction that martian core may
contain about 7 wt% Si. While at present this seems a bit
unconventional, results from recent high pressure melting
studies®® do favour the possibility of accommodating up to
12 wt% Si in metallic cores of terrestrial planets.

Evolution
Interior

With the accumulation of high precision geochemical
data from martian meteorites, it has now become possible
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Figure 2. Nitrogen and oxygen isotopic systematics of Mars®. §'°N
has been defined in the footnote of Table 1. A'7O =870 + (0.5 x 8'°0)
is a special way of expressing oxygen isotopic signatures ('’O/'®O and
'80/'°0), where ‘8’s are defined in a way similar to that for nitrogen.
Isotopic compositions of oxygen (forming ~40% by weight of Mars)
and nitrogen (a major element in its atmosphere) in Mars, which plot
inside the mixing zone (shaded region) of enstatite and ordinary chon-
drites, suggest origin from these two types of materials and rule out
significant contributions from carbonaceous chondrites (CV, CM and
CI) commonly invoked as precursors for Mars.
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to fairly understand planetary evolution on Mars. A
metallic core apparently formed by 13 +2 Ma after the
beginning of solar system®. It is also believed that large
scale melting (perhaps associated with the above event)
formed a global ‘magma ocean’ on Mars early in its his-
tory. These have important consequences for volatiles,
especially noble gases in Mars. For example, if one starts
with the reasonable assumption that martian mantle has
lost its volatiles to atmosphere during such large-scale
melting and remained closed thereafter, from the present
129Xe/mXe, it is possible to estimate amount of xenon the
planet acquired during its accretion®. Low radiogenic
“Ar and almost no (radiogenic) 12X e in martian mantle
would require either ~ a few orders of magnitude higher
(compared to measured concentrations in martian meteor-
ites) amounts of initial argon and xenon in Mars> or re-
moval of K and I (from martian mantle) in the early
history®®. On the contrary, radiogenic nature of Earth’s
mantle requires selective early removal of argon and
xenon (from mantle)’’. Therefore noble gas isotopic sig-
natures of mantles of Mars and Earth reflect differences
in planetary evolution.

Nitrogen in Earth’s mantle indicates, besides the pre-
sence of a primordial component, contributions from sub-
ducted ‘surface-derived’ (sedimentary) materials®®. While
‘plate tectonics’ is responsible for this surficial nitrogen
(and noble gas) component in Earth’s mantle, existing
data on martian meteorites are unable to evaluate the role
of such global tectonic phenomenon in the evolution of
volatiles in martian mantle. Low *’Ar/*°Ar and "*Xe/"**Xe
signatures of martian mantle (as compared to atmosphere)
may rule out significant recycling of atmospheric vola-
tiles into its mantle. But one must realize that any recycl-
ing of contemporaneous (or in past 4.4 Ga, when I was
extinct) martian atmospheric volatiles into mantle would
hardly be able to affect the isotopic signatures of bulk
mantle (which is volatile-rich®).

Atmosphere

The failure of Mariner 6 and 7 missions to detect (by
ultraviolet spectrometers) any molecular nitrogen in mar-
tian atmosphere together with its much heavier ("’N/"N =
1.62£0.16 times terrestrial) nitrogen isotopic signature
indicated the scarcity of nitrogen in martian atmosphere™.
Although "N may also form by cosmic-ray interactions
with atmospheric oxygen, such production is too low to
account for the observed anomaly. ‘Thermal (Jeans) es-
cape’ for nitrogen, in ground (N,) or ionized (N3) states,
from Mars is negligible. But a number of ‘non-thermal’
escape mechanisms, such as ‘pick up’ by solar wind of
planetary ions (from sputtering of neutral atmospheric
species), photochemical, ion-molecule and dissociative
recombination reactions in martian atmosphere, can cause
loss of atmospheric nitrogen®>*’. Incident solar radiations
in the far UV range (>796 A)*, with energy comparable
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to the first ionization potential of molecular nitrogen
(15.58 eV) provide a suitable background for such reac-
tions in martian atmosphere. Figure 3 illustrates the
essence of dissociative recombination (of N3 with elec-
trons), apparently the most important escape mechanisms
for nitrogen above martian exobase. Ground state mole-
cular nitrogen (N,) in martian atmosphere dissociates into
two atoms in a series of reactions. The lighter atom (14N),
with a kinetic energy of 1.779 eV, if directed favourably
can overcome martian gravitational attraction. On the
other hand, the heavier atoms (ISN) with a lower kinetic
energy (1.660 eV) are retained by martian atmosphere,
and affect its isotopic composition in the long run. Obser-
vation of martian atmospheric nitrogen trapped in ALH
84001 (age ~4 Ga) with an isotopic composition (8"°N
~+46%0) much lighter than that in EETA 79001 (age
~150 Ma) and measured by Viking provided experimen-
tal evidence' for loss of martian atmospheric nitrogen in
last 4 Ga.

While the above mechanism explains nitrogen isotopic
composition of martian atmosphere, its low content of
primordial noble gases requires additional explanation. It
is believed that intense far-ultraviolet radiations from
young Sun were able to ionize lighter gaseous species
such as H which formed bulk of the primordial atmos-
pheres in terrestrial planets. ‘Thermal loss’ of these ion-
ized species exerted upward drag forces on the heavier
species occurring in trace concentrations in an atmosphere,
which was effective in removing loosely held chemically
inert gaseous species, such as molecular nitrogen (N,)
and noble gases. Known as ‘hydrodynamic escape',
such loss mechanism induces a mass-dependent fractiona-
tion (both among elements and isotopes) in the remnant

w y
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“N; + e “N +"N+344eV
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Escape from Mars B
1.722

Reaction
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Figure 3. ‘Non-thermal’ loss of nitrogen from martian atmosphere by
dissociative recombination®. Energies of nitrogen atoms thus produced
(as a function of their masses) have been compared with that required
for escape from martian atmosphere (see text for discussion).
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atmospheric (heavier) species. It should be realized here
that presence of a martian magnetic field (indicated by
large-scale remnant magnetic lineations) in old martian
southern highlands observed by Mars Global Surveyor®’,
and impact of large asteroidal bodies on Mars early in its
history” may also have helped loss of ionized gaseous
species from early martian atmosphere.

None of the above mechanisms (‘continuous loss’ or
‘hydrodynamic escape’) can, however, suitably explain
isotopic compositions of martian atmospheric krypton,
which is poorly understood.

Summary

Isotopic compositions of nitrogen and noble gases in mar-
tian meteorites not only help in their identification, but
provide useful insights into their origin and evolution and
that of the Red Planet. While Mars appears pretty much a
planet like ours, it has an atmosphere much different in
isotopic signatures of nitrogen, argon and xenon, and a
mantle that has much less radiogenic noble gas isotopic
signatures. These reflect differences in planetary evolu-
tion in these two planets. At the same time, similarity in
nitrogen isotopic composition of mantles and relative
concentrations of noble gases in their atmospheres may
indicate some similarity in the nature of precursors and
planetary evolution. While conventionally CI carbona-
ceous chondrites are proposed as a universal precursor of
terrestrial planets, the isotopic compositions of nitrogen
and oxygen suggest Mars to have formed by the accretion
(in a ratio of 74 :26) of enstatite and ordinary chondrite-
like materials.
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