Depth Profiling of Iron Species in Sooke #1 with Mössbauer Spectroscopy
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Introduction

Magnetite

In the paper #2775 at 52nd LPSC in March [1] we reported about
unique 13-kg, cone-shaped, diopside-rich, ultramafic achondrite found
in the Sooke Basin near Juan de Fuca Strait, in British Columbia. The
first results of chemistry, petrography, X-ray diffraction, Mössbauer
and Raman analyses were also presented. Based on oxygen isotopic
analysis this find, like other ungrouped, highly magnesian, reduced
ultramafic achondrites NWA 13304 and NWA 13307, might be similar
to diopside-rich meteorites from the aubrite parent body [2].

The #1 samples all consistently show two sextuplets of magnetite Fe3O4
with Bhf ~ 49 T at tetrahedral A-sites and Bhf ~ 46 T at octahedral B-sites,
similarly as in meteorite MIL 03346 [3], [4]. Notably, our laboratory data
pointed by red arrows are much less scattered than the data from
spectra recorded on Mars at widely changing diurnal temperature cycles.

Here we report more data about Fe-bearing minerals in it and heataffected changes versus depth as determined by Mössbauer
transmission spectroscopy. Assuming the possibility of this find being
a Martian ejecta, we also compare our data with those for MIL 003346
samples [3], [4], Martian rocks and soil in the Gusev Crater obtained
with Mössbauer MIMOS II spectrometer during MER missions [5], [6],
as well as with the nakhlite group of meteorites [7], [8]. The similarities
in composition, texture and Mössbauer spectra of Sooke #1 with
Martian meteorites and rocks are astonishing.

Systematics of hyperfine magnetic
fields Bhf versus quadrupole splitting
ΔEQ for various minerals found in
Martian rocks and soils – Morris et al.
[5], [6]. Our data for #1, #2 and #3
samples are pointed with red arrows.
In one #1 sample a small fraction of
troilite-like FeS or kamacite Fe-Ni
could also be noted.

Photographs of Sooke #1 and Allan Hills on Mars

Allan Hills - discovered by Spirit rover in 2006

Discussion of Mössbauer spectra
The Mössbauer transmission spectra of 14.4 keV gamma-rays were all
measured at room temperature with 57Co:Rh source using 50 to 100 mg
of powdered aliquots as absorbers.
Mössbauer spectra of unaltered stony meteorites usually consist of
three doublets due to paramagnetic Fe2+, one in olivine and two in
clinopyroxene, as well as of two sextuplets of absorption lines due to
magnetically ordered iron in magnetite Fe3O4, with hyperfine magnetic
field Bhf of 49.1 T at tetrahedral A sites and 45.7 T at octahedral B sites.
The Mössbauer spectra of Sooke #1 samples shown below are very
similar to the spectra of Martian nakhlite MIL 03346 meteorite examined
by Morris et al. [3], [4] and also to some spectra of rock and soil in the
Gusev Crater published by Morris et al. [5], [6]. In the Gusev Crater
igneous rock types ranged from olivine-pyroxene and olivine-pyroxenemagnetite basalts to ultramafic rocks.

Mössbauer spectra of Fe in Sooke #1 and Martian samples

Comparison with Martian samples’ data
Top: The plot δ – ΔEQ for large
number of Martian rocks and soil
samples examined with MEM rovers.

Fe2+ in

The formation of ferriolivine as a result of low-temperature oxidation of
natural olivine (Fe,Mg)2SiO4 after heat treatment has been studied
using Mössbauer spectroscopy, e.g. [10]. Fe3+ ions dominated as a
primary product of heating above 1000°C, and heating at 1180°C led to
decomposition of the olivine structure.

Iron (%)

Only in one #1 sample 15-mm deep
the additional doublet with jarositelike parameters was observed.
ΔEQ (mm/s)

Amounts of Magnetite, Olivine and Pyroxene
in Sooke #1, Gusev Crater and MIL 03346

olivines

Olivine minerals have the general formula (Ca2+,Fe2+,Mn2+,Mg2+)2SiO4.
The olivine structure is based on two edge-sharing octahedral sites
called M1 and M2. The values δ and ΔEQ parameters are very similar
for both sites and were fitted as one doublet ascribed to Fe2+ in 4coordinated M1 and M2 sites in forsterite-fayalite olivine (Mg,Fe)2SiO4
series. The magnitude of ΔEQ decreased notably with increase of Fe/
(Fe+Mg) from ~3.0 mm/s in forsterite in crust samples to 2.85 mm/s
characteristic of fayalite in deep samples. Similar effect was observed
by Morris et al. [3] in the study of Martian meteorite MIL 03346.

Mössbauer data from Gusev Crater [6]:
rocks (red), soils (blue) and basalts on
Mars (green). Large scatter of data
points is caused by fractions of Fe3+ in
npOx, hematite, goethite and other
compounds not included in the plot.
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Samples of Sooke #1: side with rich
crust down to 20 mm (black points),
bare side up to 5 mm deep (red points).
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Magnetite fractions larger than 40% in
fusion crust and below it were likely
produced by extreme thermal effects
during Sooke #1 descent. Such large
fractions of magnetite were not found in
Martian and MIL 03346 data (crosses).
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clinopyroxenes

High-resolution Mössbauer spectra allow to distinguish Fe2+ ions in
M1 and M2 sites in pyroxene M2M1[Si2O6] that are represented by
two doublets [8]. M1 is a smaller regular octahedral site preferentially
accepting Mg and transition metals (mostly, Fe2+) and M2 is a larger
and distorted octahedral site preferentially accepting large ions such
as Ca2+, but may also accept transition metals.
The obtained average values of isomer shift and quadrupole splitting
for Fe2+ in these two doublets in the spectra recorded vs. depth of
samples were: δ = 1.13 mm/s and ΔEQ = 2.56 mm/s in M1 site and δ
= 1.14 mm/s and ΔEQ = 2.00 mm/s in M2 site along the diopsidehedenbergite line.

How deep is the heat-affected zone α2 in this find and in general in
stony meteorites?
It is usually assumed that this zone is not deeper than 4 mm.
However, some reports suggest that the heat-affected zone may be
even as deep as 20 mm.

Mineralogical Alternation Index
Under assumption that npOx, Hm, and Gt are products of weathering
and alteration, the sum AnpOx + AHm + AGt + ASulfate in NASA Mars
studies [5] is used as a mineralogical alteration index - MAI. Likewise,
the sum AOl + APx + AIlm + Amt is used as an index of non-alternation.

Route66

Sample depth (mm)
Fraction of total Fe as magnetite in Sooke #1 is large under crust (blue)
and small under its bare side (red).

Many factors may play a role in distribution of heat effects:
meteoroid origin and history, exposure to irradiation in space, inner
structure, composition and grain size of the mineral matrix, velocity
and angle of descent, size and aspect ratio, presence of conical
shape, gliding or tumbling, thermal conductivity, surface emissivity,
extent of ablation, porosity of fusion crust, temperature gradient
inside during its passage through the Earths atmosphere, etc.

Concluding remarks
Mössbauer spectroscopy analyses of Sooke #1 samples showed
much larger amount of magnetite in the crust and in heat-affected α2
zone than in the inner samples, as well as pointed to the effects of
conical shape in this oriented meteorite.
Enrichment of crust and heat-affected zone in magnetite as well as
fayalite to forsterite transition are caused by aerodynamic heating
during hypersonic meteoroid entry and likely faster diffusion and
evaporation of Mg than Fe atoms during ablation.
Such abrupt heating during meteoroid descent enriches pyroxene
and olivine grains near its surface in Fe2+ and adds Fe3+ needed for
magnetite formation in fusion crust, veins and inner cracks.
The observed variations in Fe species reflect the considerable
temperature gradients inside meteoroid during its descent.
Mössbauer spectroscopy depth profiling can become a useful tool
for studying thermal history of meteoroids and meteorites.
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How deep can be the heat-affected zone?
The results presented here pose the question:

Bottom: In δ - ΔEQ plot we find
olivine and clinopyroxene located
consistently with Martian samples.
Our data are close to reported for
MIL 03346 meteorite by Morris et al.
[4]. Also, our data for Fe in npOx are
between npOx and Fe3D3 data in
Martian plots [5].

δ (mm/s)

Convincing identification of the origin of npOx particles in meteorites is
still necessary. It is possible for such particles to be associated to some
extent with igneous phases like pyroxene and olivine [10], [11], or with
the formation of ferriolivine as a result of low-temperature oxidation of
olivine [12], as well as with weathering in space by irradiation and
cosmic rays [13].

Similarly as in MIL 03346 meteorite samples [3] in #1 we observed
Fe2+ ions as doublets from octahedral M1 and M2 sites of
clinopyroxene diopside (Ca,Mg,Fe2+)Si2O6.

Left: Sooke #1, top - the fusion crust, bottom - sample from 5 mm
under the crust. Centre: spectra of MIL 03346 glass and clinopyroxene
separates - Morris et al. [3]. Right: backscaterring spectra of basaltic
rock and soil in the Gusev Crater - Morris et al. [5].

Further studies of such effects may be very useful in meteoritics.

Content of magnetite in Sooke #1 samples

!?

bare
side

Also, in samples up to 5 mm deep from bare side the total Fe in
pyroxene is about 20% and in olivine 10% larger than in similar samples
from the cut side. This may suggest that the conversion to Fe3O4 in and
near the crust occurs by using Fe2+ ions from Fe-silicates.

The symmetry of Fe3+ sites
in npOx particles appears
to be constant with depth.

On Earth, examples of npOx include ferrihydrite, akaganeite,
lepidocrocite and super-paramagnetic small particles of goethite and
hematite. In our SEM-EDS analysis of thin section from Sooke #1 the
npOx particles appeared spherical ~50 nm in size, scattered or
aggregated, and contained 50 to 60 at% Fe and oxygen.

After cutting a cone and polishing

On the sawn side of rock cone, the fraction of Fe in magnetite decreased
rapidly between crust and ~5 mm inside from 65% to 30% and then
slowly to ~20% at 20 mm depth. On the bare side where the thinner
fusion crust easily separated during recovery and cleaning, the Fe
fraction in magnetite in first 5 mm was considerably smaller.

Notably decreasing value
of ΔEQ with depth
suggests that content of
Fe in fayalite is larger in
the rock body and of
forsterite in hear-affected
parts.

A(Mt) %

30 cm

Samples from finds #2 and #3 finds showed 5 to 10% fractions of Fe as
hematite α-Fe2O3 with Bhf ~ 51.2 T and ΔEQ = -0.21 mm/s.

In Mossbauer spectra of Martian rocks and soils, the doublet with
average parameters δ = 0.36 mm/s and ΔEQ = 0.76 mm/s was ascribed
to Fe3+ ions in some poorly crystalline nanophase or amorphous ferric
oxide being a product of oxidative alteration [3], [4], [5].

bare side

Opposite sides of Sooke #1 are different
Two sets of Mössbauer spectra recorded till now suggest that heating
effects in this rock during its fierce descent and resultant changes of
minerals are anisotropic and strongly depend on its side.

The spectra allowed us to
discern Fe2+ in olivine from
M1 and M2 sites of
clinopyroxene.

Fe3+ in npOx

Sooke #1
crust side

Depth distribution of iron species

Quadrupole splitting ΔEQ vs. depth in Sooke #1

Hematite, goehite, sulfate and
ilmenite were not observed in
Sooke #1 samples; its MAI = 10
to 30%. Heating effects in #1,
up to 20 mm below its surface,
decreased MAI index
(increased reduction of Fe) in
opposite direction to alteration
(or Fe oxidation).
In Sooke #2 found in shallow
area of Sooke Basin MAI
reached 50 to 70% values.
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