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Abstract

In order to obtain full information coverage on meltinclusions in Martian meteorites (subgroup nakhlites) complementary micro-analytical
techniques were used, i.e. focused ion beam, transmission electron microscopy and laser ablation. Using focused ion beam several lamellae fo
transmission electron microscopy were prepared and secondary electron images of cross-sections could be acquired. Laser ablation—inductively
coupled plasma mass spectrometry analyses were performed on selected inclusions to obtain mass-oriented bulk composition of inclusions at
depth. The differences in composition between melt inclusions in olivine and augite crystals would suggest a xenocrystic origin for olivine.
Furthermore, electron diffraction patterns clearly indicated that thg-8&D phase in inclusions from augite in meteorites from Northwest
Africa site is re-crystallized, whereas it is still vitreous in the inclusions from Nakhla sampling site. Therefore, different post-entrapment
evolutions were active for the two nakhlite meteorite sets, the Nakhla and the NWA817 set. Melt inclusions in Nakhla olivine presented
alteration veins, which were presumably produced before their landing on Earth. If this is the case, this would indicate a alteration stage
already on Mars with all the consequence in terms of climate history. Melt inclusions in Nakhla augite resulted unaffected by any alteration
or modification following the entrapment, and therefore represent the best candidate to indicate the pristine magma composition.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction SNC meteorite group. These meteorites are a set of Martian
igneous rocks released into space as a consequence of large
The recent space missions on planet Mars have raisedmpacts, providing unique direct sampling of the bedrock of
lots of interest and attention on the geological history of the Mars. The provenance of the SNC meteorites has been long
red planet. The access to direct analytical determinations ondebated in the past, but nowadays their origin from Mars is
Martian samples will give a significant contribution to our well accepted. This is based on their petrological, geochem-
understanding, which so far was mostly based upon indirectical, and geo-chronological charactgis-4]. The nakhlite
information. Of the approx. 24,000 meteorites that have beensubgroud5] is retained to originate from the same cooling
discovered on Earth, just 34 have been identified as originat-magmatic pile. These rocks are clino-pyroxenites consisting
ing from the planet Mars. These were originally discovered in in predominant augite and minor olivine. Augite is an impor-
three worldwide localities, nameBhergotty (India) Nakhla tant rock-forming mineral in many igneous rocks, especially
(Egypt), andChassigny (France), and they form the so-called in gabbros and basalts, and itis also found in some hydrother-
mal metamorphic rocks. Augite is a part of an important solid
* Corresponding author. solution series of the clino-pyroxene group. Olivine is the
E-mail address: davide.bleiner@ua.ac.be (D. Bleiner). common name for a suite (solid solution) of iron—magnesium
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silicate minerals known to crystallize first from a cooling sions suffer from the contribution from embedding sample
magma rich in Fe and Mg and to weather first in the pres- portions, because the measurement is volume-oriented. This
ence of water into clays or iron oxides. The occurrence of means thatthe obtained concentrationis related to the average
olivine on the surface of Mars and its susceptibility to chem- countrate from the probed sample volume, the so-called exci-
ical weathering has kept geochemists busy investigating howtation pear. This approach becomes especially limiting with
long it has been there and what that means about climatesmall inclusions disseminated in the host phase, as observed
history. Studies on the magmatically coherent set of SNC in Ref.[8], or with measurements at the inclusion’s margins,
metearites, i.e. the nakhlite subgroup, contribute to the under-where in both cases the host is significantly contributing to
standing of the thermodynamic and chemical evolution of the the overall detected analytical signal.
magmatic processes that have been acting on Mars. Therefore, the ideal analytical technique for meltinclusion
In such geological samples a wealth of information is held micro-analysis should offer high spatial resolution combined
within melt inclusions. Melt inclusions are formed from 1to  with the ability to extrude portions of the samples that might
500um drops of pristine magma trapped upon cooling in a interfere with the direct measurement of the inclusion. Such
growing mineral at different evolution stages. Meltinclusions “portions to be extruded” are meant to be either the host min-
can be found at different positions within the mass of a host eral as explained above or also potential heterogeneities and
phase. However, it is only those located at a certain depthcavities within the sample itself. This means that the ideal
within the host phase and not crossed by fractures that mightanalytical technique should offer a mass-oriented determina-
have entirely preserved their pristine chemical integrity. In tion, instead of a volume-oriented one. Thus, it is mandatory
fact, provided that the trapping process isolated the melt from to implement destructive analytical techniques, in order to
the rest of the evolving magma, this process froze valuable be able to: (i) access the inclusion after excavation of the
information that can be extracted later on. host; (ii) integrate the inclusion signal in direct relation to
It should be pointed out, that the origin of the min- the effective mass that produced it; (iii) acquire the signal in
eral olivine in nakhlite meteorites has been debated, namelydepth resolved mode so that one is able to assess the occur-
whether such a mineral is to be considered generated in siturence of cavities or heterogeneities.
within the cooling magma that originated the nakhlites (phe-  However, the use of destructive microprobes should be
nocrystal) or whether it crystallized elsewhere in the molten done in combination with an image survey of the samples.
magma and migrated into the entrapment site later (xenocrys-In fact the geometrical features of a melt inclusion are often
tal) through the molten mass. In the latter case, olivine should more complex than the idealized spherical shape, and the vol-
not be considered in the mass balance when trying to calcu-ume of the inclusion might contain voids or pockets. This
late the composition of the original nakhlite magma. On the can make the excavation process risky, where the risk is
other hand, augite was definitely formed in situ. Thereafter, a that of destroying the sample without finally accessing to
comparison between the meltinclusions, i.e. pristine magma,information-rich portions. Moreover, fundamental informa-
found in augite and in olivine can be helpful to unravel this tion on the mechanism of the minerogenesis processes can be
debate and shed new light on the petrogenesis of Mars. obtained from the visual analysis of the geometrical relations
The traditional analytical approach for melt inclusion among the phases, which therefore turns out to be important.
study is represented by re-homogenization experiments, in  Aim of this work was the development of an efficient
which one investigates the phase equilibria upon re-heatinganalytical operating procedure for our Martian meteorite
the sample under the assumption of no external contamina-samples, which are precious in both economic and scien-
tion of the re-homogeneized mass, in order to obtain insightstific terms. The capabilities of three beam-assisted micro-
on the crystallization sequence and magmatic composition.analytical techniques were complementarily implemented, in
However, Varela et al[6] performed re-homogenization order to obtain full information coverage, i.e. image doc-
experiments on melt inclusions in augite of nakhlite mete- umentation, crystallinity, and elemental composition. Ini-
orites and obtained too much compositional variation of the tially focused ion beam (FIB) was used, which represents
end product to be representative of a parental magma. a recent advance of micro-beam technology. The use of
Thereafter, in order to obtain more robust insights into FIB for melt inclusion studies is a novel approach to obtain
the elemental composition of a set of melt inclusions, beam- micro-controlled preparation of the meteorite samples. Time-
assisted analytical techniques are preferred. For instanceconsuming and less accurate traditional manual procedures
Harvey et al[7] and Treiman{8] investigated several melt  were thus overcome. FIB allowed the cross-sectional study of
inclusions in nakhlite meteorites by means of electron probe melt inclusions’ structure as well as the preparation of plane-
micro-analysis (EPMA). Unfortunately, they estimated that parallellamellae (approx. thickness 100 nm) for transmission
the average inclusion analysis should be related for just 72%electron microscopy (TEM). TEM was implemented in a fur-
to the inclusion own composition and the remaining 28% was ther investigations stage, in order to obtain information on
to be attributed to the host mineral. A critical aspect in direct inclusion geometry (secondary electronimages), crystallinity
melt inclusions micro-analysis is the ability to measure the features (electron diffraction patterns), elemental composi-
composition of the inclusion without any contribution from tion (EDX detection). As known, the potential of TEM is
the host mineral. Often EPMA measurements on buried inclu- strongly a function of sample preparation, e.g. thickness over
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the investigated domain. FIB micro-machining gave accessorite samples were investigated: double-polished sections
to high resolution TEM data. To obtain validation of elemen- of nakhlite meteorites (from Nakhla, Egypt) and double-
tal composition, laser ablation—inductively coupled plasma polished sections of NWA817 meteorites (from Northwest
mass spectrometry (LA-ICPMS) was used, which offered Africa). Double-polished sections were prepared using first
direct access to elemental and trace composition of solids. Bysilicon carbide 320 and 600 then diamongtgpray of 3 and
pulsed ablation and online mass spectrometric determination1/4 um; samples were finally cleaned witkxylene. Double-
of the ablated mass, melt inclusions located at depth could bepolished sections are preferred to normal petrographic thin
reached and ablated directly without any signal mixing with sections to study melt inclusions, since they allow observa-
the host mineral, since the spot size was carefully chosen totions in the third dimension.
ablate the inclusion only. The latter is a significant advantage = The samples were micro-machined with a Strata DB 235
comparedto EPMA because in LA-ICPMS by use of aninter- dual beam FIB workstation (FEI company, USA). The instru-
nal standard one is able to correct for signal fluctuation, i.e. ment incorporates together with the FIB Galumn a scan-
the ablation yield, in the presence of hollows. Alternatively ning electron microscope (SEM) column tilted to each other
in the presence of enriched pockets in the ablated inclusion,at an angle of 52 The FIB column is adjustable from 1 pA
one can verify if changes in one element’s signal integrals to 20 nA at 30kV with a specified resolution of 7nm, as
are due to local changes in composition or simply to the abla- reported by the manufacturer. The instrument is equipped
tion yield. A further advantage of LA-ICPMS against EPMA with four secondary electron and ion detectors for image
is the fact that the elemental sensitivity is not a function of acquisition. The workstation has a digital patterning gen-
inclusion depth. In EPMA, due to absorption in the shallower erator and four gas injection systems (GIS) for deposition
regions, the measurement of an inclusion deep inside the hostind specific etching processes. The TEM samples were pre-
can be problematic because of lack of sensitivity. Further- pared by milling down to an electron-transparent sample (i.e.
more, with LA-ICPMS one is able to localize potential voids 100 nm thick) out of a bulk sample including the melt inclu-
or enrichment pockets in a depth-resolved mode after thesion of interest. TEM observations and analyses of the lamel-
ablation time is calibrated against the ablation depth. In fact, lae were performed with a JEOL 200FX TEM operated at
differently to other techniques like for instance secondary ion 200 kV.
mass spectrometry (SIMS), LA-ICPMS’ ablation yield is not Meltinclusions in Nakhla olivine and clinopyroxene were
severely affected by the change in silicatic mineral phase. In analyzed using a Nd:YAG laser ablation system (Quanta-
fact, since the laser sampling and the ICP-MS determinationRay DCR-11, Spectra-Physics) in-house modified to obtain
are separated in space, matrix effects are not relevant. Thighe fourth harmonic (266 nm) for improved micro-sampling.
permitted to reliably match ablation depth and ablation time The details of the EMPA facility modifications are presented
with a depth resolution in the micron range. LA-ICPMS for elsewherd13]. The laser was operated at 10 Hz, with pulse
melt inclusion study is already well established. Taylor et al. energy of 4 mJ resulting in a fluence of 50 Jfcrihe laser
[9] applied LA-ICPMS for the in situ analysis of silicate melt beam was focused wittya 40 mm plano-convex lens, which
inclusions, stressing the advantages of using UV laser radi-led to a depth of focus of 1-2 mm depending on the spot
ation for improved micro-sampling and small spot focusing. size. This distance was much longer than the ablated depth,
More recently Halter et a[10] presented a comparison of thus constant irradiation conditions was produced through-
four different quantification approaches using LA-ICPMS. out the entire measurement time. A pinhole was used to
In fact, considering that host mineral might be co-ablated control the spot size, by imaging it onto the sample sur-
with the inclusion, deconvolution of the mixed signal by an face. The use of a size-varying pinhole for controlling the
internal standard would be required. The authors suggestedspot size ensured that the ablation efficiency was comparable
quantification through critical assessment of the whole rock at all spot sizes (comparable fluence), since the beam was
differentiation trends. Concerning the quality of the quantita- truncated so that the energy-to-surface ratio was constant.
tive determinations, Pettke et fl1] presented a comparison  This was valid because of homogeneous irradiation of the
among LA-ICPMS, EPMA and SIMS for melt inclusion pinhole. Thus, comparable results were obtained for all inclu-
analysis, suggesting that comparable results can be obtainedions regardless their size and the overall integrated signal by
provided the use of an appropriate internal standard. In Hein- using internal standards. The ablation cell was 38 with a
rich et al.[12] an extensive review of the use of LA-ICPMS 0.5mm .d. inlet nozzle to ensure a steady gas jet. The trans-
in the geosciences is given. port tube was a4 mm i.d. and 1.5m long PVC tube. Helium
was used as carrier gas at a flow of 0.6 L/min. The ICP-MS
was a quadrupole plasma-mass spectrometer (PE/Sciex Elan
2. Experimental 6000) operated under standard conditions. A menu of 20 iso-
topes was edited, for the elemental analysis of Na, Si, Ca,
The Museum of Natural History of Paris and the CNRS Ti, Mn, Fe, Cr, Al, Mg, Ni, La, REE. Background signal
“Theodore Monod” consortium provided the meteorite sam- was monitored both off-peak at mass 220.5 and on-peak for
ples, whereas further samples were donated from a third20 s previous the operation of the laser on the analytes mass.
party (J. Strobe). Thin sections from two different mete- Detection limits were in the 0.1-10 mg/kg range depending



1626 D. Bleiner et al. / Talanta 68 (2006) 1623—-1631

on the elemental sensitivity, yet several orders of magnitude 3. Results and discussion

below the expected concentrations in the samples. Internal

precision, i.e. point-to-point intensity scatter of one individ- Fig. 1shows few steps of FIB-assisted micro-machining
ual LA-ICPMS time-dependent signal, was below 10% and it for the preparation of one sample thin lamella. A surface of
was mostly due to the pulsation of the laser beam, to the pulseapprox 2Qum x 10m was previously marked after optical
energy stability, and the fluctuation of the aerosol transport microscopy investigation in transmitted light as character-
to the ICP—MS. External precision, i.e. the reproducibility of ized by the presence of melt inclusions. This procedure was
individual integrals, was around 5%, depending on the iso- important because the FIB facility permits to observe the
topic abundance and elemental concentration as dictated bysurface only, using the SEM column. Two pits were dug so
counting statistics. For the sake of calibration, three stan- that at each raster cycle the wall in-between, i.e. the pre-
dard reference materials (SRM) were used. Two SRM's were pared lamella, became thinner and thinner. Panel (a) shows
commercially available certified reference materials from the a top view whereas panel (b) shows an oblique view during
National Institute of Standards and Technology (NIST 610, the milling process. In panel (c) the sample preparation is
NIST 612). A third SRM was a norm clinopyroxene that completed and the lamella needs just to be separated at the
had been also characterized by electron probe microanalysismargins. The end thickness of approx. 100 nm is shown in
(EPMA). The quantification procedure for melt inclusions panel (d), which offers a top view of the processed area.
using LA-ICPMS has been discussed in detail in a previous  Fig. 2 shows a secondary electron (SE) image of two
work [12]. lamellae, which permits to view a cross-section of the melt

Fig. 1. Secondary electron images of the FIB-assisted lamellae preparation. (A) Two pits ofjsimexZ®um are dug close to each other in the melt inclusion
area (top view). (B) The wall between the pits is thinned out down to 100 nm thickness (oblique view). (C) The lamella is being cut at the edges. (D) Top view
of the finished 100 nm lamella.
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Fig. 3. TEMimage of FIB-prepared lamaellawhere the TEM—EDX determi-
nations have been performed (Table 1). Nakhla meltinclusion in clinopyrox-
ene with transverse pockets of opague minerals (Fe—Cr oxides) and tardive
fracture with fillings.

ation process was produced by early fluids circulating within
the rock, instead of by tardive surface atmospheric weather-
ing, i.e. long before the sample was relocated on the Earth as
a meteorite.

Fig. 3shows a close-up of one Nakhla lamella that visu-
alizes the structure of the melt inclusion. One sees the occur-
rence of Fe—Cr oxides sub-inclusions in transversal elongated
opaque pockets. On the right side one also notes the occur-
rence a bifurcated fracture with secondary fillings. The fact
Fig. 2. SEM images of excavated sample using FIB, and melt inclusions that such a fracture cuts through the opaque minerals indi-
structure. (A) Nakhla sample showing melt inclusion in augite of eye-like -ates thatthe oxide phases are temporally antecetigsie 1

shape buried Wlth obllque_aX|s r_elat_lve to t_he sample su_rface. (B) NWA817 summarizes TEM—EDX composition of rock-forming phases
sample and relative melt inclusion in augite, characterized by an irregular

shape and occurrence of cavities. in th.iS sample. _
Fig. 4 shows another nakhlite lamella where a chloro-

apatite crystal could be found in a clinopyroxene host. The

inclusions in the Nakhla and NWA817 sample, respectively. chloro-apatite crystal could develop its crystallographic habit
The melt inclusion edges are indicated by the arrows. The within the embedding host mass that therefore had to be still
shape of the inclusion iRig. 2(A) is eye-like with an obligue  molten. Due to the possibility of preparing TEM lamellae
elongation axis with respect to the sample surface, and gaugewith parallel faces over the whole sample area the qual-
of a few microns.Fig. 2(B) shows a large trench in the ity of the TEM acquisition is now higher than what could
NWA817 sample, which clearly visualizes the complex melt be obtained with traditional sample preparation methodolo-
inclusion structure. One notes the extremely irregular shapegies. Table 2summarizes TEM-EDX composition of rock-
and the occurrence of cavities and fractures. The inclusionsforming phases here.
were multiphase. Fig. 5shows a FIB lamella prepared from the NWA817

The presence of fractures permitted to formulate analyt- meteorite. Here one sees again the occurrence of cavities
ical and geochemical considerations. First, the occurrenceas well as the presence of Fe-bearing daughter minerals
of cavities influences the measurement when using volume-(i.e. hedenbergite, fayalite and chloro-apatite) and veins of
oriented analytical techniques, e.g. EPMA. If one is not aware alteration.Table 3summarizes TEM—EDX composition of
of the actual mass of the inclusion, and has no fully matrix- rock-forming phases occurring in this sample.
matched reference material to control the signal yield per The sample lamellae were characterized by means of
unit mass, the quantification algorithm might erroneously TEM—EDX as shown iffables 1-3host phases, with most
re-calculate the raw data and output misleading results. Sec-geochemically significant values) as well as using selected
ondly, the presence of fractures would suggest that sucharea electron diffraction (SAED) where it was significant to
inclusions have undergone alteration, presumably losing theirdetermine whether the mass was crystalline or vitreous. The
pristine characters. Due to the fact that these were inclusionsnakhlite samples showed inclusions in both the clinopyrox-
buried deep inside the host mineral, itis likely that such alter- ene and the olivine. The clinopyroxene showed compositional
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Table 3

Normalized concentration in mass percent of rock-forming phases in a selec-Normalized concentration in mass percent of rock-forming phases in a selec-

tion of points determined using TEM—-EDX in Nakhla samplé-af. 3

tion of points determined using TEM—-EDX in NWA817 samplerid. 5

Phase Silica-rich phase Clinopyroxene Phase Silica-rich phase
1 2 3 4 1 2 3 4 5 6 1 2 3 4 5 6 7
Si0, 795 804 8 89 528 446 558 541 54 546 SiO; 90.1 85.9 87.7 73.0 88.2 87.6 89.0
Al,O3 158 11.8 8.7 42 < < < 03 02 < TiO, < < < < < < <
FeOs 24 42 35 24 345 413 158 172 17.7 259 Al,O3 9.0 12.6 9.7 19.7 9.3 11.4 104
MgO < < < < 110 104 86 79 79 80 Fe,O3 < < < < < < <
CaO 01 < 05 04 17 37 195 201 19.8 115 Cr0Os < < < < < < <
MnO < < < < < < 03 04 04 < MgO < < < < < < <
NayO 22 35 12 40 < < < < < < CaO 0.9 15 1.0 3.1 1.0 1.0 0.6
K>0 < < < < < < < < < < MnO < < < < < < <
Na,O < < 15 4.3 14 < <
Phase Cl-apatite  Olivine  Fe—Cr Oxides K,0 < < 0.1 < < < <
1 1 1 2 3 4 o Phase Clinopyroxene Olivine Cl-apatite
SiO, 3.4 31.4 < < < < <
To, < < < < < 02 02 L 2 1 2 3 1 2
Al,03 < < < < < < < SiO, 494 543 217 264 261 2.6 1.8
Fe,O3 2.5 58.5 88.4 87.7 89.0 88.0 87.0 TiO2 < < < < < < <
Cr,03 < < 11 115 105 112 125 Al,03 < < < < < < <
MgO < 9.1 < < < < < FeOs3 36.3 16.5 77.5 72.7 73.3 < <
CaO 54.4 0.3 < < < 0.6 0.3 Cr,03 < < < < < < <
MnO < 0.7 0.6 0.8 0.5 < < MgO < 8.8 < < < < <
Na,O < < < < < < < CaO 13.9 20.3 < < < 54.9 54.2
K20 < < < < < < < MnO 0.4 < 0.8 1.0 0.7 < <
P,O5 37.9 < < < < < < NapO < < < < < < <
Cl,O 1.8 < < < < < < K20 < < < < < < <
The numbers 1, 2, 3, 4, 5, and 6 in the header denote the analysis number. P20s < < < < < 38.0 40.0
ClL,O < < < < < 4.5 4.0

The numbers 1, 2, 3, 4, 5, and 6 in the header denote the analysis number.

zonation with lower and lower Ca content from the core
toward the rim and complementary enrichment infHg. 6
shows TEM—EDX spectra of two analyses at the rim and atthe chemically relevant.

core of a clinopyroxene in the Nakhla sample. One notes the

allowing showing evolutionary trends that are indeed geo-

Melt inclusions in the augite of the nakhlite meteorites

Ca and Fe trend discussed above. The Cu signal is producedvere characterized by a dominant $ifich phase and differ-

by the sample holder and should be considered as blank. Theent daughter phases. The Si€ich phase was not crystalline,
Ga signal is due implantation during the lamaella prepara- rather vitreous as suggested by SAED patterns. The compo-
tion using a Ga-FIB column. The compositional variation sition was to be obtained in a certain range (SKJ—88%,

of the mineral lattice does not allow presenting results con- Al,03 10-17%, CaO 1%, alkali oxides <5%) that is retained
cerning the composition of individual rock-forming phases to be representative of the actual sample composition hetero-
in form of averages plus standard deviation. Such a proce-geneity. A possibility to explain sample composition varia-
dure would mess-up the significance of the results, thus nottion is the occurrence of alteration phases. However, the latter

Table 2
Normalized concentration in mass percent of rock-forming phases in a selection of points determined using TEM—EDX in Nakhla Bagngle of
Phase Silica-rich phase Clinopyroxene Cl-apatite

1 2 3 1 2 3 4 5 6 7 1 2
SiO, 76.6 82.2 87.9 47.6 45.8 475 48.2 48.5 495 455 6.0 34
Al,03 17.4 15.7 9.5 1.9 14 2.6 5.6 5.4 1.9 5.9 < <
Fe03 0.6 0.7 0.7 17.6 31.1 16.1 15.9 14.8 17.6 15.0 1.3 0.8
MgO 4.5 < < 16.8 20.0 17.4 155 15.4 16.0 17.5 1.6 <
CaO 0.7 1.1 0.9 16.1 12 16.4 14.8 155 15.0 16.1 43.9 49.7
MnO < < < < 0.6 < < 0.3 < < < <
Na,O < < 1.0 < < < < < < < < <
K20 0.3 0.4 0.1 < < < < < < < < <
P,0Os < < < < < < < < < < 44.0 42.4
Cl,O < < < < < < < < < < 3.4 3.7

The numbers 1, 2, 3, 4, 5, and 6 in the header denote the analysis number.
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Fig. 4. TEM image of FIB-prepared lamaella where the TEM—EDX determinations have been performed (Table 2). Euhedral chloro-apatite melt inclusion in
Nakhla clinopyroxene.

were not observed inside any inclusion in the Nakhla sam- scatter is due to signal mixing from different mineral phases
ple, which shows the importance of having access to an imagebecause the measurement is volume-oriented.
data set. The melt inclusions in olivine were multiphase mainly
The issue of goodness of quantitation, i.e. precision and constituted by a Si@rich phase and augite, and by several
accuracy, is a critical one for this kind of applications. In euhedral daughter minerals, like low-Ca pyroxene, chloro-
fact, the most limiting factor is here reliability of results and apatite, magnetite, Cr-magnetite. The ixh phase is vit-
not detection power, since mineralogical processes can bereous as well as in the inclusions from augite. Determined
carefully studied on the basis of the major element content compositions were varying in amount of constituting oxides:
in the minerals. High detection power would be required for SiO, 80-89%, AbO3 4—-16%, CaO <1%, alkali oxides 2—4%.
trace analysis where trace elements offer a powerful tool for Intense alteration veins (composed by $B8-52%, FgOs
geochemical investigations. In order to carefully assess the28—-35%, NaO 15-18% and CaO 1-3%) cut through the host
thermo-barometric conditions of one rock-forming mineral olivine and penetrate the inclusion.
assemblage one needs to obtain elemental concentration val- Fig. 7shows a typical LA-ICPMS intensity signal versus
ues of small uncertainty or systematic error. Unfortunately, measurement time for Al and Mg, together with their inten-
many beam-assisted techniques that are routinely used irsity ratio (top panel). In the first 20 s gas blank signal was
the geo-sciences implement semi-quantitative algorithms thatacquired for background reference. Then the laser beam was
cannot provide data with higher accuracy than 10% relative. delivered onto the sample surface and ablation began on the
The precision is typically a function of sample preparation, host mineral. After several seconds (approx. 10 sintheinclu-
e.g. surface roughness. As said above, in some case dataion shown in the figure) the pit was deep enough to begin

Fig. 5. TEM image of FIB-prepared lamaella where the TEM—-EDX determinations have been performed (Table 3). NWA817 melt inclusion in clinopyroxene
showing the presence of cavities along the boundary contacts and scattered opague minerals domains.
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Cpx core
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Cu
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Fig. 6. TEM—EDX spectra of clinopyroxene in the Nakhla sample acquired at the rim and at the core. The Cu signal is produced by the sample holder and
should be considered as blank. The Ga signal is due implantation during the lamaella preparation using a Ga-FIB column. Ca and Fe are good markers of tf
compositional zoning in the lattice of the mineral.

direct ablation of the inclusion. The spot size was initially and the consequent risk of unrepresentative determination.
matched to the inclusion size to obtain optimum sensitivity Rather this was done on the rock-forming phases, as shown
from the inclusion only. IrFig. 7, Mg and Al are shown as  in Fig. 8.
indicators of the inclusion and host during the ablation pro-  In conclusion, the analytical palette of techniques imple-
gression because such elements are differently partitionedmented in this work gave access to a complete data set, i.e.
in the two phases. When the drilling proceeded through the geometry, composition and crystallinity of both the augite
host clinopyroxene the Al/Mg ratio was approx. 0.4 in the and olivine hosted inclusion in the two nakhlitic meteorites.
signals. The ratio Al/Mg increased a factor of 4 right during The detailed petrological implications of these data for
the ablation of the melt inclusion. Therefore, data reduction planetary studies are out of the scope of the present com-
to quantitate the various elements was targeted to the two sepmunication and will be discussed in detail elsewhd4].
arated portions ablated, i.e. the host phase and the inclusiorHowever the major outcomes are given in brief. The melt
phase. The LA-ICPMS measurements of the melt inclusionsinclusions studied in the minerals augite and olivine of the
in the clinopyroxene indicated an augitic average compo- nakhlite meteorites allowed to formulate hypothesis about the
sition, i.e. in mass percent it resulted to be in the following composition of the parent magma and its late evolution in the
ranges: SiQ49.4-49.6%, AlO3 3.8—4.0%, TiQ 0.3%, FeO cooling sequence. The differences in composition between
20.7-21.5%, MnO 0.5%, MgO 9.5-9.9%, CaO 12.8-14.3%, melt inclusions in olivine and augite crystals would suggest
Cr03 0.2%, NiO 0.01%, NgO 0.7%. LA-ICPMS quantita-  a xenocrystic origin for olivine, as speculated previously.
tive data were compared to the TEM—EDX semi-quantitative Therefore, olivine entrapped a portion of the pristine mag-
results. Obviously, this comparison was not done on the melt matic pile that is different in location and composition from
inclusions due to the problems discussed in the introduction the one entailed in the augite-hosted inclusions. Only dur-
ing a later stage, the olivine could migrate into to the final
entrapment location across a still molten magmatic pile. This

2 suggests a complex petrogenesis active on Mars.
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Time (s) Fig. 8. Comparison of TEM—EDX and LA—ICPMS results obtained for the

analysis of a clinopyroxene in a region close to the core. LA-ICPMS was
Fig. 7. LA-ICPMS transient signal of the opening of one meltinclusion and able to detect also minor content of Na, Ti, Mn, and Cr, which could not
Al/Mg ratio showing the evolution of the ablation process, i.e. ablation of be detected using TEM—-EDX. Uncertainty bars reflect a consistent set of
embedding host and ablation of melt inclusion. probed regions in the phase (i.e. measurement points in the core).
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