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Introduction:  Volatile element fractionation was 

one of the earliest and most fundamental processes 
affecting the inner solar nebula. Solids in the inner So-
lar System are depleted in volatile elements compared 
to solar abundances, with moderately volatile elements 
showing a monotonic depletion in abundance with de-
creasing condensation temperature. Models to explain 
volatile depletion in meteorites and the terrestrial plan-
ets fall into one of four categories: a) two-component 
models, with volatile depletion occurring during chon-
drule formation, and depleted chondrules being mixed 
with primordial, CI-like matrix [1-3]; b) incomplete 
condensation during cooling of a hot inner disk, prior 
to chondrule formation [4-6]; c) evaporative fractiona-
tion prior to chondrule formation [7]; or d) inheritance 
of a volatile-depleted signature from the ISM [8]. 

Fine-grained matrix is a major (and thermally the 
most primitive) component in chondrites. Analyses of 
chondrite matrix [9,10] reveal that although it is en-
riched in volatile and moderately volatile elements 
compared to the bulk meteorite, it does not have a pri-
mordial CI-like composition, showing instead a consis-
tent depletion compared to solar in all chondrite groups 
(except CI). Understanding the mineralogy of the vola-
tile and moderately volatile carrier phases in pristine 
chondrite matrix would inform our choice of model for 
volatile depletion. For instance, we might expect a 
mineralogy resembling that predicted by equilibrium 
condensation during slow cooling of a hot inner disk 
(b); whereas chondrule formation (a) would be more 
rapid, with condensates tending to be amorphous and 
not controlled by equilibrium. However, matrix is 
rarely pristine. Fine-grained materials experienced 
variable aqueous, thermal, and impact processing fol-
lowing accretion. Flynn et al. [11] overcame this prob-
lem by studying trace element carriers in pristine anhy-
drous IDPs, with a view to constraining nebula conden-
sation models. We chose to study matrix in Acfer 094, 
an ungrouped carbonaceous chondrite which largely 
escaped thermal and aqueous processing [12,13]. Acfer 
094 contains presolar silicates [14-16]. If presolar sili-
cates survived asteroidal processing, then condensed 
materials should also have survived. 

Methodology:  We used ToF-SIMS, NanoSIMS, 
Raman, and EDS, to constrain mineralogy, trace ele-
ment distribution, and oxygen isotopic composition in 
a 50x50µm area of Acfer 094 matrix. Selected areas 
will also be analysed by TEM after FIB preparation. 

Raman: Analyses were performed at the Carnegie 
Institution. Confocal Raman imager is a WITec αS-
NOM, using a 532nm frequency-doubled YAG laser. 
Excitation energy is 9mW. Scan size is 130x130 pixels. 

ToF-SIMS: Measurements were performed at the 
Smithsonian Institution using a pulsed 25 kV Ga+ pri-
mary ion beam with a spatial resolution of ~300nm. 
Complete mass spectra were collected for every pixel 
in a 256x256 array, including two different mass reso-
lutions for both positive and negative polarities. 

NanoSIMS: Oxygen isotopic analyses were per-
formed with the Washington University NanoSIMS in 
raster imaging mode with parallel detection of 16O-, 
17O-, 18O-, and 27Al-. Details of analysis are in [16]. 

Results and Discussion:  As noted by Greshake 
[12], the dominant phases in Acfer 094 matrix are 
refractory olivine and pyroxene, as well as sulphide, set 
in an amorphous groundmass (Figure 1). We also ob-
serve a variety of new, minor phases. In the following 
section we discuss associations for specific elements. 
The expected phases condensing during equilibrium 
condensation of a solar gas are noted as a guide [17]. 

Fe, Ni and S:  Sulphide is commonly Ni-bearing, as 
observed by Greshake [12]. FeNi metal is also ob-
served, with variable Ni content across the sample. 

Na and K:  These elements are co-located, and as-
sociated with Al. Based on equilibrium condensation 
we would expect them to condense in feldspar. 

Li:  One bright Li hotspot is observed, which does 
not correlate with Si or Mg (Figure 1). Equilibrium 
condensation would predict Li in forsterite+enstatite. 
Instead the host appears to be a Cr- and Ni-bearing 
phase. 

Mn:  We would expect Mn in forsterite+enstatite, 
and in Acfer we find it co-located with Mg and Si, pos-
sibly in an enstatite. We also observe a Mn-rich phase 
with significantly less Si, which appears to be inter-
grown with a Na&K-rich phase. 
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Figure 1. Selected ToF SIMS maps of a 50x50µm area in the 
matrix of Acfer 094. 

Cr:  Based on equilibrium condensation we would 
expect Cr in a Fe alloy. In Acfer, abundant Cr hotspots 
are observed. The dominant chemistry appears to be Fe 
and Cr in ~equal proportions: a Cr, Fe alloy. 

F and Cl:  Equilibrium condensation predicts apa-
tite and sodalite, respectively, as host phases. In Acfer 
094 they are associated with a framboidal Fe-
oxyhydroxide, possibly ferrihydrite [12] or goethite. 

Ca and Al:  ToF-SIMS revealed a number of small 
Ca-Al inclusions. The largest of these (~5µm) are 
zoned in Ca and Al, and do not appear to be fragments 
of larger CAIs (CAI1&2 in Figure 1). A 2-3µm inclu-
sion may also be zoned (CAI3 in Figure 1). Smaller 
objects are observed, with sizes down to the limit of 
ToF resolution, but it is not possible to determine 
whether they show any zonation. Oxygen isotopic 
mapping revealed that CAIs 1&3 are 16O-poor (δ17O: -
11±12, δ18O: 6±5; and δ17O: -2±4, δ18O: 6±3, respec-
tively), and CAI 2 16O-rich (δ17O: -39±2; δ18O: -42±1). 
Note that these data are normalised to Acfer 094 ma-
trix. We also performed oxygen mapping at the contact 
between a larger CAI (50µm) and matrix, and note that 
it is 16O-rich (δ17O: -39±2, δ18O: -42±1), like other 
large (40-500 µm [18, 19]) CAIs previously described 
in Acfer 094 [20]. We are currently exploring whether 
these small CAIs may be a distinct population. 

Conclusions:  The combination of ToF-SIMS, 
NanoSIMS, and Raman, provides a powerful new win-
dow on the mineralogy and composition of chondrite 
matrix. Although our data are preliminary, we have 
significantly expanded the suite of phases observed in 
Acfer matrix, and identified an unusual set of µCAIs. 
In terms of volatile depletion, currently the data from 
Acfer 094 are equivocal: we observe carrier phases for 
several elements consistent with equilibrium condensa-
tion; others (e.g. Li) are not; and an amorphous 
groundmass [12] suggests disequilibrium condensation. 
Further work is required to address this question. 
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