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Abstract

Fragments in the size range from 40 pm to several hundred um in the CI chondrites Orgueil, Ivuna, Alais, and Tonk show a wide
range of chemical compositions with variations in major elements such as iron (10.4-42.4 wt% FeQ), silicon (12.7-42.2 wt% SiO,),
and sulfur (1.01-15.8 wt% SO3), but also important minor elements such as phosphorous (up to 5.2 wt% P,0Os) or calcium (up to
6.6 wt% CaO). These variations are the result of the varying mineralogical compositions of these fragments. The distribution of phyl-
losilicates, magnetites, and possibly ferrihydrite, in particular, control the abundances of these elements. High REE contents—up to
150 times the solar abundances—were observed in phosphates, while matrix and sulfates are REE-depleted. The studied 113 fragments
were subdivided into eight lithologies with similar mineralogical and thus chemical properties. The most common is the CGA lithology,
consisting of a groundmass of Mg-rich, coarse-grained phyllosilicates and varying abundances of inclusions such as magnetite. The sec-
ond most abundant lithology is the FGA lithology, consisting of a groundmass of fine-grained Fe-rich phyllosilicates. A rare, but impor-
tant lithology consists of fragments with high contents of phosphates and other minerals. The proposed model for the evolution of these
lithologies is based on a closed system alteration, where mineralogical differences in the lithologies reflect heterogeneities in the starting
material. Comparison of our results with literature data indicates a general similarity of the four CI chondrites analyzed. Further com-
parison of bulk analyses suggests that the mass ‘threshold’ for chemical heterogeneities in CI chondrite samples is smaller than ~1-2 g.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction totally pristine parent bodies: of all meteorite classes CI

chondrites have undergone the highest degree of alteration

CI chondrites are considered to be chemically the most
primitive rock type in the solar system, because their bulk
composition is similar to that of the solar photosphere ex-
cept for volatiles such as H, C, N, and O (Baars et al.,
1993). Since the solar photosphere is representative for
the whole sun—and comprises 99.9% of the mass of the so-
lar system—CI chondrites are used as a proxy for the abun-
dances of almost all elements in the solar system (Anders
and Ebihara, 1982; Anders and Grevesse, 1989; Lodders,
2003). However, their chemically primitive nature does
not imply that CI chondrites originated from geologically
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by fluid phases (e.g., EndreB, 1994). In addition, CI chon-
drites are regolith breccias (Bischoff and Schultz, 2004;
Bischoff et al., 2006) formed by intense impact brecciation
on their parent body. As a result, these meteorites consist
of many fragments up to hundreds of um (or larger) in size
that are embedded in a fine-grained matrix (Bostrom and
Fredriksson, 1966; Mueller and Bernal, 1966; Nagy,
1975; Richardson, 1978; Tomeoka and Buseck, 1988). In
the first detailed study of fragments in CI chondrites (Orgu-
eil, Ivuna, and Alais; EndreB, 1994), a large range of com-
positions was observed for major elements, and the
fragments were classified into four lithologies.

A possible sequence of events on the CI chondrite par-
ent body during the early alteration phase has already been
the subject of several studies (Richardson, 1978; Tomeoka
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and Buseck, 1988; Brearley and Prinz, 1992; Buseck and
Hua, 1993; Zolensky et al., 1993; EndreB, 1994; Endrel
and Bischoff, 1996; EndreB et al., 1996; Brearley, 1997;
Morlok et al., 2001). Here, we try to correlate these models
with the chemical compositions of the fragments analyzed.
The goals of the present study were to analyze a wide range
of fragments with different chemical and mineralogical
compositions, and to classify them into groups or litholo-
gies. From this classification, the question of how these dif-
ferent types of fragments formed can be addressed.

Finally, we investigated the implications of fragmenta-
tion for the chemical homogeneity of CI chondrites. A rock
used as a standard is expected to be homogeneous to allow
representative analyses. If the different types of fragments
are unevenly distributed in CI chondrites, this would affect
the use of these meteorites as a standard for the solar sys-
tem chemical composition.

2. Samples and analytical techniques
2.1. Technical methods

For the mapping of the fragments and their character-
ization according to the distribution of specific minerals,
a scanning electron microscope (SEM) was used. For the
measurement of elemental distributions, several fragments
were mapped by time-of-flight secondary ion mass spec-
trometry (TOF-SIMS). Chemical analysis was done with
an electron microprobe. All these measurements were car-
ried out at the ICEM (Interdisciplinary Center for Electron
Microscopy and Microanalysis) in Miinster.

As a first step, polished thin sections were mapped in
backscattered-electron mode (BSE) with a JEOL 840A
(SEM). Quantitative chemical analyses were performed
with a LINK AN 10000 energy dispersive X-ray spectrom-
eter (EDX) using an accelerating voltage of 20 kV and a
beam current of ~3 nA; data were corrected with the
ZAF method.

Electron microprobe analyses of the fragments were
made with a JEOL JXA-8600 Superprobe, using 15kV
acceleration voltage and 1.5 nA beam current. The ZAF
routine was applied for the correction of matrix effects.
Well-characterized natural and synthetic minerals were
used as standards. The fragments were analyzed with a
defocused beam (diameter 40-60 um), and the results were
averaged (for number of spots see the table in electronic an-
nex (EA) (Table EAl). For results below detection limit,
the value of the detection limit was used. For relatively

heterogeneous fragments, this procedure was repeated
and the mean of the two averages was taken as the repre-
sentative composition.

An important point regarding the electron microbeam
measurements is that a porous multi-phase system was ana-
lyzed. The high contents of water (18-22 wt%) and carbon
(3-5 wt%) in CI chondrites (Brearley and Jones, 1998), as
well as the high porosity of the material analyzed, resulted
in low totals, generally between 70 and 80 wt% (Table
EALl). Also, the measurement of a mixture of several phas-
es (although most of them are silicates) corrected with stan-
dard matrix correction procedures affects the quality of the
quantitative results. While the results are an internally con-
sistent data set, these technical limitations should be kept
in mind when the results are compared with data produced
with different techniques (e.g., INAA).

To allow comparison between fragments, the results
were normalized to 85.35 wt%, the sum of the analyzed ele-
ments in the solar system abundances of Anders and Grev-
esse (1989) recalculated as oxides (Table EA2). For
comparison with literature data and statistical analysis,
our data were also normalized to the silicon contents and
solar system abundances (Anders and Grevesse, 1989),
which have also been normalized to Si.

In the data presentation and discussion, for averages of
chemical elements calculated for all fragments (and the lit-
erature data), the geometric mean was used. This was nec-
essary given the wide range of compositions of the
fragments, sometimes over several orders of magnitudes
(P,Os, CaO) (Table EA1). In such cases, the values have
no normal (Gaussian) distribution. The geometric mean
tends to dampen the effect of very high or low values,
which might bias the mean if a straight average (arithmetic
mean) is calculated (Rollinson, 1993).

However, it must be emphasized that, given the wide
spread of results and potential biases by sample and frag-
ment selection, the actual range in composition is of more
interest than the average concentration of an element. For
this reason, we present the results in the diagrams as box-
plots. Here a partitioned box shows the range of +25%
(second and third quartile) of the values around the medi-
an. The ‘box’ referred to in the following always means the
complete box, encompassing 50% of the given results. The
whisker (continuing line) extends the range to +45%, the
continuing dotted line marks the whole range of results.
The average used in the boxplot diagrams is the median,
which is the only appropriate average for this type of
presentation.

>

Fig. 1. Secondary ion images of different species in several fragments (indicated by yellow lines), measured with TOF-SIMS in two consecutive analyses,
for positive and negative secondary ions, respectively. (a) phosphate grains from fragment O12 (Orgueil), (b) images of the phosphate-rich fragment O13
(Orgueil), and a vein, filled with a Ca-rich sulfate (red arrow). (c) part of the iron-rich fragment O46 from Orgueil (bottom left) and adjacent matrix
material. (d) fragment 110 (Ivuna), with a vein structure filled with sulfate (red arrow). (e) the distribution of carbonate clusters in and around fragment 19
(Ivuna). Each image has 256 x 256 pixels. Below each image the ion species is indicated. Each image is normalized to the intensity (in counts) of the most
intense pixel (e.g., 47 for *'P7), shown in red and given below the image. The color bar (top right) represents a linear scale from black (equals to zero) to
red. The other number below each image represents the integrated intensity of the entire image (e.g., 1.35 x 10° for 3'P7). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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High resolution (>0.2 um) element distribution images  information on the application of TOF-SIMS to the anal-
were taken with an ION-TOF TOF-SIMS 1V instrument  ysis of planetary samples can be found in Stephan (2001).
(Fig. 1a—). The primary ion beam consisted of *Ga™ ions. For quantitative analysis of trace elements (mainly
The sample surface was cleaned with an Ar beam prior to REE) in single minerals (sulfates, phosphates) or
the analyses to remove surface contamination. Detailed  components (matrix), the Cameca IMS-3f ion probe at

igh
a InteHSIty lg

1559
40C3 1.26E7

56Fe 1.09E6 23Na 5.08E5 3ZS 6.01E4 39K 211E5

; } _ _
- 10 +oas2 + 8 + 357
328 13385 23Na 6.17E6 3K LSO0EG 40Ca 2.50E6



5374 A. Morlok et al. 70 (2006) 5371-5394

Washington University, St. Louis was used, according to
techniques developed by Zinner and Crozaz (1986). The
analyses were carried out using an O~ primary beam
(~10 pm diameter) at low mass resolution (m/Am ~500).
Complex interferences are removed by applying energy fil-
tering. Simple interferences not removed by this method
are corrected by deconvolution of major molecular inter-
ferences in the mass regions K—Ca-Ti, Rb—Sr—Y-Zr, and
Ba-REE (Alexander, 1994). To prevent charging, the sam-
ples were coated with carbon prior to analysis. Secondary
ions were collected from areas of up to 50 pm. The refer-
ence elements used to obtain quantitative trace element
concentrations were Si for matrix material and Ca for sul-
fates and phosphates. SiO, and CaO concentrations of the
phases analyzed were obtained by EDX analysis.

Phosphates occur mostly as clusters of small grains,
rarely larger than ~20 um, not all of which were chemically
characterized with EDX or EMPA prior to the ion probe
analyses. Therefore, we used the average CaO content for
phosphate in CI chondrites (53.0 + 2.1 wt%; EndreB,
1994) for quantification. Contamination from surrounding
matrix material in which some of the phosphate grains
were embedded occurred during the measurements of these
small phases with the ion probe. Since the REE concentra-
tions are determined by applying the REE ion yield relative
to the reference element, Ca, this has an effect on the REE
concentrations only if either of these elements are present
in the matrix in significant quantities. Provided all Ca
and REE occur in phosphates and not in the matrix, as
we expect, the influence of this contamination on the
REE contents of the phosphates should be insignificant.
Contamination with matrix material was also encountered
in the analyses of sulfates, as indicated by elevated Si con-
tents. Similarly, measurements of the silicate-rich matrix
material may have been influenced by other, smaller miner-
al phases that could not be avoided owing to the size of the
analyzed area (EndreB, 1994).

For statistical procedures the SPSS10 software package
was used. In correlation analyses the correlation coefficient
r after Pearson is used. A value for r between 0.5 and 0.7 is
interpreted as average, 0.7-0.9 as high and r > 0.9 as very
high correlation (Wernecke, 1995).

For multi-variant statistical analyses, hierarchical clus-
ter analysis with SPSS10 was applied. With this technique,
it was possible to classify fragments into groups (also called
clusters) with similar chemical characteristics, based on the
electron microprobe data. All seven algorithms available in
the software package for the calculation of clusters were
used. The final eight clusters used in the study are an aver-
age of all the results. The clusters were used for the classi-
fication of the fragments into lithologies (see Section 4.2).

2.2. Samples and fragment selection
We studied samples of four of the five known CI chon-

drites. To document a wide range of different fragments, 14
polished thin sections were analyzed. Given the availability

of material from Orgueil and the highly brecciated nature
of this meteorite (e.g., Endre8, 1994), most of the frag-
ments analyzed in this study are from this CI chondrite.

It has to be emphasized, that the focus of this study was
on the composition of silicate-rich fragments, and on
obtaining the composition of a wide range of such frag-
ments as possible, and on documenting the resulting com-
positional diversity of CI chondrites. This easily leads to a
certain bias in sampling, which is further increased by the
dominance of fragments from Orgueil. When obtaining
EMPA analyses of the fragments we avoided analyses of
secondary minerals such as veins filled with sulfates etc.,
which are, by definition, not part of the fragments.

This must be kept in mind when interpreting the results,
especially when comparing the averages of chemical analy-
ses with CI (see Section 3.2).

3. Results
3.1. Description of samples

Figs. 2 and 3 and Figures EAl, 2 (EA = electronic an-
nex) give an overview of the varying extent of fragmenta-
tion among the samples. A high degree of brecciation is
exhibited by most specimens from Orgueil (Fig. 2). In this
study, fragments are defined as areas that clearly distin-
guish themselves from the surrounding material on the ba-
sis of mineralogical and chemical composition. Fragments
can show a certain degree of internal heterogeneity. How-
ever, fragments should not be confused with simple aggre-
gates of minerals like magnetites or sulfates occurring in
the matrix material.

Fig. 2 presents an enlarged image of an area in sample
Orgueil 93028 and shows several typical fragments with siz-
es of ~100 pm embedded in a fine-grained matrix. There is
no clear size range for fragments: We observed fragments
larger than 1000 um as well as small fragments that blend
directly into the fine grained matrix. For technical reasons,
only fragments >40 um in size were analyzed in this study.

The fine-grained clastic matrix, which surrounds the
fragments, is distinct from the groundmass within the frag-
ments. Generally, the fine-grained clastic matrix as well as
the groundmass of the fragments themselves, consists of a
mixture dominated by aggregates of phyllosilicates, serpen-
tine, and smectite, with some other minor components
(EndreB, 1994). An important feature, which distinguishes
the fragments, is the size of these phyllosilicate aggregates.
They occur in the fragments either as so-called coarse-
grained phyllosilicate aggregates (CGA) or fine-grained
aggregates (FGA). The first type consists of Mg-rich mate-
rial in the size range of 30-300 nm. The second group is
characterized by fine-grained phyllosilicates, with crystal
sizes of up to only ~30 nm. The FGA tend to be richer
in iron than the CGA (Fig. 1c); they are probably finely
intergrown with iron hydroxides like ferrihydrite (Ker-
ridge, 1977; Tomeoka and Buseck, 1988; Tomeoka, 1990;
Fisher and Burns, 1991; Brearley, 1992; EndreB3, 1994;
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Fig. 2. BSE image of a highly brecciated area in the CI chondrite Orgueil (093028). Fragments embedded in a fine-grained groundmass are easily visible
(a—d). The groundmass differs in brightness due to varying abundance of iron. The brighter fragments (a) have higher contents in Fe than the darker ones
(b). Abundant magnetites are recognizable as small, bright dots (c), similar to rare sulfides (d).

Fig. 3. BSE images of fragments in Ivuna 93161a. Three large, bright fragments are visible in the right half of the sample (e.g., a). There are also several
darker fragments on the left side (e.g., b).
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Bland et al., 2004). Also characteristic of CI chondrites are
sulfates, recognizable as areas with high S or Ca contents
which occur as secondary minerals in cracks or veins
(Fig. 1b and d), and have been interpreted either as parent
body or terrestrial features (Nagy, 1975; Richardson, 1978;
Tomeoka and Buseck, 1988; Endref3, 1994; Gounelle and
Zolensky, 2001).

Magnetites, sulfides, carbonates (Fig. le), and rare oli-
vines, pyroxenes, phosphates, and other accessory minerals
also occur as minor phases embedded in matrix and
groundmass material in CI chondrites.

In samples from Ivuna we also found a wide variety of
fragments. Ivuna 93161a (Fig. 3) has several dark, CGA-
rich fragments—which are hard to distinguish from the
matrix material—as well as some large FGA-rich frag-
ments. The fragments here are relatively large, in the
200 um range.

The samples of Alais analyzed in this study consist
mainly of large fragments (or matrix areas). Alais 92322
consists of a very large CGA-rich fragment (greater than
1000 pm) with three smaller ones in the 200-400 um range
attached (Fig. EAl). Highly CGA-rich sub-fragments
A13-A16, embedded in fragment Al7, are possibly large
phyllosilicate grains (cf. EndreB, 1994).

Fragments in Tonk are less clearly defined than in the
other three CI chondrites. Tonk 94160a (Fig. EA2) has
some big, CGA-rich fragments and a small FGA-rich
fragment.

3.2. Chemical composition

The results of the normalized EMPA measurements of
113 fragments are presented in Table EAl and Fig. 4a
and b, which show our data and literature data normalized
to CI (Anders and Grevesse, 1989) and Si.

Most elements show a wide range in concentration. In
addition, the averages usually are clearly above or below
CI. As pointed out above (Section 2.2), this is to be expect-
ed from the sample selection, so in the following presenta-
tion of the results the ranges are regarded as more
important than the geometric means.

The SiO, contents of all fragments range from 12.7 wt%
to 42.2 wt%. The high values of this element are due to a
group of four outliers (A13, Al4, Al15, and Al6; Table
EA1) with greater than 40.0 wt% SiO,. The bulk of the re-
sults, marked by the box, fall into the range between
27.3 wt% and 32.9 wt% SiO,, which is above the CI abun-
dance (22.8 wt%). The geometric mean of 29.3 wt% is also
higher than the CI abundance. Silicon, aluminum, and
magnesium are all positively correlated with each other
and are negatively correlated with iron (Fig. Sa—c).

Most fragments are enriched in Al,O3 relative to CI
(1.64 wt%). Here, the box is between 1.86 wt% and
224 wt% Al,O3 (Fig. 4a). The geometric mean is
2.03 wt%. Like silicon, the highest values are due to a
group of outliers (A14, A15, A16; Table EA1). Apart from
one fragment (0O52) with a very high Al/Si-ratio

(3.36 x CI), the range of ratios in our fragments is similar
to those in the literature (Fig. 4b).

Like Al,O5; and SiO,, most fragments have MgO con-
tents that are higher than CI (16.4 wt%), with a geometric
mean of 18.1 wt%. The box lies between 16.4 wt% and
20.1 wt% MgO (Fig. 4a). With the exception of fragment
052, which has a very high Mg/Si-ratio (2.26 x CI), the
variations in Mg/Si-ratios among all fragments as well as
the boxes in our study are comparable to those in the liter-
ature (Fig. 4b).

The lowest concentration of FeO is 10.4 wt% and the
highest is 42.4 wt% (Table EA1). The high values are the
result of two extreme outliers (O50 and O64, Table EA1);
the box is between 19.9 wt% and 25.4 wt% FeO (Fig. 4a),
and most measured values are below the CI value. The geo-
metric mean of our fragments (22.3 wt%) is also slightly
lower than the CI value (24.5 wt%). The highest Fe/Si-ratio
(2.77 x CI) in our fragments is much higher than the liter-
ature value (0.97; Tomeoka and Buseck, 1988). Also the
range of ratios is much greater than that obtained in earlier
studies (Fig. 4b).

The average NiO content of the fragments (1.51 wt%) is
also higher than CI (1.40 wt%), with values ranging from
0.16 wt% to 3.2 wt% (Table EA1). However, this range is
largely due to two groups of outliers, one at ~3 wt%
(044, 093 and T23; Table EAl) and another below
1 wt% NiO (A13, Al4, Al5, and Al16; Table EA1). Most
results fall in the box between 1.31 wt% and 1.95 wt%
NiO and most fragments are enriched in nickel compared
to CI (Fig. 4a). The range and boxes of data from the lit-
erature and this study are similar (Fig. 4b).

SO; contents in the fragments are usually below CI,
ranging from 1.01 wt% to 15.8 wt%. Most fragments have
contents in the range from 6.0 wt% to 9.6 wt% SO; (Table
EAL1; Fig. 4a). The geometric mean is 7.3 wt%, about half
of the CI value of 15.6 wt%; and the distribution of values
among different fragments is relatively homogeneous. The
high correlation with NiO (r = 0.71) (Fig. 5d) was also ob-
served by Kerridge (1977). Some grains appear to lie on a
separate, steeper trendline (Fig. 5d). The range of and max-
imum S/Si ratios are generally smaller in the literature re-
sults, with a maximum ratio of 0.76 (Tomeoka and
Buseck, 1988), compared to 1.67 for Orgueil in this study.

The abundance of P,Os5 in most fragments is below CI
(Fig. 4a) and the boxplot shows 50% of the fragments to
lie between 0.11 wt% and 0.3 wt% P,0s. The presence of
a few highly enriched outliers (012, O13, and O25; Table
EA1) with up to 5.2 wt% results in a comparatively wide
range of values. The geometric mean is below CI
(0.19 wt% compared to 0.28 wt%). The only strong correla-
tion is with CaO (r = 0.74). Maximum literature values of
P,Os are much lower (P/Si=0.85x CI; Kerridge, 1976)
than those in this study (25.03) (Fig. 4b).

Like P>Os, the CaO contents are very low among
most fragments: the geometric mean is 0.25 wt%, com-
pared with 1.3wt% for CI, with the bulk of values
ranging from 0.11 wt% to 0.59 wt% CaO, well below
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Fig. 4. (a) Boxplots of the distribution of elements in the fragments, based on the EMPA data for the 113 fragments normalized to 85.35 wt%. For
results below detection limit, we used the detection limit. The whole boxes represent the second and third quartiles, encompassing +25% of the fragments
around the median. Thus, the whole box encompasses 50% of the data points of a given element. The whiskers (continuing line) extend the range to 90% of
the results (+45%). The dotted lines mark the whole range of results. The symbols right to the boxplots are the solar system abundances of the given
element (Anders and Grevesse, 1989). (b) EMPA analyses of major and minor elements from 113 fragments in CI chondrites (left dark boxplot), compared
with literature results of matrix material and phyllosilicates (right boxplot). All data are normalized to Si and CI (represented by the horizontal line at a
ratio of 1), presented in boxplots. Literature data are from Kerridge (1976), McSween and Richardson (1977), McSween (1987), Tomeoka and Buseck

(1988), Zolensky et al. (1993) and EndreB (1994).

the CI value (Fig. 4a). There is a group of outliers from
~3 wt% upwards (013, 024, and O25; Table EA1), with
6.6 wt% CaO as maximum. The highest Ca/Si ratio in
our study is 6.73 x CI (Fig. 4b), much higher than liter-
ature ratios (0.90; EndreB, 1994). Also, the box is bigger
than for earlier results. However, only a few fragments
exceptionally enriched in CaO show such high
concentrations.

The contents of Na,O in our fragments range from
0.20 wt% to 2.86 wt% and most fragments in the box
(Fig. 4a) are from 0.51 wt% to 1.1 wt% Na,O, evenly
distributed around CI (0.67 wt%). The geometric mean
is 0.74 wt% (Table EA1). The literature data (Fig. 4b)

show maximum values similar to those seen in our frag-
ments with Na/Si=3.15x CI (McSween and Richard-
son, 1977) compared to 3.66in this study (both for
Orgueil).

K,O contents range from 0.49 wt% down to 0.03 wt%,
which is close to the detection limit for K,O (0.02 wt%).
Most results are in a relatively narrow box from
0.08 wt% to 0.22 wt% K,O (Fig. 4a), enriched compared
to CI. The geometric mean is 0.13 wt%, i.e., higher than
CI (0.07 wt%). Maximum ratios and ranges (Fig. 4b) in
the literature (K/Si=7.09 x CI; McSween and Richard-
son, 1977) are comparable to those in the fragments studied
here (6.54).
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Most of our fragments show a range of MnO (0.18-
0.3 wt%) concentrations, evenly spread around CI
(0.26 wt%) (Fig. 4a). The geometric mean of the fragments
(0.23 wt%) and CI (0.26 wt%) are very close. The maximum
Mn/Si ratio reported in the literature (0.96 x CI; Zolensky
et al., 1993) is much lower than that obtained here (4.32)
(Fig. 4b).

The geometric mean of TiO, among the fragments
(0.07 wt%) is very close to the detection limit of
0.05 wt%, and identical to CI (0.07 wt%) (Table EATL).
Concentrations of Cr,O3 in fragments range from
0.20 wt% to 0.71 wt% (Table EA1l), with the bulk lying
between 0.37 wt% and 0.45 wt% (Fig. 4a), evenly distrib-
uted around CI (0.39 wt%). Maximum Cr/Si ratios
(3.04 x CI) are similar to literature values (3.23 x CI)
(Fig. 4b).

3.3. TOF-SIMS analyses

Element distribution images obtained with TOF-SIMS
give insights into the spatial distribution of major and
minor elements between and inside the fragments. The
high-resolution images were especially helpful for mapping
different phases in the phosphate rich fragments (Fig. la
and b). In addition, chemical differences between the main
lithologies are shown in a direct comparison of a FSA and
a GSA rich fragment in Fig. 1c. The effects of aqueous
alteration such as leaching of elements from a fragment
into sulfate (see Section 4), is shown in Fig. 1d.

Phosphate cluster in fragment O12: The distribution of P,
F, and Ca in a cluster of typical, fine-grained phosphate
grains with a size of 10 um and smaller is shown in
Fig. 1a. Calcium and phosphate are concentrated only in
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the phosphates, while fluorine also occurs in the surround-
ing material.

Phosphate-rich fragment O13: An example of a fragment
consisting of many phosphate clusters, as in Fig. la, is
shown. The groundmass of the whole fragment is enriched
in fluorine compared to the surrounding matrix. Calcium
also occurs in other phases (probable carbonates and sul-
fates) besides phosphates, both inside the fragment and
as some larger grains in the surrounding matrix. Calcium
is also enriched in a typical sulfate, filling part of a crack
(see red arrow).

Fine-grained, iron-rich fragment O46: Two types of frag-
ments with very pronounced differences in composition,
separated by dotted, yellow lines, can be observed in
Fig. 1c. An iron-rich fragment (O46) that is also enriched
in Na, S, K, Ni, Ca, Cr, and Mn in its groundmass can
be seen in the lower left of the image. The elements are dis-
tributed very homogeneously, without ‘hotspots’ due to
larger mineral grains. Another, iron-poor fragment is in
the upper right part of the image. Both fragments are divid-
ed by a diagonal strip of matrix material.

Sulfate vein and fragment I10: Fig. 1d shows a crack
filled with a sodium and potassium-rich sulfate (red arrow).
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Above this structure, the iron-rich fragment 110, similar to
that in Fig. lc, also exhibits a clear enrichment in
potassium.

Carbonate-aggregates in Fragment 19 (Fig. 1e): Clusters
of carbonates are presented in Fig. le. Here these minerals
occur inside of fine-grained, iron-rich fragment I9.

3.4. REE analyses

Matrix areas: The REE abundances in the matrix lie
close to or below CI (Fig. 6a, and Table la). The lowest
value is 0.15 x CI for europium in M2, a CGA-rich area.
The highest REE abundances were found in M7, a
FGA-rich area with 1.02 x CI (only for Pr). The patterns
of most matrix analyses are relatively flat within errors.
Negative europium anomalies were found in M2 and
MO9. However, due to the large error bars, especially
for low abundances, not all variations in the patterns
may be significant.

Sulfates: REE contents in sulfates range up to 3.7 x CI
for Tm in S3 (Fig. 6b, Table 1b). S11 and S14 are the purest
sulfate samples with little contamination by matrix materi-
al; they are depleted in REE compared to CI, and the light
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Fig. 6. (a—d) CI chondrite-normalized REE patterns in phases from CI chondrites. (a) REE abundances in matrix areas from CI chondrites are usually
depleted compared to CI, as are the sulfates (b). One sulfate grain (S3) shows an enrichment of ~2-3 x CI. (c¢) and (d) REE contents in phosphate grains
from Orgueil are distinctly enriched over CI abundances. Characteristic for some analyses of this phase is a negative Gd anomaly (c). A few phosphate
grains from Orgueil (P32, P35) have heavy REE enriched relative to the light REE. P110 and 115 have comparatively flat REE patterns (d).
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Table 1
(a—c): REE contents (in ppm) in matrix (a), sulfates (b) and phosphates (c) from CI chondrites (c)

M2 M3 M4 M7 M8 M9
(a)
La 0.12 +0.02 0.15+0.01 0.1 +0.01 0.2 +0.02 0.1 +0.01 0.09 +0.01
Ce 0.3 +£0.04 0.4 0.25 0.43 +0.05 0.33 0.26
Pr 0.05 +0.01 0.06 + 0.01 0.05 0.09 +0.01 0.05 +0.01 0.03 +0.01
Nd 0.18 +£0.02 0.28 0.18 0.38 0.19 0.17
Sm 0.05 +0.02 0.09 +0.01 0.07 £ 0.01 0.11 £0.02 0.05+0.01 0.06 +0.01
Eu 0.01 0.03 0.02 0.04 0.02 0.01
Gd 0.05 +0.02 0.09 +0.01 0.08 +0.01 0.15+0.03 0.06 +0.01 0.07 £0.01
Tb 0.01 0.02 0.02 0.02 0.01 0.02
Dy 0.1 +0.02 0.13 0.11 0.12 +£0.02 0.08 +0.01 0.09 +0.01
Ho 0.01 0.02 0.02 0.04 +0.01 0.01 0.03
Er 0.05 +0.01 0.08 +0.01 0.09 +0.01 0.11 0.04 0.08 +0.01
Tm 0.01 0.01 0.01 0.02 0.01 0.01
Yb 0.07 +0.01 0.09 £+ 0.01 0.09 4+ 0.01 0.13 +0.02 0.06 +0.01 0.09 +0.01
Lu 0.01 0.01 0.01 0.02 +0.01 0.01 0.01

S2 S3 S11 S14 S21 S25
(b)
La 0.15 4+ 0.02 0.72 +0.08 0.04 +0.01 0.13 +0.02 0.1 £0.02 0.09 4+ 0.02
Ce 0.47 1.69 +£0.17 0.1 +0.02 0.25+0.04 0.14 £0.03 0.22 +0.04
Pr 0.05+0.01 0.29 + 0.04 0.01 0.03 +0.01 0.03 +0.01 0.03 +0.01
Nd 0.36 1.41 0.06 + 0.01 0.17 £0.02 0.16 +0.02 0.16 +0.02
Sm 0.09 +0.03 0.39 +0.07 0.01 +0.01 0.03 +0.01 0.01 +0.01 0.03 +0.01
Eu 0.02 +0.01 0.14 +0.02 n.d. 0.01 0.01 0.02 +0.01
Gd 0.11 +0.03 0.334+0.1 0.02 +0.01 n.d. 0.04 +0.01 0.06 +0.02
Tb 0.03 0.09 £+ 0.02 n.d. n.d. 0.01 0.02 +0.01
Dy 0.15+0.02 0.61 +0.07 0.01 0.02 +0.01 0.06 +0.01 0.1 £0.02
Ho 0.04 +0.01 0.17 £0.03 n.d. n.d. 0.01 0.03 +£0.01
Er 0.13 +0.02 0.39 +0.05 0.01 0.02 +0.01 0.02 +0.01 0.07 +0.01
Tm 0.02 + 0.01 0.09 +0.02 n.d. n.d. n.d. 0.01 +0.01
Yb 0.16 0.45 + 0.06 0.01 +0.01 0.03 +0.01 0.04 +0.01 0.07 +0.02
Lu 0.02 +0.01 0.06 + 0.03 n.d. n.d. n.d. 0.01 +0.01

P1 P2 P35 P41 P42 P69 P90 P93 P110 P115

(c
La 17.3 14 20.1 15.4 11.4 15 18.4 22.4 28.5 9.7
Ce 37.9 339 50.3 37.9 29 34.9 40 57.1 73.7 24.2
Pr 5.9 49 6.5 5 42 5.7 5.2 8.1 10.6 3.1
Nd 31.9 25.9 37.3 26 21.5 29 28.1 36.8 55 17
Sm 10.1 8.3 12.4 9.5 8.3 8.5 9.2 10.1 18.5 6.3
Eu 4.1 3 4.8 3.6 3.2 33 2.8 3.7 6.5 2
Gd 99+145 11.2+1.32 16.2 99+1 8.5+0.91 8.8 +£0.89 7.7+0.81 10.4 22.1 7.7
Tb 2.8 +0.36 2.9 28+03 2.8 2.240.23 2.5 1.74+0.19 2.7 3.3+041 1.4 +0.15
Dy 19.2 19.3 28.2 18.6 16.6 15.2 11.6 16.7 27.3 7
Ho 53 4.3 6.1 4.4 4.3 33 3 3.9 4.6 1.8
Er 15.8 13.7 20.4 13 114 9.4 9.1 12.6 17.6 4.6
Tm 2.3+0.23 2.44+0.26 3.6 2.7 2 1.8 1.5 2.1 3 0.7 +£0.09
Yb 16.2 16 24.3 17.6 15.2 10.5 11.4 13.7 16.3 5
Lu 2.1+0.3 2.7+0.28 3.5 2.6 244025 1.5 1.4+0.16 1.6 £0.16 2.9+0.29 0.6 +0.08

Absolute errors (1o) are only presented when larger than 10% of the concentration.

n.d., not detected.

REE (LREE) are enriched relative to the heavy REE
(HREE). The patterns for S25 and S3 are relatively flat;
S3 shows a small negative Gd anomaly, S25 has slightly en-
riched HREE. This could be the result of contamination
with a phosphate (see below), although the chemical anal-
ysis of this area shows no enrichment in P.

Phosphates: Phosphates have REE abundances ranging
from 26 x CI for Lu (PI15) to 150x CI for Yb (P35;

Fig. 6¢c, d and Table 1c). Most abundances are in the
~70 x CI range for the LREE and ~90 x CI for the HREE.
Phosphates exhibit a variety of patterns: several of the
grains (P1, P41, P42, P69, P90, P93) have distinct negative
Gd anomalies (Fig. 6c), while others have enriched HREE
contents compared with those of the LREE (P1, P32, P35,
P41, P42; Fig. 6d). Some patterns (P41, P42) show both
features.
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4. Discussion
4.1. Chemical heterogeneity and mineralogical diversity

Matrix materiallphyllosilicates and SiO, MgO, and
AL O3: Silicon, aluminum, and magnesium are all positively
correlated with each other and are negatively correlated
with iron (Fig. Sa—c). The high correlation coefficients be-
tween SiO,, MgO and Al,O; (r > 0.7) indicate that the dis-
tribution of these elements is mainly controlled by the
abundance of phyllosilicates, which are the dominant

(O Fragments CI chondrites

X 1

Matrix Orgueil Tomeoka and
\ Buseck (88); Phyllosilicates Orgueil
Zolensky et al. (96)

Matrix Ivuna Tomeoka (90)
\ Phyllosilicates Ivuna

Tomeoka (90); Brearley (92);

Zolensky et al. (96)

Matrix Alais Tomeoka (90)
Phyllosilicates Alais
Tomeoka (90)

+,  Mixing Lines
Serpentine/Smectit
Solid Solutions

Sit+Al

phase in CI chondrites (50.0-71.5 wt%; (Bostrom and
Fredriksson, 1966; Kerridge, 1967; Bland et al., 2004).
The types of phyllosilicates known to be present in Orgueil,
Ivuna, and Alais are Mg-rich serpentinite and smectite/sap-
onite (MacKinnon and Kaser, 1988; Tomeoka and Buseck,
1988; Tomeoka, 1990; Brearley, 1992; Bland et al., 2004).

A ternary diagram of Fe, Mg and Si + Al helps to esti-
mate the amounts of serpentine and smectite in the frag-
ments (Tomeoka and Buseck, 1988) (Fig. 7). Most
fragments cluster around a line for the solid solution of ser-
pentine ((Mg, Fe)g(Si, Al);0;0(OH)g), with the bulk of

Fe

O  Fragments CI chondrite

X CI

Matrix Orgueil Zolensky et al. (89)
Phyllosilicates Orgueil Mackinnon
and Kaser (88)

Matrix Ivuna Zolensky et al. (89);
\ Zolensky et al. (93); Brearley (97)

atom%
Fe

Phyllosilicates Alais Mackinnon
and Kaser (88)

Si

Mg

weight%

Fig.7. (a,b) Ternary diagrams of Fe, Si, Mg in fragments from CI chondrites in atom% (a) and weight% (b). The thick unbroken lines mark the areas covered
by matrix and phyllosilicate analyses compiled from earlier studies. The broken lines in (a) mark the solid solution lines for serpentine and smectite. The
literature data of (a) and (b) from different CI chondrites (Orgueil, Ivuna, Alais) cover similar areas, Given the dominance of matrix material in the fragments,
this indicates a general similarity in the distribution of lithologies among the various CI chondrites. (See above-mentioned references for further information.)
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fragments falling in the area between the serpentine and
smectite (Mg, Fe)s(Si, Al);0;o(OH),) solid solution lines.
However, not all iron occurs in the phyllosilicates, as the
fragments usually also contain inclusions such as magnetite
or sulfides (see below). This makes an exact mineralogical
interpretation (especially of the serpentine/smectite ratio)
of the diagram difficult. While fragments are dominated
by phyllosilicates, the inclusions will influence the chemical
composition. It can be assumed that without the additional
iron from the inclusions, all fragments would fall between
the two phyllosilicates solid solution lines.
Literature data of matrix and phyllosilicates from Orgu-
eil, Ivuna, and Alais fall into similar areas (Fig. 7a and b).
A comparison of the combined literature data with the
results of this study shows that our results mostly overlap
with the literature data, with the exception of some frag-
ments with high iron content. However, the area covered
by the fragments is much smaller and narrower than that
of the literature data, probably the result of the integration
of a larger area in the defocused beam analyses.
Magnetitel Ferrihydrite and FeO: Magnetite, with an
abundance of 6-17 wt% in CI chondrites (Bostrom and
Fredriksson, 1966; Kerridge, 1967; Bland et al., 2004) is
one of the minerals with the strongest impact on the iron
contents of the fragments. As the images of samples and
fragments show, this mineral is unevenly distributed in
CI chondrites and occurs both in the form of big grains
and as abundant, small particles with sizes less than 1 pm.
Compositional variations of fragments in the ternary
diagrams (Fig. 7a and b) suggest another important carrier
of Fe. Most analyses lic on a straight line, which is the re-
sult of varying iron content, while the variations of Si, Al,
and Mg are less pronounced. There is a moderate correla-
tion of Fe with Ni and S, and a high anticorrelation with
SiO, (r = —0.88; Fig. 5c¢). Similar correlations were inter-
preted by Tomeoka and Buseck (1988) as indicators for
the occurrence of ferrihydrite in CI chondrites. According
to their work, ~60% of iron in matrix material and
~34% in bulk CI chondrites occurs as iron hydroxide,
which probably is closely intergrown with the phyllosili-
cates. Analyses of FGA show high (up to 29.5 wt%) con-
tents of iron in this material (Endre3, 1994). Elemental
distribution images also show that iron is often homoge-
neously distributed in the groundmass of the fragments
(Fig. 1c). Ferrihydrite is known to absorb other elements
into its structure (Tomeoka and Buseck, 1988), and could
influence the compositions of the fragments. The TOF-
SIMS distribution images (e.g., Fig. 1¢) indicate a correla-
tion of Na, S, K, Ni, Ca, Cr, and Mn with the fine-grained,
iron-rich matrix. However, of these elements only S and
Mn show a reasonable positive correlation with Fe
(r=10.6 and 0.59, respectively) when the EMPA data are
used. The occurrence of ferrihydrite in all CI chondrites
is contested, although most workers agree on its occurrence
in Orgueil (e.g., Tomeoka and Buseck, 1988; Tomeoka,
1990; Brearley, 1992; Bland et al., 2004). Tomeoka and Bu-
seck (1988), and Bland et al. (2004) measured 5 wt% of fer-

rihydrite in Orgueil. There are indications for its
occurrence in Alais and Ivuna (Tomeoka, 1990; Fisher
and Burns, 1991); however, Brearley (1992) and Endref3
(1994) found no evidence for this phase in Alais, Ivuna,
and Tonk. Zolensky et al. (1993) report only small
amounts of ferrihydrite in Ivuna. The fact that fragments
from the four CI chondrites measured in this study all plot
on a straight line in the ternary diagrams (Fig. 7a and b)
could indicate the occurrence of ferrihydrite in all these
meteorites, according to the argument of Tomeoka and Bu-
seck (1988).

The reason for this incoherent picture regarding the
occurrence of ferrihydrite is not entirely clear. The tech-
niques used by most groups are similar—transmission elec-
tron microscopy and electron microprobe analysis
(Tomeoka and Buseck, 1988; Tomeoka, 1990; Brearley,
1992; Zolensky et al., 1993; EndreB, 1994), thus differences
in analysis techniques do not explain the differences. M&ss-
bauer spectroscopy, which allows a direct determination of
ferrihydrite, has only been used on Orgueil so far (Wdo-
wiak and Agresti, 1984; Madsen et al., 1986; Fisher and
Burns, 1991; Bland et al., 2004).

One reason for these discrepancies could be the hetero-
geneity of fragments with different compositions, as dis-
cussed in this paper. Some workers attribute the
occurrence of ferrihydrite to varying degrees of aqueous
alteration (e.g., Brearley, 1997), therefore an uneven oxida-
tion of the materials could play a role here. In addition, ter-
restrial alteration cannot be completely ruled out.

Sulfates and S, Ca, Ni, Na, K: With the exception of a
few fragments, sulfur is depleted in the fragments com-
pared to CI (Fig. 4a). The reason for this is that up to
74 wt% of sulfur in CI chondrites occurs in sulfates (Bur-
gess et al., 1991), which contain 29.9 to 59.7 wt% SO; (End-
rel3, 1994). Distribution maps for sulfur and other elements
(Fig. 1d) show the occurrence of sulfates as fillings of
cracks and veins. Because of this, S, Ca, Ni, and Na are
probably leached out of the fragments, thus lowering the
median concentrations of these elements below CI. Potassi-
um, however is not depleted relative to CI, pointing to the
role of other phases (e.g., ferrihydrite).

Elements affected by the uneven distribution of sulfates
may include calcium (up to 39.7 wt% CaO in sulfates),
nickel (up to 12.3 wt%), potassium (up to 15.6 wt%) and
sodium (up to 0.99 wt%; EndreB, 1994). However, the cor-
relation of the latter three elements with sulfur is not high,
since these elements also occur in other important phases.
On the other hand, the distribution of Na-rich and K-rich
fragments (Fig. EA3) is very similar to the distribution of
sulfate compositions in CI chondrites (EndreB, 1994).
Tomeoka and Buseck (1988) postulated the adsorption of
sulfates onto ferrihydrite. This could explain the enrich-
ment of sulfur, sodium, and potassium in the groundmass
of FGA fragments (Fig. 1c). Sulfur exhibits a moderate
(r =0.6) correlation with iron.

Carbonates and Ca, Mn: With abundances of up to
2.8 wt%, carbonates are one of the common components
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in CI chondrites (Bostréom and Fredriksson, 1966; Endrel3
and Bischoff, 1996). Carbonates in CI chondrites have CaO
concentrations up to 57.6 wt% (EndreB3, 1994). These car-
bonate grains, which can have sizes of several hundred
micrometer (Nagy, 1975; Endre3, 1994), are unevenly dis-
tributed and occur mainly outside of fragments. There
seem to be only a few fragments with high carbonate abun-
dances of up to 35 vol% (compare Fig. le), as observed by
Fredriksson and Kerridge (1988).

Carbonates have Mn abundances of up to 12 wt%, and
are the main carrier of this element in CI chondrites (End-
reB3, 1994). The scarcity of carbonates in fragments proba-
bly explains the low Mn contents among the fragments
(Fig. 4a and b).

Sulfides and S, Fe, Ni: Fe-Ni sulfides are among the pre-
valent mineral phases in CI chondrites (4.6 to 6.3 wt%;
Bostrom and Fredriksson, 1966; Kerridge, 1967; Bland
et al.,, 2004). The distribution of nickel appears to be
strongly controlled by pyrrhotite (0.35-3.4 wt% Ni) and
pentlandite (9.2-27.4 wt% Ni; EndreB, 1994; Bullock
et al., 2005).

Phosphates and P, Ca, REE, Na, Ni: The main carrier of
phosphorous in CI chondrites is Ca-rich phosphate (Fig. 1a
and b), probably apatite with 36.2-44.5 wt% P,Os (EndreB,
1994). Since phosphates are concentrated in few fragments,
phosphorous and some other elements that mainly occur in
phosphates, are unevenly distributed in CI chondrites. CaO
is highly correlated with P,Os (r = 0.75), with contents of
up to 56.0 wt% (EndreB3, 1994). In some cases phosphates
can have high abundances of Na,O (up to 2.55 wt%) and
MnO (up to 1.24 wt%; EndreB, 1994). Phosphates also
basically control the REE abundances in CI chondrites.

REE: A notable feature of the REE patterns of some of
the phosphates is the presence of negative Gd anomalies.
Such anomalies have previously been found only in some
phosphates from H chondrites (Crozaz et al., 1989). Even-
sen et al. (1978) reported 13 positive and 2 negative Gd
anomalies in bulk analyses of several meteorites. However,
the positive anomalies were attributed to technical prob-
lems. More recently, positive Gd anomalies were found
to occur in fine-grained rims around components in CM
chondrites (Hua et al., 2002). It has been suggested that
Gd hydroxide (as either the Gd(OH)*" or Gd(HZO)::+ spe-
cies) is more stable than hydroxides of the other REE
(Brookins, 1989). Thus, one possibility is that Gd preferen-
tially remained in solution during formation of the phos-
phates through aqueous alteration of CI chondrites.
However, this fractionation mechanism is controversial
(Brookins, 1989) and cannot explain the existence of simi-
lar Gd anomalies in phosphates from H chondrites (Crozaz
et al., 1989).

Accessory minerals: Several rare mineral phases with
high contents of specific elements also influence the elemen-
tal composition of CI chondrites despite their scarcity.
Ilmenite in CI chondrites contains up to 11.7 wt% MnO
and 55.7 wt% TiO,. Furthermore, high abundances of min-
or elements can be found in spinels: up to 54.5 wt% Cr,0;

and 2.61 wt% TiO,. An unidentified, so-called ‘K-rich
phase’ with up to 6.3 wt% K,O and 6.5 wt% Na,O has also
been observed (EndreB3, 1994). Finally, some sulfur occurs
as atomic sulfur in organic components (Burgess et al.,
1991).

4.2. Formation of the fragments

The mineralogy of CI chondrites is the result of exten-
sive alteration on the parent body. This alteration occurred
in several steps, with characteristic changes in mineralogy
(e.g., Tomeoka and Buseck, 1988; EndreB and Bischoff,
1996). As a consequence, the wide range in chemical com-
position results from the changing mineralogy of the frag-
ments due to these episodes of parent body alteration. In
the following, we evaluate whether the different types of
fragments give additional insights into the alteration pro-
cess, and help to confirm those earlier models.

It is convenient to classify the variety of fragments into
groups with similar chemical and mineralogical character-
istics. This makes it easier to relate the fragments to indi-
vidual steps in models of CI parent body alteration, with
their characteristic mineralogies (e.g., Tomeoka and Bu-
seck, 1988; EndreB and Bischoff, 1996). EndreB (1994)
and EndreB and Bischoff (1994) identified several litholo-
gies in the CI chondrite Ivuna. Here we classify the frag-
ments found into additional lithologies (Fig. §).

It is, of course, not possible to determine whether frag-
ments of the same lithology formed from the same precur-
sor at the same time on the parent body, or if they comprise
material from different sources that were affected by similar
processes (see Section 4 below).

4.2.1. Lithologies in CI chondrites

We used simple mineralogical criteria for the classifica-
tion, based on BSE and TOF-SIMS images. The mineral-
ogical composition of the groundmass was the first
criteria: Does it consist of fine-grained, iron-rich FGA
material or coarse clusters of magnesium-rich CGA mate-
rial? From this, the two major lithologies, FGA and
CGA, were defined. The second criterion was the occur-
rence and type of mineral inclusions inside the groundmass.

Any classification based on BSE images can be ambigu-
ous in some cases. This was especially the case for frag-
ments with many inclusions, where the type of
groundmass was difficult to determine (e.g., the iron-rich
end member of the CGA lithology).

As an additional means for characterization, we used
hierarchical cluster analysis to classify the fragments into
groups or clusters with specific chemical characteristics.

However, since the clusters are entirely based on the
chemistry of the fragments, a CGA-rich fragment with
many inclusions could, e.g., yield a bulk chemistry like a
FGA fragment, thus ending up in the same cluster. Still,
the clusters provide a convenient means of subdividing
the lithologies into smaller units. Within the context of
the lithologies as presented in Fig. 8, the vertical divisions
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Fig. 8. Overview of the lithologies in CI chondrites, based on their basic mineralogical composition (groundmass, mineral inclusions) and hierarchical
cluster analysis (vertical columns), which subdivides the lithologies. Clusters are ordered according to the increasing enrichment in several elements from 1
to 8. Cluster 8 is actually a group of outliers with high enrichments in some elements (e.g., P, Ca). For a more detailed description see text.

based on the clusters indicate trends in the contents of most
elements from cluster 1-8. Iron, nickel, manganese, sulfur
and sodium increase, while silicon, aluminum, and magne-
sium, consequently, decrease. The other elements show
some variation, indicating their presence in rare phases.

This increase in the abundances of certain elements re-
flects an increasing abundance of inclusions or enrichment
of elements in the groundmass of fragments—even frag-
ments from the same lithology cover a wide range in com-
position. It is possible that the compositions of fragments
actually cover a continuum, with the ‘gaps’, which divide
the clusters, being the result of a bias in sample assortment.

Images of typical fragments of different lithologies are
shown in Fig. 9a—j. The average chemistry and number
of fragments of each lithology can be found in Table 2.

CGA lithology: The main characteristic of this lithology
is a groundmass dominated by CGA, with varying abun-
dances of mineral inclusions. Fragments representing the
extreme end members of this lithology with low and high
iron contents are shown in Figs. 1¢ and 9a—c. One group
of CGA fragments contains phosphates (with wt% P,Os5
of up to ~3 x CI).

Transition lithology: Fragments in this group consist of a
FGA-rich groundmass, but they also have ’islands’ of
CGA within the groundmass (Fig. 9d). They may represent
a transition stage between the CGA and FGA lithologies.
This lithology is identical to lithology III of EndreB
(1994) in Ivuna.

FGA lithologies: There are two distinct lithologies, both
of which are characterized by FGA-rich groundmasses

(Fig. 9e-h) and high iron contents (up to 42.4 wt% FeO;
Table EA1). The first FGA lithology, FGA (A), has vary-
ing amounts of (usually small) mineral inclusions embed-
ded in the groundmass (Fig. 9¢ and f); Fe, S, Mn, and Ni
are enriched in these fragments. However, in fragments
with a very high abundance of Fe in the groundmass, po-
tential mineral inclusions such as magnetite are difficult
to spot due to the small difference in contrast in the BSE
images. This makes an exact classification difficult in some
cases. The other FGA lithology, FGA (B), consists largely
of groundmass material without many mineral inclusions
(Fig. 1c and 9g, h). In addition to Fe, fragments of this
lithology usually have high concentrations of S, Na, K,
Mn, and Ni (Table 2). This lithology is identical to lithol-
ogy IV of EndreB and Bischoff (1996), who found the
majority of olivine grains observed in Ivuna to occur in this
type of fragment.

Phosphate lithology: A second lithology has high contents
of phosphates, in addition to the phosphate-rich CGA lithol-
ogy. It contains a very high concentration of P,Os up to
~12x CI (Table 2). In addition, often very fine-grained
phases, such as sulfides, sulfates, carbonates, magnetites,
and Ti-rich minerals (Figs. 1a, b, and 9i) are present.

Sub-breccia: These fragments show relics of former brec-
ciation cycles (Fig. 9j) and are basically fragments inside of
fragments, for example, FGA-rich fragments surrounded
by CGA-rich material.

Mixed lithologies: Fragments that do not fit into any
other groups due to their heterogeneity are put into this
group.
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Fig. 9. (a—g) BSE images of representative fragments from the major lithologies in CI chondrites. The graphics are the same used in the diagrams modeling
the proposed alteration process (Figs. 10 and 11). (a—c) Examples of fragments from the CGA lithology with increasing abundances of mineral inclusions
in their groundmass, (c) a rare iron-rich end member of this lithology. (d) example of the transition lithology, with small ‘islands’ of CGA in a groundmass
of iron-rich FGA material. (e), (f) Inclusion-rich FSA (A) lithology and (g, h) the groundmass-dominated FSA (B) lithology. (i) A sub-breccia with
remnants of earlier brecciation cycles inside; in this case FGA fragments are surrounded by CGA material. (j) A phosphate-rich fragment. In addition to
phosphates, these fragments also contain other mineral inclusions such as sulfides and sulfates.
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Fig. 9 (continued)

4.2.2. Formation of lithologies on the parent body

Based on analyses of Orgueil, Tomeoka and Buseck
(1988) developed the first comprehensive model of the par-
ent body alteration of CI chondrites. EndreB (1994) and
EndreB3 and Bischoff (1996) combined this and several ear-
lier studies (Richardson, 1978; McSween, 1987, Fredriks-
son and Kerridge, 1988; Tomeoka and Buseck, 1985,
1988; Tomeoka, 1990; Fisher and Burns, 1991; Buseck
and Hua, 1993; Lee, 1993) into a more complex, but essen-
tially similar model.

These models (Fig. 10) start with an early lithology of
magnesium-rich phyllosilicates, carbonates, sulfides, and
magnetite (Tomeoka and Buseck, 1988). This first lithology
is probably represented by the CGA fragments.

The minerals of this first lithology were all attacked by
fluid phases. The coarse-grained phyllosilicates degraded
into fine-grained, poorly crystalized forms. Iron from dis-
solved magnetites and Fe(Ni) sulfides precipitated as fer-
rihydrites intergrown with the phyllosilicates (Tomeoka
and Buseck, 1988). Experimental work by Jones and Brear-
ley (2006) indicates that ferrous iron (Fe*") released by oxi-

dation of sulfides is oxidized to ferric iron (Fe®") very
quickly. This iron species is insoluble and tends to form
iron oxide or oxyhydroxide phases closely associated with
the source mineral.

Fragments from the transition lithology could be a
‘snapshot’ of this step. ‘Islands’ of magnesium-rich CGA
groundmass would be the remains of the original materials,
surrounded by altered, fine-grained, iron-rich FGA
material.

An alternative formation mechanism of ferrihydrite has
been suggested by Brearley and Prinz (1992), Zolensky
et al. (1993), and Brearley (1997) in which ferrous iron in
iron-rich saponite is oxidized, resulting in a breakdown
into magnesium-rich saponite and ferrihydrite.

The FGA (A) lithology would be one of the last steps in
this model. While the groundmass is converted to fine-
grained, iron-rich material, remnants of the mineral inclu-
sions are still left, but are dissolved by continuing
alteration.

Increasing contents of sulfur and nickel, probably
absorbed by ferrihydrite, indicate that the fluids were
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Table 2
Average composition of lithologies
CGA 1 2 3 4 5 6 7 Phosphate-rich
Na,O 0.30 +0.07 0.86 + 0.49 0.89 £+ 0.60 1.154+0.69 1.10 £ 0.40 0.45 2.14 0.76 + 0.45
Al,O4 3.86 +0.56 2.25+0.16 2.13+£0.16 1.95+£0.15 1.95+0.13 1.61 1.17 2.01 £0.19
MgO 25.20 £ 0.54 20.68 + 1.39 19.76 + 1.60 18.87 £ 0.87 16.86 + 2.00 16.77 12.22 1943 £ 1.24
Si0, 41.17 £0.72 33.11 £2.36 31.55+£2.01 28.25 4+ 1.88 26.05 +4.70 23.90 19.64 30.45 £2.50
SO; 2.10+1.25 6.68 + 1.56 7.16 +2.34 7.99 £2.16 10.10 £ 3.30 4.73 10.29 6.23 +£2.04
P,0Os 0.05 + 0.00 0.32+0.32 0.19+0.13 0.27 +0.17 0.14 +0.07 0.23 0.22 0.63 +0.23
K,0 0.11 +£0.05 0.12+0.07 0.13+0.05 0.15+0.13 0.21 +0.06 0.10 0.10 0.14 +0.09
CaO 0.04 £+ 0.01 0.59 +0.99 0.50 +0.77 0.83 +£0.52 0.60 £ 0.09 0.64 0.26 1.19 £ 0.46
MnO 0.14 +0.02 0.19 +0.05 0.24 +£0.12 0.21 +£0.10 0.28 +0.07 0.08 0.31 0.18 +0.03
TiO, 0.05 + 0.00 0.07 +0.02 0.07 +0.01 0.06 £+ 0.01 0.09 £ 0.01 0.08 0.06 0.07 £ 0.01
Cr,0; 0.39 +0.04 0.42 +0.08 0.41 +0.04 0.37 +0.09 0.37 +0.04 0.31 0.42 0.39 £+ 0.06
FeO 11.58 +1.09 18.64 + 1.47 20.89 £+ 2.37 23.74 £ 0.70 25.55+£2.30 35.40 36.64 22.63 +2.49
NiO 0.37+0.23 142 +£0.25 1.45+0.33 1.51 £0.69 2.05+0.72 1.06 1.89 1.24 £0.17
Total 85.35(4) 85.35(20) 85.35(28) 85.35(9) 85.35(2) 85.35(1) 85.35(1) 85.35(5)
FGA (A) 4 5 6 7 8
Na,O 1.10 £+ 0.69 0.62 +0.11 0.65 +0.07 0.71 0.56
Al,O4 2.23+0.39 1.76 £ 0.05 1.75 +£0.50 1.48 0.98
MgO 16.49 +0.11 16.16 +0.75 12.53 £0.37 11.62 7.80
SiO, 29.76 + 2.51 25.80 & 3.00 22.96 +3.23 20.58 14.21
SO; 9.02 £+ 2.09 10.79 £ 2.68 11.60 £+ 3.92 11.80 15.76
P,0s5 0.10 £+ 0.03 0.21 +£0.10 0.21 +£0.07 0.11 0.36
K,0 0.17 +£0.11 0.20 £0.13 0.16 £0.11 0.06 0.12
CaO 0.13+0.08 0.41 £0.43 1.06 + 1.18 0.04 0.11
MnO 0.38 £0.12 0.30 +0.05 0.43+0.14 0.56 0.29
TiO, 0.09 £ 0.04 0.08 £0.01 0.10 £0.02 0.06 0.09
Cr,0; 0.42 +0.01 0.44 £0.03 0.50 £ 0.12 0.39 0.48
FeO 23.59 +0.17 26.74 + 0.64 30.62 4+ 1.35 35.92 42.44
NiO 1.89 +0.03 1.83 £0.22 2.77+0.27 2.01 2.15
Total 85.35(2) 85.35(3) 85.35(2) 85.35(1) 85.35(1)
FGA (B) 3 4 5 6 7 8
Na,O 0.60 0.81 £0.27 1.23 £ 0.60 1.09 £0.74 1.04 +0.30 1.03
Al,O4 2.09 1.99 £0.11 1.90 +0.34 1.70 £ 0.16 1.19 £ 0.26 3.09
MgO 17.27 16.63 +0.42 14.99 £+ 0.84 13.87 £ 1.05 11.88 £ 1.75 20.8
SiO, 31.99 28.89 £ 1.42 27.42 +1.62 2522+ 1.72 18.05 +2.62 12.7
SO; 7.57 9.48 +£2.02 1043 +1.73 9.24 £ 1.54 12.21 +£2.04 14.8
P,0s5 0.30 0.22 +£0.10 0.22 +0.09 0.33 £0.09 0.28 £ 0.06 0.08
K,O 0.26 0.254+0.15 0.22+0.14 0.24 +£0.12 0.25+0.12 0.09
CaO 0.08 0.30 +£0.17 0.33+0.72 0.28 +0.20 0.48 +0.53 0.06
MnO 0.37 0.24 +0.07 0.34 +0.13 0.27 £0.02 0.48 +0.24 0.60
TiO, 0.07 0.07 £ 0.02 0.07 +0.02 0.10 £ 0.04 0.07 £0.02 0.08
Cr,05 0.46 0.41 +0.03 0.46 +0.14 0.44 +0.08 0.35+0.26 0.67
FeO 21.96 24.20 £+ 0.96 25.58 + 1.08 30.37 £ 2.00 36.67 +£2.96 28.8
NiO 2.34 1.87 £0.27 2.17+£0.55 2.19£0.30 2.38+0.17 2.54
Total 85.35(1) 85.35(6) 85.35 (8) 85.35(3) 85.35(3) 85.35(1)
Phosphate lithology Sub-breccia Transition lithology Mixed lithology
Na,O 1.12 £ 0.41 0.56 + 0.07 0.49 +0.08 0.66 + 0.14
ALO; 1.21 +£0.29 2.22+£0.03 2.10 +0.09 2.01 +£0.18
MgO 12.70 &+ 1.54 20.63 +0.43 18.73 + 1.04 16.22 +2.37
SiO, 19.43 + 3.40 35.65+1.30 30.99 +£1.21 27.89 £3.26
SO, 9.82 +2.71 5.40 £+ 0.68 8.58 +1.76 8.97 +3.24
P,0s5 3.46 +£2.40 0.19 +£0.16 0.14 £+ 0.08 0.15+0.10
K,O 0.06 £ 0.02 0.06 £ 0.01 0.29 £0.16 0.14 £0.09
CaO 429 +3.22 0.20 +0.24 0.18 +0.12 0.99 +1.29
MnO 0.37 +£0.07 0.254+0.08 0.20 £ 0.11 0.38 +0.08
TiO, 0.10 £+ 0.02 0.06 £ 0.00 0.08 +0.03 0.06 £+ 0.01
Cr,04 0.39 +0.03 0.46 +0.03 0.41 +0.02 0.44 £+ 0.09
FeO 30.32 +£2.74 18.30 + 0.81 21.47 +0.83 25.58 +2.77
NiO 2.09 + 0.04 1.39 £0.11 1.70 +0.17 1.86 +0.27
Total 85.35 (2) 85.35 (2) 85.35 (5) 85.35 (2)

EMPA data, normalized to solar system abundances (85.35 wt%). The numbers after the name of the lithology (bold) are the clusters from which the
fragments come (for more details see Section 4). Number in bracket at bottom: number of fragments in the given lithology.
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enriched in sulfur from dissolved sulfides of the earlier
CGA lithologies (Kerridge, 1977, Tomeoka and Buseck,
1988). This also points to an overlap with the formation
of sulfates, precipitating from sulfur-rich fluids (Tomeoka
and Buseck, 1988; EndreB3, 1994). Mobilization of volatile
elements such as Na and K from an iron-rich FGA frag-
ment into sulfates (Fig. 1d) also shows that leaching of ele-
ments may have continued throughout the alteration
sequence.

Finally, in cases of complete alteration of the original
material, fragments consisting only of an iron-rich, fine
grained FGA groundmass are expected to be left. These
would be represented by the FGA (B) lithology.

However, at least in Ivuna this lithology also contains
the highest abundances of mafic olivine grains (Endref
and Bischoff, 1996), which would not be expected to occur
in the lithology with the highest degree of alteration.

The remaining dissolved species left in the solutions, S,
Ni, Ca, and Mg from dissolved carbonates and sulfides,
formed carbonates and sulfates (Fig. le) (Richardson,
1978; Tomeoka and Buseck, 1988; Endrefl and Bischoff,
1996).

This proposed alteration process remained obviously
incomplete in most places on the parent body, as shown
by the fact that fragments from different stages are still
present, often in the same sample (Fig. 1c, 2, and 3). Rela-
tively unaltered material was removed from the alteration
process in one way or another early on, while alteration
continued in other regions. Alternatively, the physical
and chemical environment may have varied locally, to al-
low uneven alteration even on the small scale observed.

While there is some indication of exchange of volatile
elements between fragments and matrix or veins (e.g.,
leaching of elements into sulfates, Fig. 1d), the boundaries
between fragments and matrix are usually relatively sharp
in the BSE and TOF-SIMS images, without reaction zones
or rims. The range of chemical compositions for fragments
of the same lithology (Table 2) is quite large, and is similar
for both early (GSA) and late (FSA) formed lithologies.

This heterogeneity in chemical composition indicates
that there was no complete equilibration of the material
by physical or chemical processes on the parent body.
While different degrees of alteration for the different CI
chondrites have already been proposed (e.g., Brearley,
1997; Bullock et al., 2005), a closer look at fragments from
the same samples indicates a wide range in alteration also
within the same CI chondrites or even the same samples
(e.g., Fig. 2). Tomeoka and Buseck (1988) also observed
materials with different degrees of alteration in the same
fragments of Orgueil.

This range in alteration points towards a very low
mobility of materials in solution during aqueous alteration,
probably on a scale of only 100 um. However, not all ele-
ments show the same behavior in solution.

While, e.g., Fe¥t precipitates very fast, Ca’t, K*, Na*
or SO,>~ are more mobile (Burger and Brearley, 2005;
Jones and Brearley, 2006), which is also shown by the effec-

tive leaching of these components from the fragments and
the formation of sulfates in veins. However, even these mo-
bile elements probably precipitated close to where they
were leached (Richardson, 1978; EndreB and Bischoff,
1996).

Recent models of the circulation of pore water on carbo-
naceous chondrite parent bodies suggest hydrothermal
convection of the fluid phases in larger convection cells
(Travis and Schubert, 2005; Zhang et al., 2005). This, how-
ever, does not result in complete homogenization: different
parts of the body are affected by different convection cells.
Furthermore, the degree of aqueous alteration varies in
each convection cell.

Also, the limited mobilization of the materials as
described above indicates that the homogenization even
under such large-scale processes was limited.

In the following, we use the conclusions above to pro-
pose a tentative model (Fig. 11a and b). It is assumed,
based on the findings above, that the mobility of all ele-
ments involved was low, thus we are dealing effectively with
a closed system alteration. The ranges of Fe/Si-ratios for
CGA and the FGA lithologies are similar. This indicates
that each lithology in an earlier alteration stage has its
‘equivalent’ in later ones, representing a more altered ver-
sion of the starting materials. Continuing alteration for
an area with a given composition is represented by the hor-
izontal lines in the figure.

Fragments of a lithology with, e.g., a low Fe/Si-ratio of
~1.5 would have evolved into transition lithology frag-
ments, FGA (A) and, finally, FGA (B) fragments with a
similar Fe/Si-ratio.

However, CGA fragments with very high and FGA
lithologies with very low iron contents are missing, as well
as most corresponding fragments for the transition litholo-
gy. Such fragments were not found in this study, but sam-
pling bias could be responsible.

The picture is not as clear for other elements. Here
the different behavior of elements in solution (combined
with changes in the physical environment) may play a
role.

4.2.3. Phosphate lithology

The origin of phosphates in CI chondrites has been
neglected so far, despite their importance as a ‘sink’
for trace elements such as the REE. Studies of alteration
in CM2 and CR2 chondrites may provide information
about the origins of the phosphate lithology. Brearley
and Chizmadia (2005) and Burger and Brearley (2005)
observed the formation of Ca-phosphate at the boundary
regions between chondrule mesostasis and surrounding
fine-grained rim and matrix material. There is, so far,
no documentation of the evolution of such phases during
later stages of parent body alteration. An analogous
alteration of (hypothetical) chondrules in the precursor
materials of CI chondrites could mean that the rare
phosphate-rich fragments are late remnants of these
components.
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Fig. 10. Schematic overview of the late-stage aqueous alteration of the CI chondrite parent body (compiled from Richardson, 1978; McSween, 1987;
Tomeoka and Buseck, 1985, 1988; Fredriksson and Kerridge, 1988; Fisher and Burns, 1991; Buseck and Hua, 1993; Lee, 1993; EndreB3, 1994). The most
important development is the evolution of the coarse-grained phyllosilicates into fine-grained material. In addition, carbonates and sulfides from the
starting lithology dissolve, while sulfates are formed. Iron hydroxides (possibly ferrihydrite) form from the iron-rich component of dissolved sulfides and
magnetites. The different lithologies observed in this study may represent several stages of this model. The CGA lithology, dominated by magnesium-rich,
coarse grained phyllosilicates and magnetites, carbonates, and sulfides would be equivalent to the original composition. The FGA (A) lithology, basically
consisting of an iron-rich, fine-grained matrix with varying abundances of inclusions, could be representative of a later stage of alteration, with the FGA
(B) fragments, basically only consisting of matrix, representing the final late-stage end members. For more details see text.

4.3. Distribution of lithologies in CI chondrites and chemical
heterogeneity of CI chondrites as result of alteration and
brecciation?

A central question in connection with the occurrence of
specific lithologies in the CI chondrites is whether they are
responsible for chemical heterogeneity on a larger scale.

Any conclusion about the parent body of CI chondrites
in connection with the fragments is based on the assump-

tion that the fragments actually represent the whole mete-
orite. However, the fragments are embedded in matrix
material, which also has to be accounted for. Given that
there is no actual lower size limit for fragments—they seem
to blend into the matrix at the lower end of the size
scale—we think that matrix and fragments basically
represent the same material. We also have to be aware of
secondary minerals such as sulfates and carbonates (McS-
ween and Richardson, 1977; Gounelle and Zolensky,
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Fig. 11. (a, b): A proposed model that correlates the various types of
lithologies with the aqueous alteration of the CI chondrites (Fig. 10). (a)
Without transport of significant amounts of material over larger distances
(e.g., EndreB, 1994), the composition of the starting material determines
the mineralogy of the final lithology. Each row represents a region with
different mineralogical and thus chemical composition. The arrows
indicate the aqueous alteration trend according to the model in Fig. 10
for a specific region, where CGA lithologies are altered into FGA-B
lithologies with some intermediate steps. (b) An attempt is made to
correlate the actual lithologies observed in this study with the model in (a),
based on their Fe/Si ratio. Here, the sub-lithologies of the specific
lithologies remain for the ‘individual’ local evolution trends, depending on
the starting composition. While there is a wide range of compositions for
the CGA and FGA lithologies, there is clearly a lack of corresponding
fragments for the transition lithology, and extreme end members for the
other lithologies, as indicated by the question marks. This could be a result
of sample bias, or could point to the effect of additional evolutionary
trends.

2001), which represent a further source of heterogeneity
not directly addressed here.

All of the observed lithologies are found in Orgueil, but
in Ivuna some were missing, and Alais and Tonk appear to
contain only a limited number of lithologies. However, this
difference could be a result of sample bias. To obtain a
more comprehensive picture, the compositions of matrix
material and phyllosilicates from the literature for Orgueil,

Ivuna, and Alais (Fig. 7a and b) were compared in ternary
diagrams. The data from our fragments fall into the regions
defined for Orgueil, Ivuna, and Alais, indicating the simi-
larity of fragments with matrix material from these studies.
This is supported by the fact that only a few fragments with
high iron contents from this study lie outside of these areas.
Compared with each other, matrix material and phyllosili-
cates from the literature show similar ranges of composi-
tion in Orgueil, Ivuna and Alais. Here it is important to
keep in mind that the lithologies are mainly characterized
by the composition of their groundmass. So while it may
not be possible to directly identify the various lithologies
from the ternary diagrams, we can still infer the general dis-
tributions of the basic types of fragments from the ternary
diagrams. While it is not possible to make any quantitative
estimate of the distribution of these components (and
accordingly, of the fragment types) among the different
CI chondrites, they do seem to be similar with regard to
the range in composition.

This homogeneity could also indicate that the various
CI chondrites represent, if not identical, at least similar
source materials, and that the observed differences are
merely the result of varying abundances of specific litholo-
gies. It could, thus, also indicate that the actual heterogene-
ity in CI chondrites lies not necessarily at the level of the
different meteorites, but at the size scale of fragments.

4.4. Impact of mineralogical heterogeneities on bulk
compositions of CI chondrites

One way to assess the influence of fragment distribu-
tions on the chemical homogeneity of the CI chondrites
is to compare the ranges of concentrations of specific ele-
ments among the fragments with those of bulk analyses
of CI chondrites from the literature made since 1970. Bulk
analyses should exhibit a much narrower range than anal-
yses of fragments (Fig. 12). This is, indeed, the case for all
presented elements; most of the CI-normalized elements
have more than twice the range in the fragments than in
the bulk analyses. Only for iron, sulfur, calcium, manga-
nese, and chromium the range in fragments is less than
twice the bulk range.

In addition, when outliers are excluded, the range in
composition for the majority of fragments (as represented
by the 50% boxes in the boxplots) is also more than twice
that for bulk measurements. Exceptions are calcium and
chromium, where the differences in range are smaller.

However, while most bulk ratios cluster around or
close to the solar composition, there are some extreme
outliers that diverge strongly from CI. In bulk analyses,
calcium can be enriched up to three times the solar
abundance, followed by manganese (2.5 x CI). Manga-
nese also can be strongly depleted (0.3 x CI), like sodi-
um, sulfur, chromium, and iron (down to 0.4 x CI).
The situation for minor and trace clements is similar;
see the extensive data sets in Anders and Ebihara
(1982) and Anders and Grevesse (1989). However, the
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Fig. 12. Ranges in composition for fragments (right, dark boxplots) and bulk analyses from the literature since 1970 (left boxplot). Data are normalized to
CI, and presented as boxplots (see Fig. 4 for details). The fragments show a wider range in composition than the bulk measurements. The reason for this
variability is that the mineralogical differences among the various types of fragments is much larger than those of the to bulk materials, which are the
average of various types of fragments. Most data are from the comprehensive compilations in Nagy (1975), Anders and Ebihara (1982) and Anders and
Grevesse (1989). Additional data are from Nichiporuk and Moore (1970), Mason (1971), Ehmann and Gillum (1972), Fisher (1972), De Laeter et al.
(1974), Ehmann and Chyi (1974), Grossman and Ganapathy (1976), De Laeter and Hosie (1978), Dreibus et al. (1979), Kiesl (1979), Ganapathy and
Larimer (1980), Jarosewich (1990), Baars et al. (1993); Endre(3 (1994); Gao and Thiemens (1993), Rocholl and Jochum (1993), Spettel et al. (1993), Dreibus

et al. (1995), Wolf and Palme (1997) and Friedrich et al. (2002).

significance of the extreme values remains unclear. Are
they merely outliers, due to contamination or heteroge-
neities, or should these extremes be taken into account
for representative bulk analyses of this type of meteorite
? Could these outliers reflect larger-scale heterogeneity
as result of varying types of lithologies and possibly sec-
ondary phases? It should be noted that these literature
data are a compilation of analyses based on various
analytical methods and, therefore, may in some cases
be subject to systematic biases.

In the widely used solar system abundances of the ele-
ments by Anders and Ebihara (1982) and Anders and Grev-
esse (1989), cosmic abundances for certain elements are
obtained by averaging the results of earlier analyses of (most-
ly) CI chondrites. Values thought to be outliers are some-
times rejected, assuming that they are the result of
contamination, non-typical components like CAlI, or techni-
cal difficulties. While all these factors certainly can be
responsible for some outliers, mineralogical and, thus, chem-
ical heterogeneities in different types of fragments may also
have led to some of these extreme concentrations. Thus,
for example, outliers of REE and P could be the result of con-
centrations or depletions of phosphate-rich fragments.

Another possible source of chemical heterogeneity is
the sample size or mass analyzed, as already indicated
by comparison of fragments and bulk measurements.
Bulk analyses reported in the literature were made on
samples ranging from below 0.01 g up to 5.5g. Small
samples could be easily affected by heterogeneities due
to the presence of fragments even far below sub-mm-scale.
When averaged divergences of bulk measurements from

CI are compared with the analyzed amount of material
(Fig. 13), most divergences larger than £50% occur for
analyses with less than ~1-2g mass analyzed. This
amount could indicate a minimum mass of material need-
ed for representative chemical analyses. Given an average
density of CI chondrites of 2.23 g/cm?® (Lodders and Feg-
ley, 1998), 1 g of CI chondrite corresponds to a volume of
0.45 cm®, equivalent to 150 cm? of a thin section with a
thickness of 30 um. Depending on the ‘information depth’
of specific analytical technologies, it would be necessary
to analyze even larger amounts of sample to get a repre-
sentative picture of the composition of CI chondrites.

For electron microprobe techniques, where material is
analyzed down to ~5 um below the sample surface, the
area would increase to 900 cm?. For surface sensitive tech-
niques such as TOF-SIMS, where only a monolayer on the
surface is sputtered, the area would be many orders of
magnitude larger (4.5 x 10° cm?).

5. Conclusions and outlook

Fragments in the CI chondrites Orgueil, Ivuna, Alais,
and Tonk show a wide range of chemical compositions.
Major elements such as iron and sulfur, but also important
trace elements such as the REE have variable abundances.
This is the result of the different mineralogical composi-
tions of these fragments, mainly the distribution of phyllos-
ilicates, iron-bearing phases such as magnetite and
ferrihydrite, sulfates, and phosphates.

The fragments have been classified into groups or
lithologies with similar mineralogical and, thus, chemical
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Fig. 13. Average divergence (in %) of bulk CI analyses vs. the mass of sample analyzed. Here, all divergences from CI of elements in a given study were
averaged. The horizontal lines show 50% and 100% divergence from CI. The largest deviations are found for sample sizes below ~1-2 g. Literature data
are from the same sources (if information about sample mass analyzed was given) as in Fig. 12.

properties. The dominant lithologies are the CGA lithology,
comprising fragments consisting of a groundmass of Mg-
rich, coarse-grained phyllosilicates and varying contents of
inclusions (mostly magnetites), and the FGA lithology in
which the groundmass is composed of fine-grained Fe-rich
phyllosilicates. A rare, but important lithology contains
fragments with high contents of phosphates.

A simple model explains the formation of these litholo-
gies in a system where most mineralogical differences of the
lithologies reflect heterogeneity of the starting material.

There is an indication for a similarity of these meteorites
with regard to the major lithologies. Further comparison of
bulk analyses also suggests that the mass ‘threshold’ for
chemical heterogeneities in CI chondrites is in samples of
less than ~1-2 g mass.

Since the widely used data for solar system abundances
are based on results from analyses of varying amounts of
material and different techniques (Anders and Grevesse,
1989; Lodders, 2003), a systematic analysis of larger
amounts (more than 1-2 g) of unaltered samples of CI
chondrites (especially with regard to the terrestrial forma-
tion of sulfates) is recommended.
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