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Abstract

In order to check the heterogeneity of the CI chivesl and determine the average
composition of this group of meteorites, we analyzeseries of 6 large chips (weighing
between 0.6 and 1.2 g) of Orgueil prepared fromfferént stones. In addition, one sample
from each of Ivuna and Alais were analyzed. AltHotitge sizes of the chips used in this study
were “large”, our results show evidence for mindremical heterogeneity in Orgueil,
particularly for alkali elements and U. After renabwf one outlier sample, the spread of the
results is considerably reduced. For most of theelBnents analyzed in this study, the
average composition calculated for Orgueil is imyvgood agreement with previous CI
estimates. This average, obtained with a “large”’ssnaf samples, is analytically
homogeneous and is suitable for normalization paegpo

Finally, the Cu and Zn isotopic ratios are homogeisey distributed within the CI parent

body with a spread of less than 100 ppm per atomaigs unit (amu).



“What is pride*? A whizzing rocket that would ereue a star.”
William Wordsworth (1770-1850)

(*: English translation of the French word “orgtigil

1. Introduction

Carbonaceous chondrites are rare types of metedhte comprise less than 5 % of
the meteorite falls. These rocks display a widegeanf petrographical, chemical and O-
isotopic features, and are classified in 8 mairugso(Cl, CM, CO, CV, CK, CR, CH and CB)
derived from very diverse asteroids. The CI chdedyroup is small: it comprises only 5 falls
(Alais (6 kg), Ivuna (0.7 kg), Orgueil (14 kg), Restoke (1 g), Tonk (10 g)) and possibly a
few finds from Antarctica (Yamato (Y) 86029 (11.8 §¥-86737 (2.81 g), Y-980115 (772 g),
980134 (12.2 g)). Unlike other chondrites, theseksoare essentially devoid of chondrules
and other high temperature components. They haslergane the highest degree of aqueous
alteration of all the meteorite classes (Scott Knot, 2007). Despite the scarcity of such
chondrites, they have been the center of a largabeu of studies. They are generally
considered to be among the most primitive rock $yjpethe Solar System from a chemical
point of view. Indeed, their bulk compositions aienilar to that of the solar photosphere
excepted for volatiles such as H, C, N and O. Thesause they mirror the composition of
the Sun, their compositions are widely used tomeste the abundances of almost all the
elements in the Solar System (e.g., Cameron, 188&ers and Ebihara, 1982; Anders and
Grevesse, 1989; Lodders et al., 2009).

Over the years, a huge amount of chemical datebbas obtained on CI chondrites

(e.g., Lodders et al., 2009). Taken as whole, #sellts show noticeable spreads for many
elements including the refractory ones (i.e., tii€ER). Determining an average composition
is not straightforward. First, these rocks are eaxtly rare, and samples from only two of
them (i.e., Orgueil and Ivuna) can be usually cotgdi from institutional collections.

Therefore, the great majority of the chemical aalapic data available for Cl chondrites was
obtained from the analysis of Orgueil, the largeste, and to a lesser extent of Ivuna
(Lodders, 2003). Second, chemical analyses have pperdormed generally on small samples
by different analysts, using different analyticabgedures, different calibration strategies,
different standards, and finally, with differentcacacy and analytical precision. Hence, part

of the spread of the results is most probably empth by analytical biases or artifacts.



Moreover, some Cl-chondrite analyses are baseamplses < 100 mg, which Morlok et al.

(2006) showed to be mineralogically and chemica#iferogeneous. An additional part of the
spread of the results could hence be explainechéypossible lack of representativeness of
these small samples. To overcome these problemslatabase for Cl chondrites was filtered
with the aim of eliminating any anomalous data iptiw calculating average compositions
(e.g., see Lodders et al. (2009) for the detailghef calculations). Although it is widely

accepted that the average Cl composition is aeptegasonably well constrained for most of

the elements, adjustments or improvements arelgedsr some elements.

In this study, we present new major, trace elemamd Cu and Zn isotopic
compositions obtained on six “large” chips (fron6 Qo 1.2 g each) prepared from five
different stones of Orgueil. Our aim was to evadudike chemical heterogeneity of Orgueil at
this scale of sampling. In addition, we analyzechgias of Alais and Ivuna. These data will
be used to calculate and discuss an improved awdoagthe chemical composition of ClI

chondrites.

2. Samples and Analytical Procedures
2.1. Samples

Six chips of Orgueil prepared from five differetdrses, and one chip of Alais and
Ivuna were provided by the Muséum National d’Histd\aturelle, Paris (Table 1). Cl are
extremely friable and most samples are partly @lliodisintegrated into chips within the
clear polystyrene boxes or glass jars in which @reystored. Fusion-crust free chips of the
appropriate sizes were selected under a binocutapstope with the help of plastic

tweezers.

2.2. Bulk rock compositions

Chips were totally powdered using a boron carbidetan and pestle. Typically 120 mg of
the powder were dissolved in closed screw-top teflessels (Savillex) at about 130 °C for
three days using 5 ml of concentrated HF, and Bfrabncentrated HN§ The vessels were
then opened. After evaporation to dryness of the axxture, approximately 2 ml of HNO
was added, and the vessels were capped and plackdb the hot plate and left overnight.
The samples were then dried again, and taken ugbout 20 g of 6 M HCI (“mother
solutions”). No residual grains were observed m hother solutions excepted in a couple of



Orgueil solutions which contained some “fine blalklst” (insoluble carbon?) with apparently
no impact on the results. Only reagents doubleHdstin quartz or teflon sub-boilers were
used. Abundances of both major and trace elemeents analyzed using aliquots of the same
mother solutions for all samples at the Institutivérsitaire Européen de la Mer (IUEM),

Plouzané.

The concentrations of Ti, Al, Cr, Fe, Mn, Mg, Cag,NP, Co and Ni were determined by
ICP-AES (inductively coupled plasma-atomic emissspectrometry) using a Horiba Jobin
Yvon Ultima 2 spectrometer following the procedurieCotten et al. (1995). Aliquots of
mother solutions containing the equivalent of 50 wig samples were used for the

determination of the concentrations of these elémen

The concentrations of trace elements were detedrigd CP-SFMS (inductively coupled
plasma-sector field mass spectrometry) using ambadflement 2 spectrometer following the
procedures described by Barrat et al. (2007, 2008p aliquots of each mother solutions
containing the equivalent of 15 mg of sample weeggived in dry screw-top Teflon vessels.
One was spiked with a solution of pure Tm, anddtieer not. After evaporation to dryness,
the residues were taken up at 130°C with 5 dropsoot HNQ, and subsequently diluted
with 15 ml of ultrapure water containing tracesH#, to ensure the stability in solution of
high field strength elements (especially Nb and. Tde solutions were transferred to vials
and analyzed at least twice. The concentrationg Wetermined using the unspiked solutions
(determination of the Tm/Yb and Tm/Er ratios in @rdo calculate the Tm abundances) and
the spiked solutions (all the other elements)pfeihg calculations adapted from Barrat et al.
(1996). Notice that the results obtained with thepiked solutions were used to control the
quality of the reported analyzes but were not ayentawith the final results. Two procedural
blanks were processed in parallel in each seriemalyses. The contributions of the blanks

were insignificant for all the elements.

The precision and the accuracy of the results vestemated using well characterized
standards and sample duplicates. The results ebtdor a series of standards (WS-E, JB2,
BIR1) and for the Allende chondrite (USNM 3529, akmwich et al., 1987) are reported in
Tables 2 to 4. For ICP-AES results, the accuracheater than 7 % for Na and P, and

probably much better than 3 % for the other element



The trace element concentrations obtained by ICKASSEre given relative to our revised
working values for the USGS basalt BHVO-2 (Table ®hich are based on our own
measurements and values from the literature (sbke B These working values are identical
to those given by Barrat et al. (2007), exceptadafdew elements. Our previous working
value for Cs is not correct, because it generasslis which are systematically about 15 %
higher than the recommended values for all the-ereracterized rock standards, and thus
has been corrected accordingly. For Zr, Hf, Nb, &adwe have adopted the values obtained
by Pfander et al. (2007) which are among the mosirate available at present for this group
of elements. Finally, we have redetermined the \Whdlnce in BHVO2 and our new results
were significantly lower than our previous estimatiby a factor of about 23 %, and
indistinguishable of the W abundance determine@HivO2g (a glass standard prepared with
the BHVO2 powder) by isotope dilution (Konig et,&008). In the event of future change to
these BHVO-2 values, the data need only to be cmueby the ratio of the new and old
values. Moreover, these working values can be tsedaluate possible interlaboratory bias.
A correction can be made accordingly if necessary.

The trace element concentrations obtained for thgalls BIR-1, JB2 and WS-E are
reported in Table 3. The concentration reprodutybis generally much better than 5 %. The
results are in very good to excellent agreement wirious literature values (see the
GEOREM database (http://georem.mpch-mainz.gwddated more extensive compilation of
literature values). One of the most significanfetiénces is for Y in the JB2 basalt, for which
the concentration measured by Makishima and Nakar(2006) is not correct (as suggested
by the non-chondritic Y/Ho (=23) they have obtairfed this standard). In order to validate
our procedure for chondrites, we obtained 3 spiftshe Allende powder standard USNM
3529 from the Smithsonian Institution (14/2, 14/28d 15/3). Each split was analyzed twice
and 125 to 162 mg were used per analysis. Thetseatg given in Table 4. The relative
standard deviations (RSD) for the six analyseQ&efor W, 4 % for Pb and much less than
3 % for all the other elements. Again, the conaditdns are in excellent agreement with
literature data. This Allende powder is known to beterogeneous for lead and the
concentrations we obtained are in the range ofdperted values (Jarosewich et al., 1987).
The good reproducibility of our analyses is illaséd by the results obtained on the rare earth
elements (REE). The Allende powder USNM 3529 diplan unusual REE pattern
displaying a prominent Tm positive anomaly, and lsmegative Ce and Eu anomalies (Fig.

1). These unusual features are certainly inhefrmad some Ca, Al-rich inclusions which are



frequent in Allende and display the same anomdéeas, McPherson, 2004). Notice that the
spread of our results is more restricted than pineasl of the literature data (e.g., Jarosewich
et al., 1987; Pourmand et al., 2011). The powdelddcbe slightly heterogeneous for the

refractory elements. The fact that we dissolvedermowder than most other analysts could

explain the good reproducibility we achieved fo REES.

2.3. Cu and Zn isotopes

The Zn and Cu isotopic composition were analyzéldviong the procedure described
in Maréchal et al. (1999) and Moynier et al. (208d@a b). Zn was first purified on AG1X8
anion-exchange resin in HBr/HNOCu was further purified on AGMP-1 anion-exchange
resin in HCI. For both Zn and Cu chemical purifioas, the yield was found to be better than
99 % and the blanks of <10 ng for Zn and <5 ngQarare negligible (<0.05%) with respect
to the total amounts of Zn and Cu in the samplédchvare >20 pg. Isotopic ratios of Zn and
Cu in all samples were analyzed with the MC-ICP-M&rmo-Finnigan Neptune Plus at
Washington University in St Louis as described ierz6g et al. (2009). Isotope ratios are
expressed as permil relative deviations from tl@dards NIST 976 for CW{*%u), and
JMC-Lyon for zZn §°%®%zn.5°"®%Zn and 3°®°“Zn). Replicate analyses of the same samples
carried out during different analytical sessionBraean external reproducibility of £ 0.09 %o
for 5°°Zn, + 0.26 %o ford®’Zn, + 0.27 %o ford°°Zn and + 0.10 %o fod*>Cu (see Herzog et al.

(2009) for extensive discussion of our analytiaalqmsion).

3. Resaults

3.1. Major and trace elements
Orgueil

At first glance, the six samples of Orgueil disptayimited range of abundances for most
major and trace elements (Tables 5 and 6). Thiwad shown by the relative standard
deviations (RSD), which are around or below 5 % rfayst elements. Only four elements
exhibit RSD > 10 %: Na (22 %), K (20 %), Rb (13 %)(13 %). These variations are much
larger than the analytical reproducibility, and dam explained by the heterogeneity of the
meteorite at the 0.6-1 g scale. Indeed, Na and nCauatrations, respectively determined by
ICP-AES and ICP-SFMS, are strongly correlated @t$90), and it can be noticed that our six
samples display very similar Na/K ratios close #. 8In the case of Rb and U, the high RSD



are due by sample ORG6, which displays Rb and Uhddmces significantly lower and
higher respectively than the five other samples.

Elements displaying lower RSD, display ranges toaid still reflect a real, although
limited, heterogeneity of the meteorite. For exaanpn and P abundances range respectively
from 0.178 to 0.210 wt% and from 0.094 to 0.108 wa%odetermined by ICP-AES. These
ranges were nicely confirmed by the ICP-SFMS amalyinterestingly, the sample ORG6 is
again significantly distinct from the other samplasd shows the lowest Zn abundance, and
somewhat unusual REE abundances (slight LREE endoh compared to the 5 other
samples, Fig. 2). Similar light REE enrichmentsevacently observed in a few other Orgueil
fragments much smaller in size by Pourmand et28l1Y). In agreement with these authors,
such a feature is more likely explained by a lgedistribution of the REEs from phosphates
(merrillite or apatite) by aqueous fluids on theparent body. We thus consider the sample
ORG6 as an outlier, and we have excluded it inQngueil average that we discuss in this
paper. We will use this average composition fommalization purposes. It is in agreement
with literature results for most elements (e.g./léfaeyn and Wasson, 1981; Anders and
Ebihara, 1982; Beer et al., 1984; Anders and Ge®/e$989; Lodders et al., 1989), and
differences will be extensively described later.

Alais and Ivuna

Previous analyses obtained on these two chondiitege shown that their
compositions are close to that of Orgueil (e.g.lldéfaeyn and Wasson, 1981; Rocholl and
Jochum, 1993; Lodders, 2003). The results obtalm@ on Ivuna are in agreement with
literature data, and are in the range defined byfiee “normal” Orgueil samples for most
elements, with the exception of K (Tables 5 andlég fragment of Alais analyzed here was
small (327 mg), and probably not representativeahef meteorite. Indeed, its composition
deviates slightly from the other Cls, as showntbyinusual convex REE pattern (Fig. 2).

3.2. Cu and Zn isotopes

The Cu and Zn isotopic compositions of Orgueil dmgna have been previously
determined by Luck et al. (2003, 2005). Becauses#imple of Orgueil used by these authors
was an aliquot of the powder made with the anonsatdup ORG6 (see above), we analyzed
our 8 samples of Cl chondrites in order to refine Zn and Cu isotopic composition of ClI

and detect possible heterogeneities. The resudtsnaagreement with the previous studies



(Table 7). The samples display narrow ranges ol Zn isotopic compositions, including
the Alais and ORGS6, the two anomalous chips. Thhasges are of the same order as the
external reproducibility of the analyses for Zntggmc compositions, and twice the external
reproducibility for thed®>Cu values. Thus, all these data can be used toedafi average ClI

composition (Table 7).

4. Discussion

4.1. How heterogeneous is Orgueil really?

The heterogeneity of the Cl-chondrites is well knofer the major elements at the
mm scale (e.g., Morlok et al., 2006). Furthermarace element analyses made on samples
smaller than 200 mg give results that can deviaibstantially from canonical CI-
compositions (e.g., Evensen et al., 1978; Ebiharal.e 1982; Rocholl and Jochum, 1993;
Mittlefehldt, 2002; Pourmand et al., 2011). Althbuthe ranges of major and trace element
abundances observed in this study are relativefyowafor most elements, the spread of
concentrations displayed by some of them suggkatshieterogeneity is still detectable using
a series of ~ 0.5 — 1g size samples prepared friffiereiht stones. Alternatively, it can be
argued that the chips used in this study wereoalel than the threshold mass for chemical
heterogeneity of Orgueil. We are confident that ttenges obtained reflect a real
heterogeneity among the different stones colledfethe limited spread shown by our data
were explained solely by the size of the samplesshould observe variations for a number
of elements whatever their geochemical behaviorg.,(Mittlefehldt, 2002). In fact, the
elements exhibiting the highest relative standadations (Na, K, Rb, Cs, U) are notoriously
known for their mobility with aqueous fluids. Thukese ranges are more likely the result of
the complex aqueous alteration suffered by the &rguarent body. Although some chemical
variations can be detected in Orgueil, these hgégreities are not strong and should not be
overemphasized. Indeed, as pointed out by Loddeaak €009), the secondary processes that
this meteorite has suffered, must have been eallignsochemical on a cm-scale, otherwise
its chemical composition, and certainly its Zn ggot composition, which can be modified by

agueous alteration (Cloquet et al., 2011), wouldhibeh more heterogeneous.

4.2. Cu and Zn isotopic compositions of Cl choredrit

The lack of isotopic anomalies (i.85°®%%Zn/2~5°"%Zn/1.5-8°%%Zn) confirms the
conclusions from Luck et al. (2005) and Moynier &t (2009) that despite different



nucleosynthetic origins Zn isotopes were well mixedhe solar nebulaBy combining our
data with those of Luck et al. (2003, 2005), wecgkdte an average &f®°Zn =0.46+0.08
and 8°*%%Cu =0.05+0.16 for CI chondrites. These results shiwat Zn and Cu isotopes are
homogenized within the CI chondrite group and repné the best estimate for the Cu and Zn
isotopic composition of solar system so far. Othesups of chondrites are isotopically
distinct from CI for both Cu and Zn (see Figure B)ese variations have been suggested to
represent a mixing between two or more sourcesnahZhe early solar system (Luck et al.,
2003, 2005). The isotopic composition of terrestmantle rocks overlap within error with the
average reported in this study (see Albarede (2N Othman et al. (2006), Cloquet et al.
(2008) for average composition of terrestrial igmeoocks) and suggest that the bulk silicate
Earth is Cl-chondritic for Cu and Zn isotopes (Eegure 3).

Using a different technique (double spike-TIMS),idaim and Loss (2011) analyzed the Zn
isotopic composition of Orgueil. Our results ammigar to theirs within analytical uncertainty,
but with a much smaller analytical uncertainty @.on3°°°Zn in Ghidan and Loss vs.

+0.10 in the present study).

4.3. Orgueil and the CI average composition

The vast majority of the chemical data availablepatsent on CI chondrites were
determined on Orgueil (e.g., Lodders, 2003; Lodaral., 2009). In view of the available
masses of the 5 CI falls in the institutional cctiens, the situation will undoubtedly not
change in the near future, unless a new largeofathis type is recovered. The average
composition of the Cl-chondrites has been calcdlatng a weighted average of all the CI-
chondrites (e.g., Lodders, 2003) or using only @iig(e.g., Palme and Beer, 1993). Because
the compositional differences among Cl-chondritespobably limited (e.g., Kallemeyn and
Wasson, 1981; Lodders, 2003), and because Orgukeil far the most analyzed one, the two
approaches converge to very similar results. Heeewill consider the average composition
of Orgueil using the major and trace element abnoels obtained on the five “regular” chips
(ORG1 to ORG5). We will compare it with the Cl-clioite average calculated by Anders
and Grevesse (1989), one of the most used Cl-chendverages, and with the values
calculated by Lodders et al. (2009), this time rthast recently updated Orgueil composition
(Table 8). The convergence of our average compositiith both of these compositions is
excellent, with differences less than + 5 % for tnoisthe elements (Fig. 4). Thus, only a

limited number of elements need to be discussesl her



Beryllium This element has been rarely determined in Cindhtes (Vilcsek and
Lohmann, 1978; Makishima and Nakamura, 2006). Caw manalyses for Orgueil are in
agreement with the literature data. Note that s@rage value is very similar to the results
obtained for Alais and Ivuna. Our data confirm go®d agreement between the photospheric
(Grevesse et al., 2010) and meteoritic Be abundarstgygesting that the destruction of this
element has not occurred over the Sun’s lifetimetreoy to most solar Li which has been
burned (Lodders, 2003; Lodders et al., 2009).

Sodium and potassiunthe ranges displayed by the Na and K abundamc&sdueil are
significant and reflect a real heterogeneity of$henples. The average reported in Table 5 has
been calculated without an outlier (ORG6) that kdigp low K and Na abundances. It can be
emphasized that the results are very close to tbaleelated by Lodders et al. (2009) based
on a large compilation of literature data (n=20Na, n=17 for K). Although we believe these
average compositions to be correct, it is posdiide the results were slightly biased by the
filtering of the data.

Aluminum and calciumour Al and Ca concentrations are about 10 % lotvan those
obtained by Anders and Grevesse (1989) and Lodelerd. (2009). We suspect a slight
underestimation of the Al and Ca abundances duhagourse of our study. However, these

differences are not highly significant.

PhosphorusThe average abundance obtained for P is 1010 tg&yin agreement with
the XRF data of Wolf and Palme (2001), and the M®-data of Makishima and Nakamura
(2006). The P abundance in CI chondrites given mdeks and Grevesse (1989) is

overestimated (1220 pg/g) and should not be usédure studies.

Zirconium and hafniumThe range of Hf abundances obtained here for €lrgsi tight
(0.104-0.109 pg/g), and consequently the averageetdration is well determined. The
concentrations measured for Ivuna and Alais aratickd to the Orgueil average value.
Unsurprisingly, our new Hf average is in good agrest with the Anders and Grevesse
(1989) and Lodders et al. (2009) values. Furtheemour Zr concentration (3.52 pg/g)
confirms the value calculated by Lodders et al.0@0(3.62 pg/g), and suggests that of
Anders and Grevesse (1989), 3.94 ug/g, is overastin The Zr/Hf ratio we have obtained



(32.8) is only 2 % lower than the Cl-chondrite age (33.4) obtained by Lu et et al. (2007),
and 4 % lower than the chondritic value (34.3) psga by Minker et al. (2003), both
obtained by isotope dilution. These differencessanall and should not be overemphasized.

Niobium and tantalumNb and particularly Ta are notoriously difficuid determine
accurately in carbonaceous chondrites. Our Orgaedrage displays a Nb abundance
markedly higher than the estimation made by Andes Grevesse (1989), and similar to the
average proposed by Lodders et al. (2009) (Fapd®Table 5), which are based on a limited
number of analyses (e.g., Rocholl and Jochum, 1968hum et al., 2000; Munker et al.,
2003; Lu et al.,, 2007), or have been inferred frdme Zr/Nb ratios of carbonaceous
chondrites. The Nb/Ta ratios we obtained for Orgibib/Ta=19.4) are similar to the
chondritic value (Nb/Ta=19.9) obtained by Munkerakt (2003) using an accurate isotope
dilution procedure. (Notice that the Nb and Ta aantes that we have previously reported
(Bollinger et al., 2011) were systematically ovéireated due to a loss of these elements in
one of our standard solutions).

Rare earth element§hese elements received considerable attentionglthe last forty
years, and the REE abundances in chondrites haem letermined not only for
cosmochemical purposes, but also for the normadizand presentation of geochemical data.
Many sets of chondritic values have been proposeche of which became very popular in
the geochemical literature. It is beyond the scopeur work to review and compare each
reference chondrite and discuss how the concemtsatihave been measured and/or
calculated. Here, we selected some of them (Eveesah, 1978; Beer et al., 1984; Anders
and Grevesse, 1989; Sun and McDonough, 1989; Mciiginand Sun, 1995; Lodders et al.,
2009; Pourmand et al., 2011), and compare them outhOrgueil average in Figure 5. The
patterns show that the new Orgueil average is imdgagreement with all these reference
values. Interestingly, our average is analyticalhdistinguishable from the results obtained
by isotope dilution on a “large” sample (> 3 g) ©fgueil (Beer et al., 1984). The other
chondrites (except for the values given by Sun iefDonough (1989), which are largely
derived from the previous analysis) appear somewiiglitly more light REE enriched, but
this is at most marginally significant. More impantly, some scatter is apparent for
monoisotopic REES, which is explained by the fhaet their concentrations are in most cases,
an assemblage of results obtained by different ousthoften on different samples. In any

case, the use of each of these reference chongriaidsices a REE pattern with a very similar



shape, and the differences are subtle especiallgnwh logarithmic scale is used.
Nevertheless, the use of the Anders and Greve889)lalues should be made with caution
when Tm is determined and when Yb anomalies arudsed. We suggest that our Orgueil
values are among the best currently obtained, edlyewhen REE are compared with other
lithophile refractory elements, in order to avole tuse of reference concentrations obtained

on different samples.

Yttriumt The Y/Ho ratio of Orgueil is well constrained adkdse to 27.6 (Table 6). This
value is undistinguishable from that obtained ia tourse of our study on CM-chondrites
(Y/Ho=27.5, RSD=0.9%, n=6), and on the terrestrsdhndards BIR-1 and BHVO-2
(respectively 27.8 and 27.6). These analyses cortfiat terrestrial basalts and carbonaceous
chondrites exhibit similar Y/Ho ratios (Pack et, &007). Although the difference is small,
our Cl-value is slightly higher than the resultagpd by Pack et al. (2007), who obtained a
ratio close to 25.9 for the carbonaceous chondritéss slight discrepancy is probably
explained by a calibration effect, as shown by résults obtained by these authors on the
BCR2-G standard (Y/H0=26.3). Our results on BCR2 (powder used to made BCR2-G) is
consistently slightly different (Y/H0=29.03, RSD21%, n=30) and identical to the well
known BCR1 standard (Y/H0=29.18 , RSD=1.1 %, n¥6infthe same quarry.

Tungsten W has not often been measured on Orgueil. Reaealyses reported in the
literature display a significant range (e.g., 0.898.117 pg/g, Friedrich et al., 2002; Kleine et
al., 2004; Babechuk et al., 2007). The W abundara@sined here on ClI-chondrites
(including Alais and Ivuna) are between 0.10 ari®Qg/g (Table 3). Thus, the W abundance
in Orgueil is well determined here (0.11 pg/g),aéue about 15 % higher than those reported
in the compilations made by Anders and Grevess89)1and Lodders et al. (2009). Our
values (W abundance, and W/Hf ratio) are in peréggeement with the results obtained by

Kleine et al. (2004) by isotope dilution using @&48g chip.

Thorium and uraniumour average concentrations for these two elemardgsslightly
lower than the values reported by Anders and Geevé€$989) and Lodders et al. (2009).
Rocholl and Jochum (1993) have shown that U andréheterogeneously distributed in Cls
at a low scale, and that some small samples displayoticeable U enrichment. This
enrichment could be explained by a local redistrduof U from phosphates by aqueous

fluids. Although the databases used for the estimatof the abundances of U and Th were



filtered to avoid the anomalous samples, the rescttuld be slightly hampered by this
redistribution. Nevertheless, the differences betweur Orgueil average composition and the
literature ones are very limited for both elemeatsd should not be considered very

significant.

4. Conclusions

(1) It is well known from previous studies that Orguaihd other Cl-chondrites are
significantly heterogeneous at a scale of 100 mgr(dk et al., 2006). In this study, we
show that significant heterogeneity can occasignadl detected using chips ranging in
mass from 0.6 to 1.2 g, particularly for elementsbite during aqueous alteration (alkali
elements and U). This result is important becatuse generally believed that Orgueil is
rather homogeneous at this level of sampling. Thusngle chip, even if its mass is in the
order of 1 g, is not necessarily representativénisf famous fall, nor of the Cl-chondrite

group.

(2) In our sampling, a 1 g chip was chemically idt for many elements, including some
refractory ones such the REEs. Despite this anamaleample, no significant
heterogeneity has been detected for Cu and ZnpestdOur results obtained on Orgueil
and on two other falls give a definitive characation of the Cl-chondritic reservoir for

these isotopes.

(3) The average chemical composition calculateth wie “regular” Orgueil samples is very
close to the previous estimates, which were caedldrom a compilation of literature
results. Although the agreement is excellent fostaements, our results show that only
measured concentrations for W depart significafittyn compiled values. We strongly
recommend the use of our average composition fanalzation purposes, because 1) it
has been calculated using results obtained on€'lasgmples, and 2) the concentrations

have been determined using the same sample digestio
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Table 1. Details of samples studied

MNHN n°®  mass (g)

Orgueil
ORG1 219239 1.00
ORG2 222 0.62
ORG3 222 0.61
ORG4 234 0.84
ORG5 250 0.86
ORG6 237 1.02

lvuna 3578 0.71

Alais 24 0.33

Table 2. Major element, Cr, Ni and Co abundancethénBIR1 and JB2 basalts and in the Allende st@hda
determined by ICP-AES and compared with literatuedues (a: GEOREM preferred values, b:
Gavindaraju (1994), and c: Jarosewich et al. (1987)

BIR1 RSD%reference® JB2 RSD%reference® USN3529 RSD% reference®

n 5 4 3

TiO, wit% 0.91 1 0.97 1.10 1 1.19 0.13 6 0.15
Al,O4 wit% 15.25 1 15.4 14.36 0.4 14.67 3.52 1 3.28
Fe,O3 wit% 11.83 1 11.3 14.84 0.3 14.34 33.40 0.3 33.7
MnO wit% 0.17 1 0.176 0.22 1 0.22 0.18 8 0.19
MgO wit% 9.76 0.5 9.70 4.77 1 4.66 24.09 0 24.59
CaO wit% 13.16 1 13.4 9.68 1 9.89 2.62 0 2.58
Na,O wit% 1.85 6 1.81 2.07 6 2.03 0.48 2 0.45
K,0 wt%  <0.05 0.03 0.38 2 0.42 <0.05 0.04
P,0s wit% 0.07 4 0.027 0.13 7 0.12 0.26 2 0.24
Cr ug/g 409 2 391 16 11 27 3623 0.2 3630
Co ug/g 54 4 52 38 5 33 659 1 600

Ni pa/g 190 1 166 12 18 17 14758 1 14200




Table 3. Trace element abundances (in pg/g) seldotethe international standard BHVO2 (B : our,ldb:
Pfander et al. (2007), R : Raczek et al. (2001);Tdémascak et al. (2008) ; U : US geological sunaytificate

of analysis ;), and results obtained by ICP-SFMSBiiR1, JB2 and WD-E compared with reference valiigs
GEOREM preferred values; L: Lu et al. (2007); M: hi&hima and Nakamura (1999, 2006) and Makishima et
al. (2002)). Because of the use of a Tm-spike, lendt determine the abundances of this elemerthese
standards.

BHVO2 BIR1 RSD%r reference JB2 RSD%r reference WS-E RSD% reference

W.V. G M, L G
n 10 14 5
Li 4.7" 3.26 4 3.2 8.67 2 7.74 14.31 1 13.7
Be 1.18 0.08 8 0.12 0.245 4 0.228 1.15 3 1.14
P 1178Y 104 5 118 415 4 389 1353 1 1309
K 4317" 198 1 230 3492 2 3490 8329 1 8302
Sc 32.3 44.2 3 43 56.6 2 53.3 28.87 2 28
Ti 16364 5802 2 5814 7137 3 6950" 15353 1 14386
V 317Y 329 4 319 600 3 613 352 1 329
Cr 280V 385 1 391 2360 3 25 91.87 2 99
Mn 1290V 1290 5 1363 1641 2 1620 1328 1 1317
Co 45Y 51.5 4 52 36.15 2 33 4623 2 44
Ni 121° 171 2 166 1255 3 15.4 54.43 2 54
Cu 123" 111 3 119 203 4 219 6140 3 67
zZn 101° 63 6 72 99.0 5 107 118 2 113
Ga 20.6° 14.8 3 15.3 1590 2 17.6 21.89 1 21.7
Rb 9.08" 0.19 5 0.20 6.22 2 6.12 2599 2 26
Sr 3967 110 4 109 178 2 177 418 1 407
% 27.68 16.29 2 15.6 25.07 1 (20) 33.70 1 31
zr 164.9" 13.9 2 14 44.78 1 42.9" 202 1 204
Nb 16.82° 0.555 2 0.55 0.463 5  0.459" 16.98 1 18.2
Cs 0.096° 0.004 6 0.007 0778 2 0.768 0.468 2 0.47
Ba 131%7 6.26 2 7.14 217 2 215 346 1 334
La 15.2R 0591 2 0.615 2.21 1 2.14 27.40 1 26.8
Ce 37.57 1.84 2 1.92 6.47 2 6.39 61.26 1 61
Pr 5.31°% 0363 2 0.37 1.12 2 1.1 8.01 1 7.7
Nd 24.5R 2.35 3 2.38 6.26 2 6.32 34.03 1 32.8
Sm 6.07° 1.09 2 1.12 2.24 2 2.19 8.90 1 8.8
Eu 2.07%° 0526 2 0.53 0828 2 0.818 2.29 1 2.2
Gd 6.24% 1.84 2 1.87 3.14 3 3.20 7.39 1 7.1
Th 0.94% 0365 3 0.36 0581 2 0.579 1.11 1 1.08
Dy 5.31% 2.58 2 2.51 3.95 2 4.01 6.31 1 6.06
Ho 1.00° 0585 2 0.56 0882 2 0.868 1.22 2 1.18
Er 2.54R 1.72 3 1.66 2.59 2 2.58 3.20 2 3.07
Tm 0.34° * 0.25 * 0.376 * 0.43
Yb 2.00% 1.66 3 1.65 2.51 2 2.49 2.61 1 2.49
Lu 0.27° 0.244 2 0.25 0377 2 0.386 0363 2 0.35
Hf 4.474° 0.591 2 0.582 1.51 2 1.45" 5.51 2 5.20
Ta 1.10° 0.0372 3  0.0357 0.0396 8 0.0307" 1.08 2 1.14
w 0.22°8 0.02 8 0.07 0286 11  0.299 0.473 6 0.50
Pb 1.51° 2.78 4 3.1 5.02 6 4.88 1454 5 12.8
Th 1.21° 0.0300 2 0.032 0253 2 0.261 3.14 2 3.00
U 0.41° 0.0098 3 0.010 0.148 2 0.156 0.64 2 0.62




Table 4. Trace element abundances (in png/g) aday ICP-SFMS for the Allende powder USNM 3529 aamhpared with literature values (1 : Jarosevich
et al. (1987), 2 : Makishima and Nakamura (2006)l-.8 et al. (2007), 4 : Dauphas et al. (2011)UoiTh , Hf and Pourmand et al. (2011) for the other
elements, 5 : Shinotsuka et al. (1995), and 6 aNaka (1974).

Split 14/2 Split 14/22 Split 15/3

A B A B A B
mass (g) 0.16228 0.15083 0.1325 0.13535 0.12532 0.15975
Li 1.89 1.82 1.79 1.83 1.73 1.79
Be 0.0461 0.0429 0.0461 0.0451 0.0436 0.0465
= 1181 1169 1154 1153 1175 1205
K 274 276 273 277 282 279
Sc 1057 1150 1149 1112 1154 1147
Ti 866 873 878 863 889 897
Vv 93.9 94.2 95.1 92.7 96.5 98.6
Mn 1422 1408 1407 1393 1426 1464
Co 623 622 609 605 616 623
Cu 99.7 100 96.8 96.6 99.1  101.4
Zn 116 118 118 119 120 122
Ga 5.71 5.70 5.57 5.52 5.72 5.85
Rb 1.18 1.17 1.15 1.17 1.19 1.20
Sr 1475 1456 1467 1446 1484  15.05
Y 2.84 2.86 2.86 2.82 2.95 2.93
zr 6.48 6.57 6.56 6.51 6.80 6.76
Nb 0559 0579 0570 0565 0576  0.591
Cs 0.0890 0.0885 0.0872 0.0861 0.0877 0.0903

average RSD%

1.81
0.0450
1173
277
11.28
878
95.2
1420
616
99.0
119
5.68
1.18
14.72
2.88
6.61
0.573
0.0881

N N N DNPEFP P NMNDNDNMNMNPEPDMNMNNPEPEPWOWEDNW®

1

0.03
1047
330
11
899
92
1471
600
119
110

1.2
12

1.48
0.0445
1163
295
11.35

99.5
1506
717
118
139
6.79
1.29
16.1
2.83

0.0911

3 4 5 6
11.33
896
2.70 2.47
6.60
0.561




Table 4 (continue)

Ba
La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta

Pb
Th

Split
A
4.55
0.516
1.28
0.200
1.02
0.327
0.113
0.427
0.0776
0.510
0.107
0.309
0.0554
0.322
0.0455
0.197
0.0347
0.206
1.26
0.0587
0.0149

14/2
B
4.50
0.517
1.27
0.200
1.03
0.328
0.114
0.421
0.0760
0.507
0.108
0.314
0.0562
0.323
0.0461
0.202
0.0352
0.232
1.33
0.0593
0.0152

Split
A
4.54
0.517
1.29
0.202
1.03
0.330
0.114
0.422
0.0774
0.516
0.108
0.310
0.0563
0.325
0.0457
0.201
0.0343
0.192
1.34
0.0607
0.0151

14/22
B
4.47
0.503
1.26
0.197
1.00
0.324
0.112
0.404
0.0746
0.496
0.104
0.303
0.0552
0.323
0.0454
0.199
0.0338
0.204
1.21
0.0582
0.0148

Split
A
4.53
0.518
1.31
0.203
1.03
0.332
0.115
0.419
0.0768
0.511
0.108
0.313
0.0565
0.328
0.0468
0.206
0.0334
0.186
1.23
0.0599
0.0156

15/3
B
4.59
0.525
1.31
0.204
1.04
0.334
0.116
0.410
0.0750
0.508
0.107
0.310
0.0556
0.330
0.0459
0.205
0.0340
0.184
1.22
0.0597
0.0156

average RSD%

4.53
0.516
1.29
0.201
1.02
0.329
0.114
0.417
0.0762
0.508
0.107
0.310
0.0559
0.325
0.0459
0.202
0.0342
0.200
1.27
0.0594
0.0152

N ND ONNMNRPRRRPRREPRPRRERNNRRERRRERNLERR

1

0.52
1.33
0.21
0.99
0.34
0.11
0.42
0.081
0.42
0.1
0.29
0.055
0.3
0.052
0.21

0.2
1.39

451
0.534
1.32
0.206
1.06
0.338
0.111
0.411
0.0735
0.491
0.106
0.284
0.0518
0.317
0.0451

1.09
0.0551
0.0154

0.201
0.0314

0.548
1.37
0.212
1.09
0.346
0.118
0.447
0.0807
0.544
0.109
0.317
0.0551
0.328
0.0460
0.1939

0.05864
0.01554

0.503
1.26
0.197
0.968
0.323
0.104
0.393
0.069
0.466
0.0954
0.288
0.0496
0.311
0.0456

0.061
0.0154

4.85
0.507
1.33

1.004

0.330

0.113

0.414

0.504

0.303

0.315
0.0465




Table 5. Major and minor element abundances insAlauna and Orgueil obtained by ICP-AES.

Alais  Ivuna Orgueil

ORG1 ORG2 ORG3 ORG4 ORG5 ORG6 av.1-6 RSD(%) av.1-5 RSD(%)

mass mg 120.62 133.40 119.60 111.33 124.76 118.62 104.50 106.60

Ti wt% 0.043 0.043 0.044 0.043 0.042 0.045 0.044 0.042 0.043 2.6 0.044 2.3
Al wt% 0.776 0.784 0.778 0.798 0.789 0.806 0.788 0.760 0.786 2.0 0.792 13
Fe wt% 18.64 18.88 18.97 19.15 2092 1936 19.19 18.73 19.39 4.0 19.52 4.1
Mn wt% 0.218 0.202 0.186 0.194 0.209 0.188 0.210 0.178 0.194 6.5 0.197 5.7
Mg wt%  9.41 9.55 9.17 9.38 9.55 9.48 9.52 9.03 9.36 2.3 9.42 1.6
Ca wt% 0.860 0.921 0.782 0.808 0.964 0.778 0.890 0.810 0.839 8.8 0.844 9.5
Na wt% 0.422 0.490 0.485 0.423 0.442 0453 0.596 0.291 0.448 22.0 0.480 14.3
P wt% 0.101 0.102 0.094 0.098 0.104 0.104 0.108 0.096 0.101 5.6 0.102 5.6
Cr wt% 0.263 0.257 0.257 0.264 0.263 0.268 0.262 0.257 0.262 1.6 0.263 15
Ni wt%  1.08 1.20 1.23 1.12 1.08 1.12 1.12 1.15 1.14 4.7 1.13 5.2

Co po/g 494 531 535 519 502 529 510 520 519 2.3 519 2.6




Table 6. Trace and minor element abundances i Alaina and Orgueil obtained by ICP-SFMS (in wg/g)

Li
Be

Sc
Ti

Mn
Co
Cu
Zn

Ga
Rb
Sr

Zr

Nb
Cs
Ba

Alais

1.38
0.0232
979
608
5.75
450
53.0
2062
491
136
277
9.04
2.16
8.09
1.67
3.26
0.314
0.177
271

Ivuna

1.44
0.0232
1061
432
6.08
466
54.0
2003
554
138
330
9.67
2.23
8.04
1.60
3.48
0.298
0.192
2.57

Orguell
ORG1 ORG2 ORG3 ORG4 ORG5 ORG6 av.1-6 RSD%  av.1-5 RSD%
1.39 1.42 1.46 1.48 1.46 1.43 1.44 2 1.44 3
0.0223 0.0227 0.0235 0.0237 0.0210 0.0219 0.0225 5 0.0226 5
952 965 1024 1038 1069 886 989 7 1010 5
546 483 498 547 677 365 519 20 550 14
5.77 5.78 5.88 6.04 5.77 5.57 5.80 3 5.85 2
442 436 445 461 459 438 447 3 449 3
51.2 51.7 51.8 53.6 54.0 515 52.3 2 52.4 2
1801 1866 2014 1813 2057 1715 1878 7 1910 6
533 523 496 533 506 523 519 3 518 3
125 124 122 139 124 128 127 5 127 6
307 303 303 311 291 272 298 5 303 2
9.39 9.43 9.34 9.75 9.50 9.13 9.42 2 9.48 2
2.44 2.35 2.25 2.47 2.16 1.68 2.23 13 2.33 6
7.36 7.14 8.28 7.50 8.40 6.99 7.61 8 7.73 7
1.46 1.62 1.50 1.60 1.62 1.47 1.54 5 1.56 5
3.57 3.50 3.49 3.60 3.42 3.39 3.49 2 3.52 2
0.268 0.282 0.282 0.303 0.308 0.306 0.292 6 0.289 6
0.190 0.192 0.177 0.203 0.180 0.154 0.182 9 0.189 5
2.43 2.35 2.44 2.46 2.65 2.57 2.48 4 2.46 5




Table 6. (continue)

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Hf
Ta

Pb
Th

(La/Sm),
(La/Lu)n
Eu/Eu*
Y/Ho
Nb/Ta
Zr/Hf
Th/U

Alais

0.255
0.660
0.103
0.534
0.177
0.0688
0.239
0.0430
0.285
0.0621
0.178
0.0276
0.173
0.0252
0.106
0.0155
0.12
3.13
0.0295
0.0100

0.94
1.06
1.01
26.8
20.3
30.9
2.95

Ivuna

0.241
0.614
0.0920
0.471
0.155
0.0597
0.213
0.0388
0.260
0.0579
0.170
0.0271
0.171
0.0248
0.107
0.0149
0.10
2.65
0.0289
0.00749

1.01
1.02
1.00
27.6
20.0
32.4
3.86

Orguell
ORG1 ORG2 ORG3 ORG4 ORG5 ORG6 av.1-6 RSD% av.1-5 RSD%
0.227 0.243 0.228 0.238 0.239 0.262 0.240 5 0.235 3
0.581 0.621 0.585 0.607 0.603 0.660 0.610 5 0.600 3
0.0881 0.0947 0.0889 0.0918 0.0917 0.0938 0.0915 3 0.0910 3
0.447 0.486 0.453 0.469 0.466 0.467 0.465 3 0.464 3
0.147 0.161 0.149 0.153 0.154 0.150 0.152 3 0.153 4
0.0556 0.0617 0.0574 0.0595 0.0588 0.0568 0.0583 4 0.0586 4
0.198 0.216 0.201 0.208 0.209 0.200 0.205 3 0.206 3
0.0359 0.0394 0.0359 0.0380 0.0385 0.0362 0.0373 4 0.0375 4
0.243 0.264 0.248 0.260 0.257 0.241 0.252 4 0.254 3
0.0537 0.0589 0.0549 0.0575 0.0579 0.0531 0.0560 4 0.0566 4
0.159 0.172 0.160 0.169 0.172 0.157 0.165 4 0.166 4
0.0249 0.0266 0.0254 0.0266 0.0273 0.0244 0.0259 4 0.0262 4
0.160 0.171 0.163 0.171 0.176 0.156 0.166 5 0.168 4
0.0231 0.0256 0.0240 0.0248 0.0256 0.0230 0.0243 5 0.0246 4
0.108 0.107 0.108 0.109 0.104 0.104 0.107 2 0.107 2
0.0140 0.0142 0.0146 0.0155 0.0159 0.0158 0.0150 6 0.0148 6
0.10 0.10 0.10 0.12 0.12 0.11 0.11 10 0.11 10
2.56 2.99 2.59 2.66 2.65 2.78 2.70 6 2.69 6
0.0274 0.0282 0.0278 0.0287 0.0292 0.0314 0.0288 5 0.0283 3
0.00750 0.00763 0.00735 0.00781 0.00833 0.0102 0.00813 13 0.00772 5
1.01 0.98 0.99 1.01 1.01 1.14 1.02 6 1.00 1
1.03 1.00 1.00 1.00 0.98 1.19 1.03 8 1.00 2
0.99 1.00 1.00 1.01 0.99 1.00 1.00 1 1.00 1
27.1 275 27.4 27.8 27.9 27.6 27.6 1 27.6 1
19.2 19.8 19.3 19.5 19.3 19.4 19.4 1 19.4 1
33.0 32.8 32.3 33.0 32.8 325 32.7 1 32.8 1
3.66 3.70 3.78 3.68 3.50 3.08 3.54 7 3.66 3




Table 7. Isotopic compositions of Cu and Zn in Qlowrdrites. The isotopic compositions are
represented using tléenotation (parts per 1000 deviation from terreft@ia standard NIST 976 or Zn
standard JMC-Lyon respectively).

d*Cu 5%*zn &*'zn 5%zn
Alais 0.02 0.46 0.61 0.85
Ivuna 0.00 0.54 0.83 1.06
Luck et al. (2005):
Chunk 1 0.49 0.60 0.92
Chunk 2 0.46 0.48 0.86
Orgueill
ORG1 0.13 0.42 0.60 0.79
ORG2 -0.01 0.45 0.68 0.88
ORG3 -0.03 0.43 0.57 0.79
ORG4 0.19 0.43 0.60 0.80
ORG5 0.11 0.51 0.75 1.02
ORG6 0.04 0.45 0.60 0.87

Luck et al. (2003, 2005):

Chunk 1 (ORGS6) -0.09 0.46 0.71 0.90
Chunk 2 0.52 0.75 1.01
Mean CI (this work) 0.05 0.46 0.66 0.88

20 0.16 0.08 0.18 0.21




Table 8. Abundances in Cl-chondrites based on tiya€ll meteorite. (*Si has been estimated using
the same Si/Mg ratio as Lodders et al. (2009)).

Element  unit this RSD Lodders Anders and atoms per
work % et al. (2009) Grevesse 10° Si atoms
(1989) (this work)
3 Li ug/g 1.44 3 1.47 15 55.5
4 Be uglg 0.0226 5 0.021 0.0249 0.671
11 Na wt% 0.480 14 0.499 0.5 55700
12 Mg wt% 9.42 2 9.58 9.89 1.03 10°
13 Al wt% 0.79 1 0.85 0.868 78340
14 Si wit% 10.52* 10.7 10.64 10°
15 P ua/g 1010 5 967 1220 8710
19 K Hg/g 550 14 544 558 3760
20 Ca wt% 0.84 10 0.922 0.928 56240
21 Sc  pglg 5.85 2 5.9 5.82 34.7
22 Ti ug/g 449 3 451 436 2502
23 V ug/g 52.4 2 54.3 56.5 275
24 Cr ua/g 2627 2 2650 2660 13490
25 Mn  ug/g 1910 6 1930 1990 9280
26 Fe  wit% 19.52 4 18.5 19.04 9.3310°
27 Co  uglg 519 3 506 502 2350
28 Ni wt% 1.13 5 1.08 1.1 51560
29 Cu pglg 127 6 131 126 534
30 Zn  pglg 303 2 323 312 1236
31 Ga pg/g 9.48 2 9.71 10 36.3
37 Rb  pug/g 2.33 6 2.31 2.3 7.29
38 Sr ua/g 7.73 7 7.81 7.8 23.6
39 Y ua/g 1.56 5 1.53 1.56 4.68
40 Zr ua/g 3.52 2 3.62 3.94 10.3
41 Nb  uglg 0.289 6 0.279 0.246 0.83
55 Cs  pglg 0.189 5 0.188 0.187 0.38
56 Ba pg/g 2.46 5 2.41 2.34 4.79
57 La  pg/g 0.235 3 0.242 0.2347 0.452
58 Ce ug/g 0.600 3 0.622 0.6032 1.142
59 Pr ua/g 0.0910 3 0.0946 0.0891 0.173
60 Nd pog/g 0.464 3 0.471 0.4524 0.859
62 Sm ug/g 0.153 4 0.152 0.1471 0.272
63 Eu pg/g 0.0586 4 0.0578 0.056 0.103
64 Gd pg/g 0.206 3 0.205 0.1966 0.350
65 Tb pa/g 0.0375 4 0.0384 0.0363 0.0630
66 Dy pg/g 0.254 3 0.255 0.2427 0.418
67 Ho ug/g 0.0566 4 0.0572 0.0556 0.0916
68 Er ua/g 0.166 4 0.163 0.1589 0.266
69 Tm  ug/g 0.0262 4 0.0261 0.0242 0.042
70 Yb ua/g 0.168 4 0.169 0.1625 0.259
71 Lu pa/g 0.0246 4 0.0253 0.0243 0.0376
72 Hf  pglg 0.107 2 0.106 0.104 0.160
73 Ta pa/g 0.0148 6 0.0145 0.0142 0.0218
74 W pglg 0.11 10 0.096 0.0926 0.15
82 Pb ua/g 2.69 6 2.63 2.47 3.47
90 Th ua/g 0.0283 2 0.031 0.0294 0.0325

92 U uglg 0.0077 5 0.0081 0.00893 0.00866
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Figure 3. Isotopic compositions of Cu and Zn inrudiritic meteorites (Luck et al., 2003, 2005, and
this study).



=

N
T
1

Anders and Grevesse (1989)

=
=
1
O
1

o

\Lodders et al. (2009)

Tm Pb -

previous Cl av./ Cl (this study)

Nb W
08 L1 1 1 1 L1 1 1 1 1 1 1\ & 1 & 1 .| L 1 & 1 1 1 1 I L1 1 & 1 1 1.1 L 1 & 1 1 1 1 .| L1

Li Na Al K Sc_ V Mn Co Cu Ga Sr Zr Cs La Pr Sm Gd Dy Er Yb Hf W _ Th
Be Mg P Ca Ti Cr Fe Ni Zn Rb Y Nb Ba Ce Nd Eu Tb Ho Tm Lu Ta Pb U

Figure 4. Average compositions of CI chondrites d&rs and Grevesse, 1989 ; Lodders et al., 2009nalmed to the average Orgueil
composition calculated in this study (Table 8).



1.05f %\\Tiand et al. (2011)
/

[ . R, - -
Beer et al. (1984)/ y
Evensen et al. (1978)

0.95¢ ] 1 1 1 ] ] 1 1 1 1 1 ] 1 L
,; 1.05
e Lodders et al. (2003)
)
dd
m 1 .
2
e
N
— 0.95}
@,
=
O

1.05}F

Sun and McDonough (1989)

/
0.95F McDonough and Sun (1995)

LaCePrNd SmEuGdTbDyHoEr TmYb Lu

Figure 5. Selected CI chondrite reference commstnormalized to the average Orguell
composition calculated in this study (Tab)e 8



