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Abstract 26 

Volatile-rich, CI- and CM-like clasts occur in different brecciated achondrite and chondrite 27 

groups. The CI-like clasts in HEDs, polymict ureilites, as well as ordinary, CR, and CB 28 

chondrites have a similar mineralogy, indicating a similar alteration history. However, when 29 

viewed in detail, their mineral chemistry shows some minor differences between the clasts 30 

from different meteorite groups. For CM-like clasts found in HED meteorites, the clasts are, 31 

based on their mineralogy, clearly fragments of CM chondrites. To be able to decipher 32 

whether CI- (or CM-)like clasts from different meteorite groups are related to certain 33 

meteorite classes known to contain volatiles, we obtained D/H ratios of several clasts from the 34 

meteorite groups mentioned above and compared them with those of CI and CM chondrites as 35 

well as to unique carbonaceous chondrites such as Bells, Essebi, and Tagish Lake. 36 

Considering the δD-values, CM-like clasts in HEDs span a similar range compared to bulk 37 

values of CM chondrites, further indicating that CM-like clasts are fragments of CM 38 

chondrites. For CI-like clasts a clear distinction can be made: While CI-like clasts in HEDs 39 

and ordinary chondrites show a very similar range in their δD-signatures compared to 40 

“common” CI chondrites, meaning that these clasts are likely related to CI chondrites, the CI-41 

like clasts in polymict ureilites are enriched in D up to 3000 ‰; a similarly high enrichment is 42 

found for the CI-like clasts in CR chondrites. Thus, although the CI-like clasts in ureilites and 43 

CR chondrites likely experienced similar alteration histories as the CI-like clasts found in the 44 

other meteorite types, these clasts probably formed in a different region than the CI chondrites 45 

and, thus, are more accurately referred to as C1 clasts. Overall, the existence and isotopic 46 

signatures of the C1 clasts in several meteorite groups proves the existence of additional 47 

primitive, volatile-rich material in the (early) Solar System besides the matter we study as the 48 

CI, CM, and CR chondrites. This material was distributed throughout the Solar System very 49 

early and might have played an important role for the volatile inventory of the terrestrial 50 

planets. 51 

52 
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1. Introduction 53 

Meteoritic breccias give us the possibility to study processes and relative timings of different 54 

events in their history and possible relationships between different parent bodies (e.g., 55 

Bischoff et al., 2006). Xenolithic clasts, which are not represented in the current sample 56 

collection as individual meteorites, are of special importance. Numerous studies have shown 57 

that xenolithic carbonaceous chondrite material is present in many different chondrites and 58 

volatile-poor achondrites such as ureilites and HED meteorites. When we refer to “xenolithic 59 

carbonaceous material” in this work, we do not mean dark inclusions as those found in 60 

Allende or in other meteorite samples (e.g., Bischoff et al., 1988; 2006), but instead are 61 

referring to volatile-rich clasts consisting of abundant water-bearing phases and minerals 62 

precipitated from aqueous fluids (e.g., carbonates, magnetites, sulfates, pyrrhotite).  63 

Based on chemical, mineralogical and textural criteria, these clasts have been 64 

correlated to known groups of carbonaceous meteorites or they have been grouped by their 65 

optical characteristics; thereby, researchers have identified both CI-like and CM-like clasts 66 

(e.g., Zolensky et al., 1996; Gounelle et al., 2005, Patzek et al., 2018a). Due to the high 67 

abundance of CM-like material in HEDs, extensive work has been carried out on breccias of 68 

these meteorites, and results show a clear trend in that CM-like clasts are related to CM and 69 

CR chondrites (Zolensky et al., 1996). Nonetheless, many researchers have indicated that this 70 

volatile-rich carbonaceous chondrite material differs in some aspects from “common” 71 

carbonaceous chondrite groups (Zolensky et al., 1996; Briani et al., 2012). Further, volatile-72 

rich clasts are also found in carbonaceous chondrites themselves, e.g. CR and CH chondrites 73 

(Grossman et al., 1988; Scott, 1988; Weisberg et al., 1988; Endress et al., 1994; Bischoff et 74 

al., 1993a, b), CM chondrites and Tagish Lake (C2) (Zolensky et al., 2015; 2017).  75 

Consequently, various studies have aimed to further decipher the origin of these CM-76 

like and CI-like volatile-rich clasts. For example, based on a study of carbonaceous clasts in 77 

howardites and H chondrites, Gounelle et al. (2003, 2005) point out a possible zodiacal origin 78 

for volatile-rich clasts as fossil micrometeorites. They also provide data on the hydrogen 79 

isotopic composition of these hydrous, volatile-rich clasts, whereby they found that the range 80 

in D/H ratio of the hydrous clasts in howardites is similar to that found for Antarctic 81 

micrometeorites. Thus, Gounelle et al. (2005) refer to these clasts as fossil micrometeorites 82 

trapped in the early Solar System.  83 

As similar volatile-rich, hydrous clasts are also found in other chondrite and 84 

achondrite groups (e.g. CH, CB, CR, ureilites, OC and R chondrites) their distribution might 85 

provide insights into the formation process of the brecciated meteorite carrying these clasts 86 

(polymict ureilites: Prinz et al., 1987; Brearley and Prinz, 1992; Brearley and Jones, 1998, 87 
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Goodrich and Keil, 2002; Ikeda et al., 2003; Goodrich et al., 2004; in CR chondrites: Bischoff 88 

et al.,1993a; Endress et al., 1994; in CH chondrites: Bischoff et al., 1993b; in R chondrites: 89 

Greshake, 2014; in H chondrites: Funk et al., 2011; Briani et al., 2012; Zolensky et al., 2016; 90 

Bischoff et al., 2018). Since these clasts are so similar to each other in their mineralogy, we 91 

explore similarities and possible links between the clasts themselves and between the clasts 92 

and other meteorite types by determining the D/H ratios of CI- and CM-like clasts from 93 

different meteorites and compare these ratios to those found for “common” aqueously-altered 94 

carbonaceous chondrites. This approach allows us to discuss and subdivide the CI-like clasts 95 

found in different chondrites and achondrites and speculate on their origin. Additionally, we 96 

evaluate whether all CI-like clasts are really similar to CI1 (Ivuna)-type chondrites of 97 

petrologic type 1 or whether these clasts are better referred to as C1 clasts. Preliminary results 98 

of this work were published in a conference abstract by Patzek et al. (2017) and recent work 99 

aiming at the δ34S signature of sulfides within CI-like clasts from different host rocks and CI 100 

chondrites indicate that they incorporated isotopically distinct sulfur (Visser et al., 2019). 101 

2. Analytical techniques  102 

Volatile-rich clasts in polished thin sections can be easily identified in reflected light in 103 

chondrites and achondrites due to their high modal abundance of fine-grained phyllosilicates, 104 

which have a distinct texture compared to anhydrous minerals such as olivine and pyroxene. 105 

We selected the clast-containing samples to be used in this study based on a survey performed 106 

in a previous work, which describes details on the clasts’ abundance, size, and mineralogy 107 

(Patzek et al., 2018a).  108 

We determined the D/H ratios together with C/H, Si/H, and CN/H (see appendix) 109 

ratios of several clasts and samples using a Cameca NanoSIMS 50 ion probe at the Max 110 

Planck Institute for Chemistry in Mainz (Hoppe et al., 2013). Special care was taken for 111 

selecting appropriate areas representative for clasts. These areas are free of cracks, 112 

chondrules, CAIs, larger olivine and pyroxene grains, as well as areas indicating a terrestrial 113 

deposition of iron hydroxides. Prior to the isotope measurements, the samples were cleaned 114 

for 30 min in an ultrasonic bath with ethanol, and heated for ~3h at ~80 °C in the NanoSIMS 115 

airlock at starting pressures of p < 10-6 Torr to remove adsorbed water. Phyllosilicate-rich 116 

areas in volatile-rich clasts (list of samples and total analyzed areas in Table 1) were selected 117 

based on the previously mentioned characteristics, and 20 x 20 µm² to 25 x 25 µm²-sized 118 

fields were pre-sputtered with a high-current Cs+ beam (120-730 pA) for up to 55 minutes to 119 

remove the carbon coating and surface contamination. We acquired negative secondary ion 120 

images (20 x 20 µm², 256 x 256 pixels) in a combined peak switching (two magnetic fields) 121 
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and multi-collection mode (magnetic field 1: H, D; magnetic field 2: 12C, 12C14N, 28Si), 122 

employing a primary Cs+ beam (4 pA, ~200 nm). Each measurement consisted of five image 123 

planes with integration times of 3000 µs/pixel/plane for H and D, and 1000 µs/pixel/plane for 124 

12C, 12C14N, and 28Si. No electron gun was required for charge compensation since no 125 

significant charging was observed during any of the analyses. Results are given in standard 126 

delta notation (δD = [(D/H)sample/(D/H)std – 1] x 1000) using the terrestrial VSMOW value of 127 

D/H=155.76 x 10-6 as reference. Ilimaussaq Amphibole (δDVSMOW = -142 ‰) and synthetic 128 

C30H50O (δDVSMOW = -151 ‰; kindly provided by Erik Hauri and Larry Nittler, Carnegie 129 

Institution, Washington D. C.) were used as isotope standards to determine the instrumental 130 

mass fractionation (IMF) for D/H measurements. On average, the IMF was determined as -131 

280 ‰ for C30H50O and -230 ‰ for Ilimaussaq Amphibole. Hydrogen in clasts is a mixture of 132 

H in phyllosilicates and H bound in organics. The similar IMF values for our standards, which 133 

have completely different chemical composition, seem to indicate that matrix effects on 134 

measured D/H ratios are relatively small in the analytical setup chosen for this study. This is 135 

also supported by the good agreement of our measurements of matrix material in Ivuna, 136 

Essebi, Bells, and Tagish Lake with respective bulk data from the literature (see section 4). 137 

We used the IMF inferred from measurements on our C30H50O standard to correct the 138 

measured D-/H- ratios in clasts. Piani et al. (2012) and Remusat et al. (2016) found that for 139 

samples of meteoritic insoluble organic matter (IOM), which are strongly enriched in D, D-/H- 140 

ratios measured on the NanoSIMS are about 50% lower than the D/H ratios determined by gas 141 

mass spectrometry. This is unlikely to be solely IMF but was interpreted to be also the result 142 

of contamination with terrestrial H, adsorbed, e.g., from the residual gas in the analysis 143 

chamber of the NanoSIMS, which may in principle also affect the different H reservoirs in 144 

meteoritic thin sections to some extent. However, even if contributions of H contamination 145 

cannot be fully excluded in our work, the similarities in D/H ratios obtained in our work for 146 

CI and C2 chondrites, having δD values of up to several 100 ‰ (see section 4), with that of 147 

bulk values measured by gas mass spectrometry show that our approach and tuning provide 148 

valid and reproducible results. This permits us to draw at least qualitative conclusions on the 149 

H-isotopic signatures of CI- and CM-like clasts compared to those of bulk carbonaceous 150 

chondrites. Errors reported here are 1σ and are based on counting statistics and include the 151 

reproducibility of D/H ratios measured for the C30H50O standard (10 to 25 ‰, depending on 152 

the measurement session). Presented averages of isotope/elemental ratios are weighted 153 

averages, calculated by adding the number of counts of individual spots over their total area. 154 

Errors of averages are given in the following discussion as the (unweighted) standard 155 

deviation of the mean (line “sd” in Table 3), which better reflects heterogeneities than the 156 
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standard error of weighted averages (column “1σ” in Table 3). Relative sensitivity factors 157 

needed to calculate atomic C/H and Si/H ratios from measured 12C-/H- and 28Si-/H- ratios were 158 

determined from Ilimaussaq Amphibole (Si/H) and synthetic C30H50O (C/H). Elemental ratios 159 

may be strongly affected by matrix effects, and uncertainties of inferred C/H and Si/H ratios 160 

are estimated to be at least a factor of two. This should be considered when the inferred C/H 161 

and Si/H ratios are compared with respective data for bulk chondrites from literature. Based 162 

on measured D/H vs. C/H ratios of epoxy in this study (C/H = 0.4, δD = -250 ± 10 ‰) 163 

significant contributions to our measurements of meteoritic matter appear unlikely. The H 164 

background from the NanoSIMS can have noticeable effects on the D/H ratio if the 165 

concentration of hydrogen in the sample is low. For samples analyzed in this study, however, 166 

the abundance of hydrogen in clasts is more than an order of magnitude higher than the upper 167 

limit on the H background in the NanoSIMS, inferred from a measurement on a Si-wafer.  168 

3. Mineralogy and mineral chemistry 169 

Based on previous investigations of the mineralogy (Patzek et al., 2018a) two major groups of 170 

volatile-rich clasts have been identified (1) CM-like clasts and (2) CI-like clasts. Below some 171 

basic characteristics will be described (for more information, see Patzek et al., 2018a). Since 172 

Tagish Lake, Bells, and Essebi contain lithologies similarly rich in magnetite when compared 173 

to CI-like clasts and CI chondrites, some basic data on the mineralogy of the carbonaceous 174 

chondrites Bells, Essebi, Tagish Lake and Ivuna are given. For a summary see Table 2. 175 

Previous work using Raman thermometry implies only minor heating of these clasts. Peak 176 

temperatures experienced by CI-like clasts range between 30–110 °C with an average of 177 

about 65 ± 25 °C, and the peak temperatures experienced by CM-like clasts range from 50 to 178 

110 °C with an average of about 70 ± 25 °C (Visser et al., 2018). 179 

The organic chemistry of carbonaceous chondrites in general - in particular those of 180 

aqueously altered chondrites - is very complex. Organic molecules are often enriched in D 181 

and occur as aggregates of different “grain” sizes ranging from nanometers to some 182 

micrometers (Alexander et al., 2010, 2012, 2017; Le Guillou et al., 2014, and references 183 

therein). The investigation of these organic grains is complex and usually requires the 184 

resolution offered by transmission electron microscopy. Nonetheless, the organics have 185 

important implications for the data obtained in this study and will be discussed in a separate 186 

section (5.1). 187 

3.1. CM-like clasts  188 

The typical mineralogy of CM-like clasts includes varying amounts of tochilinite-cronstedtite-189 

intergrowth (TCI) clumps with a wavy texture, abundant chondrules and fragments of 190 
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anhydrous minerals (Fig. 1; Johnson and Prinz, 1993; Zolensky et al., 1997; Rubin et al., 191 

2007). The TCIs as well as the anhydrous minerals are often surrounded by fine-grained rims, 192 

which are described as accretionary dust rims (Metzler et al., 1992). Occasionally, Fe,Ni-193 

metal grains can be observed within chondrules but are not directly embedded within the 194 

hydrous matrix phyllosilicates. Sulfides are abundant and occur as irregularly-shaped grains 195 

of pyrrhotite and pentlandite. Carbonates occur in CM-like clasts and are mostly pure 196 

calcite/aragonite. The carbonate grains are irregularly-shaped and do not show any incipient 197 

secondary alteration. All components are embedded into a clastic matrix consisting of fine-198 

grained phyllosilicates and TCI clumps. The mesostasis within chondrules has been altered to 199 

phyllosilicates.  We analyzed areas dominated by TCI clumps, matrix-dominated areas, and 200 

areas representing a mixture of these two mineralogically different components. 201 

3.2. CI-like clasts  202 

CI-like clasts are phyllosilicate-rich clasts containing magnetite, sulfides and occasionally 203 

accessory phases such as carbonates, phosphate, and chromites. Chondrules and fragments of 204 

anhydrous silicates (mostly forsteritic olivine) are rare and – if present – always irregularly- 205 

shaped. The magnetite grains occur either as irregularly-shaped grains, as framboids, as 206 

isolated spherical magnetite, or as plaquettes (Fig. 2; and Fig. 6 in Patzek et al., 2018a). 207 

Sulfides are common and include pyrrhotite of different composition and pentlandite. 208 

Pentlandite grains occur as irregularly-shaped grains, whereas pyrrhotite exhibits lath-shaped 209 

as well as irregularly-shaped grains. The pyrrhotite composition varies between Fe0.85S and 210 

stoichiometric FeS, but pyrrhotite grains often contain exsolution blobs and lamellae (<1 µm) 211 

of a Ni-rich phase (probably pentlandite). Accessory phases include carbonates and 212 

phosphates. The fine-grained matrix is texturally highly heterogeneous with embedded sub-213 

µm sized grains of Fe sulfides and/or oxides (Figs. 2 b,d,f) and yields low analytical totals of 214 

80-90 wt% confirming the presence of volatile components (e.g., H2O) and/or microporosity. 215 

See Patzek et al. (2018a) for the bulk composition of the clasts and their matrices. In some 216 

volatile-rich clasts, homogeneous patches of phyllosilicates can be observed, which are free of 217 

any fine-grained oxides or sulfides but clearly show a fibrous texture reflecting 218 

pseudomorphic replacements of former olivine or pyroxene grains by phyllosilicates. Rare 219 

chondrules with maximum diameters of 150 µm have only been found in a small number of 220 

CI-like clasts from polymict ureilites and CR chondrites but not in those from other host 221 

meteorites.  222 
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3.3. Al Rais and Renazzo 223 

Al Rais is a somewhat special CR2 chondrite, and it is known for its high abundance of dark 224 

inclusions (Weisberg et al., 1993). These dark inclusions have a similar mineralogy compared 225 

to CR chondrite matrix portions, and their formation processes are subject to discussion 226 

(Weisberg et al., 1993; Endress et al., 1994; Patzek et al., 2018a). Their mineralogy is similar 227 

to those of CI-like clasts in other meteorite groups. A variety of different fragments with 228 

different alteration stages can be found right next to each other. In general, Al Rais shows a 229 

higher degree of aqueous alteration and a higher abundance of CI-like clasts than other CR 230 

chondrites such as Renazzo. Renazzo, however, does contain abundant CI-like clasts similar 231 

to those in Al Rais. 232 

3.4. Ivuna, Bells, Essebi, and Tagish Lake  233 

The typical mineralogy of CI chondrites such as Ivuna includes magnetite spherules, 234 

framboids, plaquettes or irregularly-shaped grains, all of which are embedded within a 235 

phyllosilicate-rich matrix. The phyllosilicates are a fine-grained mixture of saponite and 236 

serpentine minerals. Lath-shaped pyrrhotite grains with varying composition (Fe1-XS), 237 

carbonates of different composition as well as phosphates can be abundant (compare Endress 238 

and Bischoff, 1996). However, CI chondrites are brecciated rocks consisting of different 239 

lithologies having a slightly different mineralogy on the scale of 50 to several 100 µm 240 

(compare Morlok et al., 2006). Mafic silicates such as olivine or pyroxene are rare. 241 

The mineralogy of the ungrouped C2 chondrite Bells includes varying abundances of 242 

chondrules occasionally surrounded by fine-grained rims similar to those found within CM2 243 

chondrites (Metzler et al., 1992). Compared to CM chondrites, the abundance of magnetite is 244 

significantly higher and similar to some lithologies in CI chondrites. Fragments of olivine and 245 

pyroxene grains are common and dispersed throughout the matrix phyllosilicates.  246 

Ungrouped C2 chondrite Essebi is similar in mineralogy to Bells, having abundant 247 

chondrules and fragments of olivine and pyroxene as well as phyllosilicate-rich matrix and 248 

magnetite. However, the abundance of anhydrous minerals (olivine and pyroxene) is higher 249 

compared to that of Bells and magnetite is less abundant. Fine-grained rims surrounding 250 

chondrules are frequently observed.  251 

Tagish Lake is an ungrouped C2 carbonaceous chondrite and highly brecciated 252 

containing chondrules, mineral fragments, rare altered CAIs, abundant magnetite, complex 253 

carbonates and Fe,Ni-sulfides of various composition. All mineral phases are embedded into a 254 

fine-grained, phyllosilicate-rich matrix, which has a very high porosity compared to other 255 

carbonaceous chondrites (Brown et al., 2000; Zolensky et al., 2002). Chondrules, AOAs, and 256 
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CAIs are commonly surrounded by compact fine-grained rims similar to those in CM 257 

chondrites, Bells, and Essebi. Occasionally, larger clumps of compact matrix material can be 258 

observed (Fig. 1f). The sample of Tagish Lake used in this study is not one of those samples, 259 

which have been collected immediately after fall and kept frozen, and thus potentially has 260 

been in contact with liquid water on Earth. 261 

4. Hydrogen isotopic composition of phyllosilicate-rich matrix 262 

Here we report on δD values obtained from various clasts in three HEDs (NWA 7542, 263 

EET 87513 and Saricicek), three polymict ureilites (Dar al Gani 319, Dar al Gani 999, and 264 

EET 83309), two CR chondrites (Al Rais and Renazzo), and one H chondrite (Sahara 98645), 265 

as well as from different lithologies in the CI chondrite Ivuna and the ungrouped C2 266 

chondrites Bells, Essebi, and Tagish Lake for comparison (Table 3, Figs. 3, 4, 5). Potential 267 

major hosts of hydrogen are organic matter and phyllosilicates. The carbonaceous chondrites 268 

Al Rais, Renazzo, Ivuna, Bells, Essebi, and Tagish Lake are known to contain various 269 

amounts and types of organic matter embedded on different scales within the phyllosilicate-270 

rich matrix (Alexander et al., 2007, 2010; Le Guillou et al., 2014). It is therefore not possible 271 

to obtain the D/H ratio of pure phases. The influence of organic matter on analyses will be 272 

discussed in section 5.1. The reported mean C/H and Si/H ratios can be compared to those 273 

reported in the literature for bulk carbonaceous chondrites (for C/H see, e.g., Alexander et al., 274 

2012). We note that the C/H ratios given in Alexander et al (2012) are for wt%, i.e., should be 275 

divided by a factor of 12 when compared to our results which are given as atomic ratios. 276 

Mean values of C/H ratios determined here fall well within the range determined by 277 

Alexander et al. (2012) for bulk carbonaceous chondrites when the estimated uncertainty of a 278 

factor 2 due to matrix effects on the SIMS C-/H- sensitivity factor is considered (see section 279 

2). It was found here that Si/H and C/H ratios vary considerably within and between 280 

individual ion images from different clasts. For example, the integrated Si/H and C/H ratios of 281 

individual images from the studied clasts vary from 0.1 to 4.6 (Si/H) and from 0.01 to 1.0 282 

(C/H), respectively (Table 3). In Fig. 5 (and additionally in Fig. S1), D/H vs. Si/H and C/H 283 

ratios are shown for selected samples; to construct these figures individual ion images were 284 

subdivided into 1.25 x 1.25 µm²-sized areas and areas with similar Si/H and C/H ratios 285 

combined to represent a single data point (“binning”, bin sizes are 0.2 for Si/H and 0.04 for 286 

C/H). The size of 1.25 µm is only somewhat larger than the size of D-rich hotspots (0.6 -287 

1 µm; Fig. 6) and permits to obtain sufficiently precise H isotope data for individual bins. For 288 

the samples Al Rais, EET 83309, DaG 999, NWA 7542, Essebi, and Bells we observe 289 

moderate to good correlations in D/H vs. Si/H over the whole range of observed Si/H ratios 290 
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(Figs. 5 and S1). On the other hand, good correlations in D/H vs. C/H, were observed only for 291 

analyses on Ivuna, Tagish Lake, Renazzo, and DaG 999 over the whole range of C/H ratios 292 

(Fig. 5). 293 

In addition, we observed large variations in D/H within individual ion images. Examples of 294 

three D-hotspots in Bells, Al Rais, and in a CM-like clast from Saricicek are shown in Fig. 6. 295 

In five cases (Renazzo, Ivuna, Essebi, Bells, Tagish Lake) we can compare our D/H data of 296 

matrix material with bulk data from the literature (see below). Except for Renazzo, we find a 297 

satisfactory agreement between our data and those from the literature. This is remarkable 298 

given the fact that our studies are based on measurements of only limited amounts of material, 299 

but the findings show that our measurements can be considered representative when 300 

compared to bulk material. 301 

4.1. CM-like clasts 302 

For CM-like clasts, there is a clear systematic difference in the δD between fine-grained rims 303 

/matrix and TCI areas. On average, the δD-signature of TCI clumps (low Si/H) is lower 304 

compared to those of matrix-dominated areas (Table 3, Fig. 3). As expected, the Si/H ratio of 305 

matrix-dominated areas is higher compared to the TCI clumps or mixes of those.   306 

The δD of CM-like clast NWA 7542-10 ranges from -60 to 300 ‰ (Fig. 3; Table 3). CM-like 307 

clasts Saricicek-01 and Saricicek-02 show a δD variation from -220 to +340 ‰, which is 308 

larger than the variation observed for the CM-like clast in NWA 7542 (Fig. 3; Table 3). Two 309 

clasts (-01 and -02) from the howardite EET 87513 have δD values from -10 to +340 ‰, as 310 

similarly observed for NWA 7542. A 1 µm-sized D hotspot associated with C-rich matter 311 

having a δD of 6200 ± 500 ‰ was observed in clast 01 of Saricicek (Fig. 6).   312 

The average of all analyses on CM-like clasts is +100 ± 30 ‰. Average C/H and Si/H ratios 313 

are 0.08 ± 0.01 and 0.96 ± 0.14, respectively. 314 

4.2. CI-like clasts from HEDs, ordinary chondrites, and ureilites 315 

CI-like clasts NWA 7542-1, NWA 7542-6, and NWA 7542-7 (HED) are indistinguishable 316 

from each other in their hydrogen isotopic composition having δD values from +200 to 317 

+640 ‰ (Fig. 4; Table 3). D/H ratios are positively correlated with Si/H ratios, but not with 318 

C/H ratios. Averages of all analyses on CI-like clasts in NWA 7542 are +270 ± 50 ‰ for δD, 319 

0.65 ± 0.08 for C/H, and 2.88 ± 0.25 for Si/H. 320 

The CI-like clast from the H chondrite Sahara 98645 has δD values from -290 to +270 ‰ 321 

with an average of +100 ± 160 ‰. Neither the Si/H ratio nor the C/H ratio correlate with the 322 

D/H ratio of matrix areas of the clast. The analyses yielded an average C/H ratio of 0.12 ± 323 

0.02 and a Si/H ratio of 1.60 ± 0.217. 324 
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CI-like clasts Nos. 3, 5, and 10 from the polymict ureilite DaG 319 are texturally CI-like and 325 

similar to the CI-like clasts in NWA 7542 (see chapter mineralogy and Patzek et al., 2018a; 326 

Table 2). δD values range from +950 to +3100 ‰. The average δD is 2040 ± 290 ‰. Neither 327 

the Si/H nor the C/H ratio is correlated with D/H (Fig. 5). Average C/H and Si/H ratios are 328 

0.22 ± 0.04 and 1.57 ± 0.11, respectively. The δD-values of the four CI-like clasts Nos. 5, 6, 329 

9, and 10 from the polymict ureilite EET 83309 range from +1650 to +2400 ‰ with an 330 

average value of +1870 ± 80 ‰ (Fig. 4; Table 3). The variation of D/H in clasts from EET 331 

83309 is less extreme compared to that of clasts from DaG 319 but shows a similar high 332 

enrichment in D. The Si/H ratio as well as the C/H ratio is well correlated with the D/H ratio 333 

(Fig. 5). Only one area each in two clasts in the polymict ureilite DaG 999 were analyzed. 334 

Their average δD is +1220 ‰ (Fig 4). Positive correlations are observed for D/H vs. Si/H and 335 

D/H vs. C/H (Fig. 5). 336 

The overall averages of CI-like clasts in ureilites are δD = +1900 ± 110 ‰, C/H = 0.35 ± 337 

0.04, and Si/H = 2.08 ± 0.13. 338 

4.3. CI-like clasts from CR chondrites 339 

D/H was measured in five CI-like clasts from the CR chondrites Al Rais and Renazzo and in 340 

the interstitial matrix of Renazzo. δD values of three CI-like clasts in Al Rais range from 341 

+740 to +1520 ‰ (Fig. 4; Table 3). A 600 nm-sized D hotspot associated with C-rich matter 342 

having a δD of 24000 ± 3000 ‰ was observed in clast 1 of Al Rais (Fig. 6). Two CI-like 343 

clasts from Renazzo have δD values from +1730 to + 2480 ‰. The two clasts from Renazzo 344 

have on average a much higher δD when compared to that from Al Rais (2060 ‰ vs. 345 

1060 ‰). δD values in matrix from Renazzo range from +1400 to +1850 ‰ with an average 346 

of 1590 ‰. This is clearly higher than the δD value of +703 ‰ reported for a bulk sample of 347 

Renazzo (Alexander et al., 2012). The CI-like clast Al Rais 01 (4x2.5 mm2) is the largest in 348 

this thin section and has slightly variable δD values (+740 to +1240 ‰).  349 

For clasts from Al Rais we observed a positive correlation between D/H and Si/H but not 350 

between D/H and C/H, whereas the opposite is true for the CI-like clasts and matrix from 351 

Renazzo (Fig. 5). The D excesses of CI-like clasts in CR chondrites are generally of similar 352 

magnitude as those of CI-like clasts in polymict ureilites and clearly higher compared to CI-353 

like clasts in HEDs or CI chondrites in general (Fig. 4). The overall averages of CI-like clasts 354 

in CR chondrites are δD = +1540 ± 150 ‰, C/H = 0.44 ± 0.05, and Si/H = 2.93 ± 0.18. 355 

4.4. Ivuna, Bells, Essebi, and Tagish Lake 356 

Within the brecciated CI chondrite Ivuna (Morlok et al., 2004), the δD-values of different 357 

analyzed areas vary from -170 to +950 ‰, with an average of 210 ± 190 ‰ (Table 3, Fig. 4). 358 
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Within error, this agrees with the δD value of +80 ‰ determined for a bulk sample of Ivuna 359 

(Alexander et al., 2012). The D/H ratio mainly correlates with the C/H ratio but less clear with 360 

the Si/H ratio (Fig. 5). Average C/H and Si/H ratios are 0.41 ± 0.13 and 1.43 ± 0.60, 361 

respectively. 362 

The δD values of selected areas in Bells range from +270 to +540 ‰ with an average 363 

of 380 ± 50 ‰ (Table 3; Fig. 4). Within the 2σ error, this agrees with the δD value of +317 ‰ 364 

determined for two bulk samples of Bells (Alexander et al., 2012). Average C/H and Si/H 365 

ratios are 0.83 ± 0.06 and 1.70 ± 0.14, respectively. The D/H ratio correlates with the Si/H but 366 

not with the C/H ratio. A 1 µm-sized D hotspot associated with a slight enrichment in C 367 

having a δD of 16800 ± 1600 ‰ was observed in one of the analyzed areas in Bells (Fig. 6).  368 

Essebi is similarly enriched in D, with δD values ranging from +230 to +900 ‰ and an 369 

average of +360 ± 120 ‰. Within error, this agrees with the δD value of +338 ‰ determined 370 

for a bulk sample of Essebi (Alexander et al., 2012). The D/H ratio correlates with the Si/H 371 

but not with the C/H ratio. Average C/H and Si/H ratios are 0.53 ± 0.05 and 1.30 ± 1.73, 372 

respectively. δD values of Tagish Lake obtained in this study vary from +30 to +1410 ‰ with 373 

an average of +120 ± 210 ‰ taking all spots into account (Table 3; Figs. 4, 6). Average C/H 374 

and Si/H ratios are 0.63 ± 0.07 and 0.63 ± 0.76, respectively. Within 2σ error, this agrees with 375 

the δD value of +535 ‰ determined for three bulk sample of Tagish Lake (Alexander et al., 376 

2012). The D/H ratio correlates with the C/H but not with the Si/H ratio. However, spots 1 377 

and 2 analyzed on Tagish Lake revealed clearly lower enrichments in D relative to the other 378 

four spots (δD = 100 and 30 ‰, respectively, vs. δD = 650 to 1400 ‰). These two spots also 379 

yield H count rates one order of magnitude higher compared to those of the other four. Their 380 

Si/H ratio is also significantly lower (Table 3). 381 

5. Discussion 382 

The δD signatures and mineralogical aspects of the different clasts can be used as fingerprints 383 

to investigate possible relationships between the clasts and already known carbonaceous 384 

chondrite groups. Different processes, which will be discussed here, are able to modify the δD 385 

signature of clasts: Since organic matter in carbonaceous chondrites is known to be enriched 386 

in D, we will comment on the influence of organic matter, although organic molecules and 387 

aggregates are not the main topic of this work. Weathering of the meteoritic samples is also a 388 

process able to modify δD signatures. Additionally, a possibly heterogeneous distribution of 389 

D in the phyllosilicates and organic matter has to be taken into account for the interpretation 390 

of the data. 391 
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Recently, Piani et al. (2018) developed an analytical protocol to analyze the hydrogen isotope 392 

composition of the water component in phyllosilicates with SIMS by utilizing a Cs primary 393 

ion beam. By using D−/H− and the C−/H− ratio and by extrapolating the D/H at C/H=0 the 394 

authors obtain the D/H ratio of the water component in C-free phyllosilicates. This has been 395 

applied to CM (Piani et al., 2018) and CV chondrites (Piani and Marrocchi, 2018). It is not the 396 

primary goal of the work presented here to determine individual H components in CI- and 397 

CM-like clasts but to see how they differ in D/H from bulk CI and CM chondrites. Only for 398 

the CM clasts we will infer the D/H of water as it can be directly compared to the results 399 

obtained with SIMS by Piani et al. (2018) for CM chondrites. 400 

 401 

5.1. Influence of organic matter on the δD data  402 

Organic matter can occur either as insoluble or as soluble components in carbonaceous 403 

chondrites. While the latter cannot be separately analyzed, the insoluble component (IOM) 404 

can be isolated from the bulk meteorite by acid demineralization. Soluble organic matter 405 

(SOM) is hard to recognize in thin sections, since it might have been lost during sample 406 

preparation involving solvents. Organic matter in aqueously-altered carbonaceous chondrites 407 

is enriched in deuterium compared to the phyllosilicate fraction of these meteorites 408 

(Alexander et al., 2010, 2012 and references therein). During aqueous alteration, it is likely 409 

that organic matter and its D signature is redistributed into the phyllosilicates (Le Guillou et 410 

al., 2014) through ion exchange. The spatial distribution of the organic matter generally 411 

depends on the meteorite and, more specifically, on the degree of alteration and the size of the 412 

phyllosilicates (Le Guillou et al., 2014). For example, the δD signatures of various lithologies 413 

in the CI chondrite Ivuna overlap with those of bulk determinations. Additionally, the degree 414 

of aqueous alteration (abundance of anhydrous silicates) of Ivuna and CI-like clasts in HEDs 415 

and polymict ureilites is very similar (cf. Patzek et al., 2018a) and they have been altered at 416 

similar temperatures (Visser et al., 2018).  417 

The C/H ratio can help to constrain the amount of organic matter within analyzed 418 

areas. Since IOM in primitive carbonaceous chondrites is usually enriched in D and represents 419 

a significant fraction of carbon, a positive correlation between δD and the C/H ratio has been 420 

observed for whole-rock samples of some meteorites (Alexander et al., 2010, 2012; Piani et 421 

al. 2015). For some of the samples analyzed here, especially the CI-like clasts and primitive 422 

carbonaceous chondrites, we observe a correlation between δD and the C/H ratio (Fig. 5). 423 

Exceptions from this are CI-like clasts from DaG 319, NWA 7542, and Al Rais, and the C2 424 

chondrites Essebi and Bells. In our work, we identified clearly visible D hotspots, ≤1 µm in 425 

size, in Bells (~17000 ‰), Al Rais (~24000 ‰), and the CM-like clast Saricicek-1 426 
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(~6000 ‰). However, organic material with SMOW-like δD does also occur in close 427 

proximity to the observed hotspots in Bells and Al Rais. This illustrates that D/H does not 428 

necessarily have to be well correlated with C/H at the scales considered here. However, we 429 

cannot rule out the possibility of tiny epoxy blobs appearing as SMOW-like C-rich grains in 430 

ion images, but based on D/H vs. C/H ratios we can rule out substantial contamination by 431 

epoxy during analyses (see also section 2).  432 

5.2. Effects of weathering 433 

Terrestrial weathering is an important process when discussing highly volatile elements such 434 

as hydrogen, oxygen, or nitrogen, since these elements can easily be exchanged when in 435 

contact with the terrestrial environment. Meteorites analyzed in this study have been 436 

recovered from hot deserts (DaG 319, DaG 999, NWA 7542, Sahara 98645), somewhat warm 437 

climates (Al Rais, Ivuna, and Bells), and cold deserts (EET 83309). The howardite Saricicek 438 

is a fresh fall, and fragments were collected starting from the day after the fall. The CR 439 

chondrite Renazzo is also a fall. However, Renazzo fell in 1824 and the conditions under 440 

which the sample has been stored cannot be reconstructed. Based on D/H, Si/H, and C/H 441 

ratios of the fresh fall Saricicek and cold desert Antarctic find EET 83309 and those from hot 442 

desert finds (e.g. NWA 7542, DaG 319, and DaG 999), no clear indication for distinct 443 

alteration features such as excess H due to formation of hydroxides (and therefore a more 444 

SMOW-like D/H ratio) can be found in those from hot deserts (see paragraph 4.2 and 4.4 and 445 

Figs. 3,4). For the CI-like clasts in ureilites, there is less variation for the D/H data obtained 446 

on EET 83309 compared to those from DaG 319 and DaG 999. Previous investigations on 447 

bulk samples propose that samples from Antarctica are less altered than those from hot deserts 448 

(cf. supplement of Alexander et al., 2012). This finding could potentially be interpreted as a 449 

more intense alteration in DaG 319 and DaG 999 compared to EET 83309. However, this 450 

does not have any influence on the discussion of these results. 451 

The CR chondrite Al Rais is affected by terrestrial weathering, evidenced by 452 

replacement of metal grains by Fe-hydroxides. Polymict ureilites DaG 319 and EET 83309 453 

also show terrestrial alteration. For EET 83309, H exchange was apparently not as intense as 454 

it was for hot desert finds such as DaG 319 or NWA 7542 (Alexander et al., 2012).   455 

Besides macroscopic effects such as replacement of Fe-metal, terrestrial alteration also 456 

affects the organic matter in the matrix of carbonaceous chondrites in general. Alexander et 457 

al. (2007) showed that the IOM contents of the paired Algerian CR chondrites (El Djouf 001 458 

and Acfer 059, 186, and 209; Bischoff et al., 1993a) are an order of magnitude lower than in 459 

less-weathered meteorites, and their elemental and isotopic compositions of the IOM also 460 
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differ from those of the less-weathered ones (δD = 2600–3000‰ and H/C = 0.75-0.81 vs. δD 461 

= 120–428 ‰ and H/C = 0.4-0.53).  462 

Generally, terrestrial weathering is able to change the δD signature of meteoritic 463 

samples. Some samples can be more susceptible to terrestrial weathering than others 464 

depending on their porosity. For example, Tagish Lake has very high porosity compared to 465 

the polymict ureilites DaG 319 or EET 83309 (Brown et al., 2000; Zolensky et al., 2002), 466 

which could result in much easier infiltration by terrestrial fluids. For the Tagish Lake sample 467 

used in this study, we cannot exclude a (partial) interaction with terrestrial fluids as described 468 

in section 3.4. However, taking special care in selecting samples and areas within the sample 469 

can help to reduce the risk of analyzing areas affected by terrestrial weathering, such as cracks 470 

filled with FeOH-phases. 471 

5.3. Heterogeneity within single clasts 472 

The distribution of individual minerals within CM- and CI-like clasts is heterogeneous. Some 473 

analyzed clasts exhibit a large range in δD values, e.g., clast DaG 319-03, in which the 474 

averaged δD values of individual 20 x 20 µm2-sized areas range from +1700 to +3100 ‰ 475 

(Table 3). As already explained in chapter 5.1, the influence of organic matter on the obtained 476 

δD values has to be considered, since the organic matter is potentially enriched in D relative 477 

to mineral phases. Interestingly, we observe a positive correlation between δD and Si/H ratio 478 

for many of the samples (Fig. 5). This positive correlation either indicates that the water/OH- 479 

bound in phyllosilicates (high Si/H) is enriched in D, or that very little but extremely D-rich 480 

organics are finely-intergrown with phyllosilicates below the resolution of the NanoSIMS. 481 

The latter requires, however, that the amount of the extremely D-rich organics is very low 482 

since we do not always observe a positive correlation in C/H vs. D/H. D-enriched water has 483 

been observed previously by various groups (e.g. Deloule and Robert, 1995; Grossman et al., 484 

2000; Bonal et al. 2013). Being able to resolve this correlation in D/H vs. Si/H for most CI-485 

like clasts in ureilites and those from CR chondrites, suggests the presence of abundant D-rich 486 

phyllosilicates (i.e., water) within this type of clasts, even though our approach is not 487 

optimized for these complex mixtures. 488 

Since the hydrogen-bearing phyllosilicates are products of secondary alteration on the 489 

parent body, their alteration itself could lead to fractionation of H and D on a local scale by 490 

the possible escape of hydrogen from its formation environment. Depending on the abundance 491 

of different precursor phases, the alteration can differ and, therefore, produce different D/H 492 

ratios on various scales within a single clast, increasing the D/H variability on a sub-mm 493 

scale. Large fractionation between H and D are possible when large fractions of the oxidizing 494 

component (i.e., water) are consumed. However, unlike primitive ordinary chondrites such as 495 
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Semarkona (e.g. Alexander et al., 2012), CI-like clasts still contain high amounts of hydrogen, 496 

which makes it doubtful that hydrogen in CI-like clasts experienced a large isotope 497 

fractionation. 498 

5.4. CM-like clasts share features with brecciated CM chondrites 499 

Based on mineralogy, mineral chemistry as well as the hydrogen isotopic composition, the 500 

CM-like clasts can clearly be linked to CM2 chondrites in general (see also; Zolensky et al., 501 

1996; Gounelle et al., 2003, 2005; Mittlefehldt, 2015; Patzek et al., 2018a). Common TCI 502 

(tochilinite-cronstedtite-intergrowth) clumps, chondrules, and the phyllosilicate-rich matrix 503 

are typical components in CM2 chondrites and occur in varying abundances and within 504 

fragments of various degree of alteration in different CM2 chondrites such as Cold Bokkeveld 505 

or Nogoya (e.g., Metzler et al., 1992; Lindgren et al., 2013; Bischoff et al., 2017; Lentfort et 506 

al., 2019). This variability can also be observed within the population of volatile-rich clasts, 507 

which have been investigated within this work. Some clasts show a well-preserved chondritic 508 

texture with well-defined chondrules surrounded by accretionary dust rims and large clasts of 509 

TCI embedded into a fine-grained matrix material similar to the rims. Other clasts are 510 

dominated by a clastic fine-grained matrix lacking chondrules and/or accretionary dust rims 511 

surrounding the latter (Figs. 1a,b; see more details in Patzek et al., 2018a). Within the 512 

population of CM-like clasts, we therefore observe different lithologies of CM2 chondrites, 513 

which all may originate from different parent bodies or from an impacting CM2-breccia 514 

showing all of the described lithologies (e.g., Metzler et al., 1992; Buchanan et al., 1993; 515 

Lindgren et al., 2013; Bischoff et al., 2017; Zolensky et al., 2017; Lentfort et al., 2019). Such 516 

a breccia may then disintegrate in its primary lithologies during impact. Nevertheless, 517 

different lithologies in one CM-like clast can be observed as well (cf. Patzek et al., 2018a; e.g. 518 

EET 87513-01). As a side note shown in the results, the hydrogen isotopic composition of 519 

different components of the CM-like clasts, such as fine-grained matrix, accretionary dust 520 

rims, and TCI clumps, varies slightly (Fig. 3). Analyses of areas rich in TCI clumps are 521 

generally less enriched in D. This might be attributed to the process of aqueous alteration on 522 

the respective parent body and is accompanied by changes in other isotope systems, the 523 

mineralogy, and the structure of organic matter (Van Kooten et al., 2018). However, the data 524 

still overlap with literature data of bulk CM chondrites as well as with tochilinite-rich 525 

micrometeorites analyzed by Gounelle et al. (2005) (ranging in δD from -240 to +10 ‰; Fig. 526 

7). Oxygen isotope analyses of similar clasts have been carried out in various studies and also 527 

support a link to CM chondrites (Buchanan et al., 1993; van Drongelen et al., 2016, Patzek et 528 

al., 2018b). 529 
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Taking all features of these clasts into account, the CM-like clasts seem to be clearly 530 

related to CM2 chondrites. High textural and mineralogical variability reflects the brecciation 531 

of most CM2 chondrites (e.g. Metzler et al., 1992; Zolensky et al., 1997, 2017; Rubin et al., 532 

2007; Bischoff et al., 2006, 2017; Lentfort et al., 2019). 533 

From a correlation between D-/H- and C-/H- Piani et al. (2018) inferred the D/H ratio 534 

of water in several CM chondrites by extrapolating D-/H- to C-/H- = 0. In principle we could 535 

do the same with the data for CM clasts. However, it should be noted that observed C/H ratios 536 

in our work extend to higher values than those of Piani et al. (2018) because of the much 537 

smaller spatial scale of our analyses and data reduction procedure. If we focus only on those 538 

C/H ratios in the range reported by Piani et al. (2018), i.e., 13C-/H- < ⁓0.02 which corresponds 539 

to C/H < ⁓0.3 in our work, then for CM clasts in EET 87513 and NWA 7542 there are good 540 

correlations between D/H and C/H (Fig. S1; a linear regression gives χ2 values of 1.02 and 541 

1.07, respectively). By extrapolating to C/H = 0 we obtain δD = +59 ± 45 ‰ for EET 87513 542 

and δD = -69 ± 27 ‰ for NWA 7542. These values are higher than what was inferred by Piani 543 

et al. (2018) for the water component in most CM chondrites (δD ⁓ -340 ‰) but are fully 544 

compatible with what was inferred for the least altered part of the CM chondrite Paris (δD = -545 

69 ± 163 ‰), although CM-like clasts studied here are not of petrologic type 2.8 but rather 546 

2.4 - 2.6. 547 

5.5. CI-like clasts from different breccias originate from different parent bodies 548 

Since the mineralogy and thermal history of CI-like clasts from different host rocks is very 549 

similar (cf. Patzek et al., 2018a; Visser et al., 2018), the isotopic data of CI-like clasts from 550 

each host rock can therefore be compared to each other and to carbonaceous chondrites. This 551 

led to the observation of significant differences between the different materials. 552 

Comparing the CI-like clasts from HEDs with CI chondrites in general, one has to 553 

consider the brecciated character and the different lithologies of CI chondrites. All CI 554 

chondrites are regolith breccias consisting of lithologies having different mineralogy and 555 

“bulk” chemistry (Endress et al., 1994; Morlok et al., 2006). A direct comparison to a 556 

“typical” CI chondrite may therefore not be feasible. Nevertheless, the δD of Ivuna varies 557 

from -170 to +950 ‰ (average of ~200 ‰), which overlaps with the range of the CI-like 558 

clasts from HEDs and ordinary chondrites but is clearly distinct from that of CI-like clasts 559 

from ureilites (Figs. 4,8; see next paragraph). The hydrogen isotopic composition of the CI-560 

like clasts in HEDs (δD from +200 to +640 ‰) overlaps with data obtained for slightly 561 

different subtypes (magnetite-rich, olivine-rich/-poor microxenoliths) by Gounelle et al. 562 

(2005) also obtained in HEDs (δD from -280 to +300 ‰). This suggests that CI-like clasts 563 

from HEDs and those from ordinary chondrites are related to CI chondrites. The highly 564 
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brecciated nature of CI chondrites may further explain the mineralogical variation of CI-like 565 

clasts in HEDs. 566 

Despite the textural and mineralogical similarities between CI-like clasts from HEDs 567 

and those from polymict ureilites and CR chondrites, the hydrogen isotopic compositions of 568 

CI-like clasts from HEDs differ significantly (Figs. 4,8) compared to those from polymict 569 

ureilites and CR chondrites. The CI-like clasts from ureilites show a much wider range in 570 

their hydrogen isotopic composition, ranging from the upper value of CI chondrites to values 571 

exceeding those of CR chondrites (Fig. 4). In general, the overall δD signatures of CI-like 572 

clasts in polymict ureilites are clearly different from those in Ivuna (Fig. 8), while C/H and 573 

Si/H ratios are similar. This implies again that the overall element abundances in the 574 

phyllosilicate-rich matrix are similar, however the isotopic composition differs. 575 

When comparing CI-like clasts from different meteorite groups with mineralogical 576 

data from Bells, none of the CI-like clasts from the investigated meteorites match the typical 577 

characteristics of Bells (e.g. abundant chondrules and anhydrous silicate fragments, although 578 

Bells is also rich in magnetite). Taking the δD signatures and the mineralogical features into 579 

account, it is unlikely that they originate from the same parent body (Fig. 9).  580 

The δD values of selected CI-like areas in Essebi yield similar values to Essebi’s bulk value 581 

of +340 ‰ (Fig. 9; Alexander et al., 2012). Comparing Essebi with CI-like clasts from 582 

ureilites, Essebi has more chondrules and anhydrous mineral fragments compared to CI-like 583 

clasts in ureilites (Figs. 1 and 2; Table 2). Thus, based on the mineralogy and δD signatures, 584 

we cannot establish a link between CI-like clasts from ureilites and Essebi . 585 

Literature data of bulk samples (Engrand et al., 2003; Alexander et al., 2012) are 586 

compatible with the average δD value of Tagish Lake from this work when ignoring spots 1 587 

and 2 (Fig. 9). Since the count rates of these two spots were one order of magnitude higher 588 

and their δD signature is clearly different from the other spots measured on Tagish Lake, 589 

these spots might be contaminated by terrestrial weathering. This is also in agreement with 590 

textural evidence for diffusive Fe-enrichment and cross-cutting Fe-enriched veins, which can 591 

be observed in the SEM. Thus, based on mineralogical aspects, the high matrix porosity, and 592 

the maximum δD value of 1400 ‰, we cannot establish a link between Tagish Lake and CI-593 

like clasts from ureilites (Fig. 1; Table 2), although Tagish Lake does contain areas similarly 594 

enriched in magnetite grains.  595 

The obtained δD-signatures of CI-like clasts in the CR chondrite Al Rais are lower 596 

compared to those from Renazzo (+740 to +1520 ‰ vs. +1730 to 2480 ‰; Table 3; Figs. 4, 597 

9). These values overlap quite well with the data for CI-like clasts in polymict ureilites 598 

ranging from +950 to ~+3100 ‰ (Table 3; Figs. 4,8). In general, bulk CR chondrites are 599 
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enriched in D, and IOM can be highly-enriched up to >2500 ‰ (Guan and Zolensky, 1997; 600 

Alexander et al., 2007, 2012; Bonal et al. 2013). δD-signatures obtained from matrix material 601 

of Renazzo (i.e., not CI-like clasts) yield enrichments of ~1590 ‰ on average, indicating a 602 

slightly lower enrichment in D when compared to CI-like clasts in Renazzo itself (Fig. 8). The 603 

D/H ratios of matrix material are clearly higher than the bulk D/H data from the literature (δD 604 

= 703 ‰; Alexander et al., 2012). There are several explanations to account for this 605 

discrepancy: (i) All matrix measurements reported here were made in close proximity (~100 606 

µm) of a CI-like clast, and it cannot be excluded that isotope equilibration between H from 607 

the clast and from the surrounding matrix material accounts for this. (ii) It is possible that 608 

(true) large-scale D/H heterogeneities exist in Renazzo. These possible heterogeneities have 609 

been reported earlier by Bonal et al. (2013) (iii) If Renazzo samples would have been 610 

inappropriately stored for almost 200 years, D/H ratios might have been affected in different 611 

samples differently. However, this explanation is rather speculative since storage conditions 612 

of these historical samples are generally good. 613 

The chondrules found within the clasts in polymict ureilites are significantly smaller 614 

than the average chondrule size in CR chondrites (Weisberg et al., 1993). CI-like clasts in CR 615 

chondrites occasionally contain “microchondrules” with sizes of ~100 µm, which are very 616 

similar in size to the two observed chondrules (~100 µm and ~150 µm) and well below the 617 

common chondrule sizes in CR chondrites (Weisberg and Prinz, 1991; Bischoff et al., 1993a; 618 

Weisberg et al., 1993; Endress et al., 1994). Taking the similar mineralogy (especially the 619 

occasional occurrence of microchondrules), chemical compositions, and the δD values of the 620 

CI-like clasts in CR chondrites and in polymict ureilites into account, they might share a 621 

common origin (Table 2; Fig. 8). In case of the CR chondrites, the CI-like clasts had to be 622 

incorporated into the final parent body after the last episode of aqueous alteration on the first 623 

generation CR chondrite parent body, since the clasts show clear borders to chondrule rims 624 

and “normal” CR matrix (Endress et al., 1994) and the bulk rocks are unbrecciated on the thin 625 

section scale. Thus, the aqueous alteration, which led to the alteration of the CI-like parent 626 

body (the precursor rocks of the CI-like clasts), could not have happened after the accretion of 627 

the CR chondrites as discussed in detail by Patzek et al. (2018a). Taking the formation age of 628 

the CR chondrite parent body into account (>4 Ma after CAI; Schrader et al., 2017), and since 629 

the alteration of the clasts must have happened before incorporation, these clasts were formed 630 

and altered very early in the Solar System. Mn-Cr dating of carbonates within these clasts 631 

may help to constrain the episode(s) of alteration, but requires further surveys to identify a 632 

sufficient amount with sizes allowing in-situ dating. 633 
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5.6. Evidence for D-rich ices? 634 

As previously discussed, the H in aqueously-altered chondrites can be bound as a OH 635 

component in phyllosilicates formed during the reaction of the anhydrous silicates with water 636 

and in organic matter (either in SOM or IOM). Following, the δD signature is a mixture of 637 

different components, which can have different D/H ratios. As shown in Fig. 5, positive, 638 

statistically significant correlations between δD and Si/H ratios can be seen for CI-like clasts 639 

from polymict ureilites EET 83309 and DaG 999 and the CR chondrite Al Rais. Linear 640 

regressions of D/H vs. Si/H in CI-like clasts yield D/H = (4.69 ± 0.41) × 10-5 × Si/H + (3.34 ± 641 

0.10) × 10-4 (χ2=2.11, included in errors) for EET 83309, (7.03 ± 1.14) × 10-5 × Si/H + (2.04 ± 642 

0.23) × 10-4 (χ2=1.80, included in errors) for DaG 999, and (2.45 ± 0.09) × 10-5 × Si/H + (2.59 643 

± 0.09) × 10-4 (χ2=1.54, included in errors) for Al Rais. Additionally, the CI-like clasts from 644 

ureilites DaG 999, and CR chondrite Renazzo show a positive correlation between δD and the 645 

C/H ratio (Fig. 5), as observed for whole-rock data of some primitive carbonaceous chondrites 646 

and in the in situ studies by SIMS of CM chondrites (Piani et al., 2018) and CV chondrites 647 

(Piani and Marrocchi, 2018). Linear regressions yield D/H = (9.83 ± 1.95) × 10-4 × C/H + 648 

(2.64 ± 0.19) × 10-4 for DaG 999 (χ2=0.40) and (3.47 ± 0.42) × 10-4 × C/H + (3.41 649 

± 0.17) × 10-4 (χ2=1.45, included in errors) for Renazzo. All zero intercepts indicate D/H 650 

ratios higher than SMOW in CI-like clasts with δD values between 300 and 1200 ‰. The 651 

correlations suggest the presence of a Si-rich, H-poor, and C-poor component with high D/H 652 

(e.g., δD ~3000 ‰ as similarly observed for D-rich phyllosilicates in CR and ordinary 653 

chondrites; Deloule and Robert, 1995), a C-rich component with high D/H (organics), and a 654 

Si-poor and C-poor component with comparatively low D/H. Since phyllosilicates (Si-rich) in 655 

the CI-like clasts are a dominant phase and the δD-signature correlates positively with the 656 

Si/H ratio, it seems reasonable to attribute this to an apparent enrichment of D within the 657 

phyllosilicates. D-rich OH bound in phyllosilicates together with D-rich organics may explain 658 

the overall enrichment in D compared to the other type of clasts. These D-rich signatures 659 

bound in the phyllosilicates could either be the result of a homogenization during aqueous 660 

alteration with the D-rich organics or a primary signature resulting from the incorporation of 661 

D-rich ices into the parent body(ies) of the CI-like clasts in ureilites. A similar scenario might 662 

be true for the CI-like clasts in CR chondrites, although we only observe a positive correlation 663 

of δD with Si/H for the clasts in Al Rais. 664 

Whether D-rich water in phyllosilicates is a proxy for the signature of the original 665 

water modifying this material is unclear because exchange reactions or diffusive loss can 666 

never be ruled out, although the peak temperature for the CI- and CM-like clasts has been 667 

determined to be 65±25 °C, arguing against any quantitative loss of H from phyllosilicates 668 
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(Visser et al. 2018). Robert and Deloule (1995) clearly pointed out that phyllosilicates in 669 

Renazzo and Semarkona are carriers of D-rich water. Likely production mechanisms for D-670 

rich water are ion-molecule reactions in cold and dense regions of the Solar System’s 671 

molecular cloud core or protoplanetary disk. These pristine D-rich ices may have later reacted 672 

with anhydrous silicates in the solar nebula to form D-rich phyllosilicates present in the CI-673 

like clasts in ureilites. In contrast, the water incorporated into the parent body(ies) of the CI-674 

like clasts in the ordinary chondrite Sahara 98645, of those in the HED NWA 7542, and of 675 

CM-like clasts could have been formed at heliocentric distances similar to those of CI 676 

chondrites within the solar nebula. It has also been shown by Piani et al. (2018) that the CM 677 

chondrite Paris has been altered by water enriched in D relative to other CM chondrites. 678 

Based on this finding they propose a dual origin of water in carbonaceous chondrites in 679 

general and specifically in CM chondrites (Piani et al., 2018). This finding together with our 680 

results clearly favor a larger diversity of ice and water present in the early Solar System. 681 

5.7. Different primitive material in inner and outer Solar System breccias 682 

The existence of the CI-like clasts in several meteorite groups proves the existence of 683 

additional primitive material in the (early) Solar System besides the CI, CM, and CR 684 

chondrites. The CI-like clasts in CR chondrites and polymict ureilites experienced similar 685 

alteration histories, but they probably formed in different regions than other chondrites, e.g., 686 

the CI chondrites. The higher D enrichment of CI-like clasts in ureilites relative to CI 687 

chondrites might indicate that these clasts formed at even larger distance from the Sun and 688 

incorporated D-rich ices and organic material. Since the position of the snow line and the D/H 689 

ratio of the solar system evolved over time (e.g. Yang et al., 2013), it is not possible to 690 

determine the exact origin of these ices. Thus, the difference in D/H ratios might only reflect a 691 

spatial difference rather than a temporal one. The distribution of this material into achondrites 692 

is potentially the result of the disk instability introduced by the growth and movement of 693 

Jupiter. 694 

Since the CI-like clasts in ureilites and CR chondrites have a different δD signature 695 

when compared to CI chondrites, these clasts are better referred to as C1 clasts, which 696 

indicates only their petrologic type and shows they have no genetic relation to CI1 (Ivuna-697 

type) chondrites. This characterization is also supported by preliminary O isotope data (e.g. 698 

Patzek et al., 2019). How much of this early-formed material was available for the formation 699 

of the terrestrial planets or a late accretion onto them remains unknown, but it might have 700 

played an important role. Additionally, there are more samples from the early solar system 701 

available, e.g. interplanetary dust particles (IDPs) and Antarctic micrometeorites (AMMs). 702 
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However, these samples are generally of smaller sizes when compared to the clasts we are 703 

able to study in brecciated meteorites. 704 

Aleon et al. (2001) reported on some IDPs, which exhibit δD signatures on the order 705 

of 800 and 5000 ‰. These IDPs have a fluffy carbonaceous nature, but they do not have a 706 

typical CI-like mineralogy. Engrand and Maurette (1998) published a survey on the 707 

mineralogy of ~800 AMMs. A subset was analyzed also for D/H ratios, which are largely 708 

incompatible with those of CR chondrites or with CI-like clasts in ureilites. In general, 709 

investigations aiming on the nature of IDPs and AMMs (e.g. Prasad et al., 2018) propose that 710 

there is a large variety of material formed in the early Solar System, which might be available 711 

today only as clasts. This is in good agreement with our conclusions. 712 

6. Conclusions 713 

We obtained D/H ratios of several CI and CM-like clasts from several different meteorites. In 714 

addition, we report on D/H data of several carbonaceous chondrites. Interestingly, for Ivuna, 715 

Essebi, Bells, and Tagish Lake inferred average δD-signatures based on total integrated 716 

counts are only slightly higher than bulk data when available (e.g. Alexander et al., 2012), 717 

indicating that we are able to obtain comparable results on these complex carbonaceous 718 

chondrites using our approach, although it has been proposed that the emission of H from 719 

organics is usually favored when using Cs+ ions.  720 

Based on the mineralogy and δD signatures, three distinct groups of carbonaceous 721 

chondrite-like material have been identified as clasts:  722 

(1) CI-like clasts in HEDs and ordinary chondrites, which have a similar δD signature 723 

compared to CI chondrites and are also of petrologic type 1.  724 

(2) CI-like clasts in polymict ureilites and CR chondrites, which both have a similar 725 

mineralogy when compared to CI chondrites, but are more enriched in D. Thus, these types of 726 

clasts are better referred to as C1 clasts rather than CI-like. 727 

(3) CM-like clasts in HEDs, which are unambiguously CM chondrite fragments based on δD 728 

signatures, mineralogy, and O-isotopes (Buchanan et al., 1993; van Drongelen et al., 2016). 729 

Since C1 clasts from ureilites and those from CR chondrites are indistinguishable in 730 

their δD signature and mineralogy, they seem to share a common origin. This type of clast is 731 

not represented as individual bulk meteorite samples in today’s sample collections and can 732 

therefore bear important information about processes taking place in the early Solar System. 733 

Since CR chondrites are generally unbrecciated and the C1 clasts in them have sharp borders 734 

with surrounding material, the C1 clasts must have been available at the time of accretion of 735 

the final parent body. This makes it necessary for the aqueous alteration on the parent body of 736 
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the C1 clasts to have ended before the C1 clasts were incorporated into the CR chondrite 737 

parent body during accretion. Nonetheless, material from the C1 parent body had to have been 738 

distributed into the orbit of the ureilite parent body(ies) after its planetary differentiation; this 739 

material was then incorporated into the regolith of the ureilite parent body(ies). Whether this 740 

ureilite parent body was the first generation parent body or a re-accreted rubble pile asteroid 741 

after the catastrophic disruption cannot be answered based on the available data; however, 742 

from asteroid 2008 TC3 (Almahata Sitta) we know that different generations of ureilite parent 743 

bodies existed (Bischoff et al., 2010; Goodrich et al., 2014, 2017, 2018; Horstmann and 744 

Bischoff, 2014). The existence of the C1 clasts in several meteorite groups proves the 745 

existence of additional primitive, volatile-rich material in the (early) Solar System besides the 746 

CI, CM, and CR chondrites, but maybe also apart from micrometeorites, which display a wide 747 

compositional and textural variety. The C1 clasts experienced a similar alteration history as 748 

the CI chondrites but probably formed in a different region. 749 
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Tables 979 

Table 1: List of samples and the analyzed clast types. 980 

sample group analyzed clast types analyzed area [µm2] 

NWA 7542 poly. Eucrite CM- and CI-like 1200 and 3200 

Saricicek Howardite CM-like 3200 

EET 87513 Howardite CM-like 4800 

Dar al Gani 319 poly. Ureilite CI-like 2800  

Dar al Gani 999 poly. Ureilite CI-like 800 

EET 83309 poly. Ureilite CI-like 4800 

Sahara 98645 H chondrite CI-like 1200 

Al Rais CR chondrite CI-like 3200 

Renazzo CR chondrite CI-like and “host matrix” 2000 and 1600 

Ivuna CI chondrite 2000 

Bells C2ung 2000 

Essebi C2ung  2000 

Tagish Lake C2ung 2400 

 981 

 982 

Table 2: Typical characteristics of CM- and CI-like clasts from various host meteorites. For 983 

more details of CI- and CM-like clasts, we refer to Patzek et al. (2018a). 984 

Type CM-like CI-like CI-like CI-like CI-like 

Host HED HED ureilites CR OC 

Size <100 µm  
to 5 mm 

<100 µm  
to 0.5 mm 

<100 µm  
to 5 mm 

<100 µm  
to 6 mm 

<100 µm  
to 0.5 mm 

Magnetite rare common common common common 

Sulfides pyrr, pent pyrr, rare 
pent 

pyrr, rare pent pyrr, rare 
pent 

pyrr, rare 
pent 

Anhydrous 

silicates 

common;  
chondrules and 
fragments 

very rare;  
fragments 

rare; fragments 
and chondrules 

rare; 
fragments  
and 
chondrules 

very rare;  
fragments 

Carbonates mostly 
calcite/aragonite 

rare; 
variable 
mineralogy 

rare; variable 
mineralogy 

rare; variable 
mineralogy 

rare-
abundant; 
variable 
mineralogy 

Remarks common TCI,  
accretionary  
dust rims 

rare 
phosphates 

rare phosphates rare 
phosphates 

 

Pyrr = pyrrhotite; pent = pentlandite; TCI=Tochilinite-Cronstedtite-Intergrowth  985 

 986 
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Table 3: δD values and D/H, C/H, and Si/H ratios of all analyzed areas sorted by meteorite 987 

groups and clast types. C/H and Si/H ratios are subject to systematic uncertainties due to 988 

possible matrix effects of at least a factor of 2. 989 

Sample Clast D/H × 106 ± 1σ  δD [‰] ± 1σ C/H Si/H Notes 

polymict ureilites 

Dar al Gani 319 CI-like (3) 

DaG 319-10 CI-like 333 ± 35 1135 ± 224 0.11 1.41 

DaG 319-5 CI-like 304 ± 43 949 ± 276 0.10 2.04 

DaG 319-3 CI-like 644 ± 45 3132 ± 286 0.38 1.76 

DaG 319-3 CI-like 545 ± 57 2501 ± 363 0.27 1.34 

DaG 319-3 CI-like 450 ± 48 1888 ± 309 0.17 1.44 

DaG 319-3 CI-like 488 ± 77 2133 ± 495 0.19 1.15 

DaG 319-3 CI-like 420 ± 48 1699 ± 308 0.15 1.58 

average 474 ± 19 2042 ± 122 0.22 1.57 

sd 287 0.04 0.11 

Dar al Gani 999 CI-like (2) 

DaG 999-06 CI-like 369 ± 24 1366 ± 156 0.07 2.43 

DaG 999-02 CI-like 338 ± 17 1168 ± 110 0.10 1.63 

average 346 ± 16 1224 ± 103 0.08 1.86 

EET 83309 CI-like (4) 

EET 83309-9 CI-like 500 ± 16 2207 ± 105 0.45 3.27 

EET 83309-9 CI-like 426 ± 11 1738 ± 70 0.56 2.16 

EET 83309-9 CI-like 510 ± 15 2276 ± 96 0.68 3.03 

EET 83309-9 CI-like 498 ± 23 2197 ± 148 0.23 2.23 

EET 83309-10 CI-like 491 ± 20 2151 ± 131 0.42 2.40 

EET 83309-10 CI-like 529 ± 22 2394 ± 138 0.64 2.26 

EET 83309-10 CI-like 524 ± 55 2361 ± 356 0.61 3.28 

EET 83309-6 CI-like 430 ± 12 1758 ± 76 0.39 2.33 

EET 83309-6 CI-like 413 ± 15 1650 ± 95 0.32 1.75 

EET 83309-6 CI-like 420 ± 12 1698 ± 79 0.60 2.02 

EET 83309-5 CI-like 438 ± 11 1812 ± 68 0.48 2.47 

EET 83309-5 CI-like 431 ± 10 1769 ± 61 0.48 1.72 

average 447 ± 8 1868 ± 49 0.50 2.24 

sd 82 0.04 0.15 

CI-like clasts in 

ureilites average 1904 0.35 2.08 

sd 112 0.04 0.13 

ordinary chondrite 

Sahara 98645 CI-like 

(1) 

Sah 98645-1 CI-like 160 ± 21 26 ± 132 0.09 1.28 
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Sah 98645-1 CI-like 198 ± 26 271 ± 165 0.15 1.94 

Sah 98645-1 CI-like 111 ± 41 -285 ± 266 0.10 1.91 

average 171 ± 15 98 ± 98 0.12 1.60 

sd 161 0.02 0.22 

HED 

NWA 7542 CI-like (3) 

NWA 7542-1 CI-like 198 ± 9 269 ± 60 0.73 3.35 

NWA 7542-1 CI-like 217 ± 11 396 ± 68 0.78 3.50 

NWA 7542-1 CI-like 187 ± 6 199 ± 38 0.74 2.13 

NWA 7542-7 CI-like 255 ± 21 639 ± 134 0.49 4.59 

NWA 7542-7 CI-like 190 ± 8 223 ± 54 0.84 2.72 

NWA 7542-7 CI-like 191 ± 10 227 ± 61 0.59 3.11 

NWA 7542-6 CI-like 215 ± 12 379 ± 79 0.24 3.23 

NWA 7542-6 CI-like 202 ± 11 297 ± 70 0.33 3.45 

average 197 ± 4 268 ± 28 0.65 2.88 

sd 51 0.08 0.25 

Saricicek CM-like (2) 

Saricicek-1 CM-like 208 ± 9 338 ± 55 0.10 1.42 matrix 

Saricicek-1 CM-like 198 ± 8 269 ± 50 0.09 0.93 matrix 

Saricicek-1 CM-like 203 ± 8 306 ± 50 0.08 0.67 matrix 

Saricicek-2 CM-like 205 ± 8 319 ± 53 0.16 1.06 matrix 

Saricicek-1 CM-like 193 ± 7 237 ± 47 0.10 0.73 matrix/TCI 

Saricicek-1 CM-like 181 ± 7 160 ± 44 0.04 0.73 matrix/TCI 

Saricicek-1 CM-like 147 ± 6 -56 ± 37 0.02 0.40 TCI 

Saricicek-2 CM-like 121 ± 5 -223 ± 32 0.04 0.16 TCI 

average 180 ± 3 155 ± 22 0.07 0.71 

sd 72 0.02 0.14 

EET 87513 CM-like (2) 

EET 87513-02 CM-like 193 ± 8 242 ± 49 0.11 0.89 matrix 

EET 87513-02 CM-like 209 ± 8 340 ± 53 0.16 1.07 matrix 

EET 87513-02 CM-like 203 ± 8 301 ± 51 0.18 0.93 matrix 

EET 87513-01 CM-like 191 ± 8 229 ± 51 0.10 1.21 matrix/TCI 

EET 87513-01 CM-like 199 ± 8 275 ± 52 0.10 1.14 matrix/TCI 

EET 87513-01 CM-like 181 ± 7 161 ± 46 0.05 0.95 matrix/TCI 

EET 87513-02 CM-like 185 ± 7 185 ± 46 0.05 0.67 matrix/TCI 

EET 87513-02 CM-like 186 ± 7 194 ± 48 0.06 0.99 matrix/TCI 

EET 87513-02 CM-like 161 ± 6 36 ± 41 0.03 0.58 TCI 

EET 87513-01 CM-like 158 ± 6 15 ± 40 0.01 0.48 TCI 

EET 87513-02 CM-like 154 ± 6 -12 ± 38 0.01 0.37 TCI 

EET 87513-02 CM-like 163 ± 6 44 ± 41 0.02 0.59 TCI 

average 179 ± 3 150 ± 21 0.07 0.77 

sd 35 0.02 0.08 
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NWA 7542 CM-like (1) 

NWA 7542-10 CM-like 202 ± 9 299 ± 60 0.24 3.54 matrix 

NWA 7542-10 CM-like 160 ± 4 25 ± 29 0.04 1.48 TCI 

NWA 7542-10 CM-like 147 ± 4 -58 ± 25 0.05 1.10 TCI 

average 157 ± 3 7 ± 21 0.06 1.46 

sd 108 0.07 0.76 

CM-like clasts in HED average 104 0.07 0.96 

sd 32 0.01 0.14 

CR chondrites 

Al Rais CI-like (3) 

Al Rais-1 CI-like 338 ± 8 1172 ± 54 0.59 2.18 

Al Rais-1 CI-like 348 ± 11 1237 ± 73 0.50 3.55 

Al Rais-1 CI-like 270 ± 6 737 ± 41 0.62 1.86 

Al Rais-1 CI-like 299 ± 10 920 ± 67 0.86 2.48 

Al Rais-4 CI-like 350 ± 10 1246 ± 65 0.25 2.66 

Al Rais-4 CI-like 346 ± 11 1221 ± 72 0.32 3.08 

Al Rais-3 CI-like 364 ± 15 1336 ± 97 0.29 3.50 

Al Rais-3 CI-like 392 ± 18 1517 ± 113 0.26 3.71 

average 321 ± 6 1062 ± 37 0.52 2.51 

sd 86 0.08 0.24 

Renazzo CI-like (2) 

Renazzo-1 CI-like 434 ± 22 1789 ± 144 0.37 3.60 

Renazzo-1 CI-like 425 ± 18 1729 ± 113 0.32 2.52 

Renazzo-1 CI-like 494 ± 20 2170 ± 127 0.41 2.10 

Renazzo-2 CI-like 541 ± 26 2476 ± 167 0.52 3.53 

Renazzo-2 CI-like 534 ± 24 2427 ± 157 0.42 3.31 

average 477 ± 10 2062 ± 64 0.39 2.71 

sd 156 0.03 0.30 

CR chondrite all CI-

like average 1537 0.44 2.93 

sd 153 0.05 0.18 

Renazzo Matrix 

Renazzo Matrix Matrix 374 ± 16 1402 ± 102 0.19 2.33 

Renazzo Matrix Matrix 433 ± 17 1779 ± 108 0.39 1.77 

Renazzo Matrix Matrix 370 ± 14 1373 ± 92 0.26 1.65 

Renazzo Matrix Matrix 443 ± 18 1846 ± 116 0.50 1.55 

average 403 ± 8 1587 ± 51 0.33 1.78 

sd 124 0.07 0.17 

CI chondrite Ivuna 
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Ivuna 303 ± 22 948 ± 139 0.96 3.84 

Ivuna 212 ± 16 363 ± 100 0.62 2.91 

Ivuna 175 ± 5 123 ± 31 0.30 1.00 

Ivuna 129 ± 48 -169 ± 309 0.79 4.56 

Ivuna 232 ± 15 489 ± 95 0.99 2.89 

average 188 ± 5 207 ± 30 0.41 1.43 

sd 187 0.13 0.60 

C2 chondrites 

Bells 239 ± 7 535 ± 42 0.83 1.53 

Bells 235 ± 11 509 ± 69 0.85 2.16 

Bells 210 ± 6 351 ± 39 0.93 1.86 

Bells 197 ± 6 266 ± 37 0.96 1.36 

Bells 208 ± 6 333 ± 37 0.64 1.90 

average 215 ± 4 380 ± 26 0.83 1.70 

sd 52 0.06 0.14 

Essebi 263 ± 17 687 ± 110 0.29 4.25 

Essebi 225 ± 6 446 ± 40 0.50 1.50 

Essebi 192 ± 4 231 ± 28 0.57 0.77 

Essebi 283 ± 11 818 ± 74 0.51 2.78 

Essebi 297 ± 26 904 ± 167 0.53 4.49 

average 212 ± 4 362 ± 27 0.53 1.30 

sd 124 0.05 0.73 

Tagish Lake (1) 172 ± 4 103 ± 23 0.68 0.40 

Tagish Lake (2) 161 ± 3 32 ± 19 0.58 0.31 

Tagish Lake (3) 296 ± 16 899 ± 100 0.75 2.83 

Tagish Lake (4) 375 ± 21 1406 ± 136 0.44 4.49 

Tagish Lake (5) 260 ± 11 668 ± 70 0.74 3.59 

Tagish Lake (6) 272 ± 11 746 ± 72 0.96 4.23 

average (3-

6) 285 ± 8 828 ± 49 0.77 3.81 

sd (3-6) 166 0.11 0.37 

average all 174 ± 3 120 ± 19 0.63 0.63 

  sd all       210     0.07 0.76   

 990 

Number of clasts analyzed is shown in parentheses; sd = standard deviation of mean; C/H and 991 

Si/H ratios are given in atom%. 992 

 993 

 994 

 995 
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Figure captions 996 

 997 

Fig. 1: (a) CM-like clast (no. 11) within the polymict eucrite NWA 7542 contains chondrules 998 

or mineral fragments of Mg-rich olivine and pyroxene, which are surrounded by fine-grained 999 

rims. Additionally, Fe-rich lumps of tochilinite are spread throughout the clast. All 1000 

components are embedded in a fine-grained matrix. (b) CM-like clast in the howardite 1001 

Saricicek. TCIs, one CAI, carbonate grains and areas with clastic matrix can be found. (c) 1002 

Area in Ivuna that is dominated by phyllosilicate matrix and magnetite grains. (d) Matrix from 1003 

C2 chondrite Bells containing magnetite and olivine of different compositions. The matrix 1004 

porosity is higher compared to that of Ivuna. (e) C2 chondrite Essebi is less enriched in 1005 

magnetite grains than Bells and contains various fragments, which are enriched in Fe. 1006 

Silicates are also more Fe-rich compared to those in Bells. (f) Matrix fragment (CI-like) in the 1007 

Tagish Lake C2 chondrite sitting in a highly porous matrix consisting of phyllosilicates and 1008 

anhydrous silicates such as olivine and pyroxene.  Images are in BSE. Chd= chondrule; 1009 

CAI= calcium aluminum-rich inclusion; TCI= tochilinite-cronstedtite intergrowth; Mag 1010 

= magnetite; ol= olvine. 1011 

 1012 

 1013 

Fig. 2: (a) CI-like clast in the polymict eucrite NWA 7542, which is dominated by 1014 

phyllosilicate matrix and magnetite grains. One Fa-rich olivine (ol) can be found in the center 1015 

of the clast. (b) CI-like clast in the howardite Saricicek, containing magnetite grains 1016 

embedded in an Fe-rich phyllosilicate matrix. (c) CI-like clast in the polymict ureilite DaG 1017 

319 with magnetite grains and framboids embedded within phyllosilicates. (d) CI-like clast in 1018 

the polymict ureilite EET 83309 with a similar mineralogy. Additionally, it contains a now-1019 

filled pore space or pit with grains of lath-shaped pyrrhotite. (e) CI-like clasts from the 1020 

polymict ureilite DaG 999. Common magnetite grains and a chondrule can be found. (f) CI-1021 

like clast in the CR chondrite Al Rais containing magnetite grains and lath-shaped pyrrhotite 1022 

embedded within phyllosilicates. Images in BSE; ol= olivine; mag= magnetite; 1023 

pyrr =pyrrhotite; phos= phosphate; chd= chondrule.  1024 

1025 
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 1026 

Fig 3: δD values of five CM-like clasts in the HED meteorites NWA 7542 (diamond), 1027 

Saricicek (triangle), and EET 87513 (circles) range from -220 to +340 ‰. The weighted 1028 

averages are shown by the larger symbols and errors are 1σ. Areas rich in TCI clumps are 1029 

generally less enriched in D relative to more “matrix” dominated areas and are shown in light 1030 

red (for Saricicek and EET 87513). The number of clasts is given in brackets. 1031 

 1032 

 1033 

 1034 

Fig. 4: δD values of single analyses carried out on different clasts. The data are sorted by the 1035 

host meteorite and their weighted averages are shown by the larger symbols. Analyses of 1036 

matrix areas in CI-like clasts from polymict ureilites DaG 319, DaG 999, and EET 83309 1037 

range from +950 to +3100 ‰. CI-like clasts in the CR chondrites Al Rais and Renazzo have 1038 

δD values from +740 to +2480 ‰. δD in a CI-like clast in the OC chondrite Sahara 98645 1039 

ranges from -290 to +270 ‰. C2 chondrites Bells, Essebi, and Tagish Lake have δD values 1040 

from +260 to +540 ‰, +230 to +900 ‰, and +100 to +1400 ‰, respectively. Matrix areas in 1041 

the CI chondrite Ivuna have δD values from -170 to +950 ‰. The number of clasts is given in 1042 

brackets and errors are 1σ. 1043 

 1044 

 1045 

 1046 

Fig. 5: D/H vs. Si/H and D/H vs. C/H ratios of 1.25  x 1.25 µm²-sized areas in CI-like clasts in 1047 

ureilites (EET 83309, DaG 319, and DaG 999) and CR chondrites (Al Rais and Renazzo), and 1048 

in the matrix of Renazzo and Ivuna. See text for details on data binning. For CI-like clasts in 1049 

ureilites EET 83309 and DaG 999, there are positive correlations between D/H and Si/H , and 1050 

for DaG 999 also for D/H vs. C/H. While D/H and Si/H ratios in CI-like clasts in Al Rais are 1051 

positively correlated, this is not the case for CI-like clasts (and matrix) in Renazzo. In 1052 

contrast, there are positive correlations between D/H and C/H in Renazzo, while this is not the 1053 

case in Al Rais. For matrix in Ivuna, D/H and C/H are positively correlated but not D/H and 1054 

Si/H. Si/H and C/H ratios of all samples span roughly the same ranges. C/H and Si/H ratios 1055 

are subject to systematic uncertainties due to possible matrix effects (see section 2). Errors are 1056 

1σ. 1057 

1058 
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Fig. 6: (a) The H and C ion images of this area in Bells are well correlated. A D-rich hotspot, 1059 

with C/H = 1.4 and ~1 µm in size, can be seen in the D/H image (white circle); the δD value 1060 

is 16800 ± 1600 ‰. The yellow circle encases a C-rich grain with normal D/H (120 ± 260 ‰, 1061 

C/H = 1.1). (b) The H and C ion images of this area in Al Rais are well correlated. A D-rich 1062 

hotspot, with C/H = 1.2 and ~600 nm in size, can be seen in the D/H image (white circle); the 1063 

δD value is 24000 ± 3000 ‰. The yellow circle encases a C-rich grain with normal D/H (130 1064 

± 300 ‰, C/H = 1.3). (c) A D-rich hotspot in a CM-like clast in Saricicek, with C/H = 0.35 1065 

and ~1 µm in size, can be seen in the D/H image (white circle); the δD value is 6200 ± 500 1066 

‰. Scale bar in each image represents 5 µm. 1067 

 1068 

 1069 

Fig. 7: The δD signatures of areas in CM-like clasts obtained in this study and the range of 1070 

literature data of similar clasts and bulk CM chondrites. The black bar represents bulk data for 1071 

several CM chondrites (**, Alexander et al., 2012), and the grey bar gives the range of data 1072 

obtained by Gounelle et al. (2005) for tochilinite-rich micrometeorites (***).Weighted 1073 

averages of δD values of clasts obtained in this study (black open symbols) agree with 1074 

literature data on bulk CM chondrites and data for tochilinite-rich micrometeorites obtained 1075 

by Gounelle et al. (2005) within 2σ. The variation of individual data of single samples is large 1076 

due to variation in the mineralogy.  1077 

 1078 

 1079 

 1080 

 1081 

Fig. 8: Ranges of δD values of individual measurement spots (colored bars) and weighted 1082 

averages (symbols within colored bars) for samples from this study. δD-signatures of CI-like 1083 

clasts obtained from the ureilites (DaG 319, DaG 999, and EET 83309, all yellow) are 1084 

enriched in D by +950 to +3100 ‰. This range is similar to CI-like clasts in the CR 1085 

chondrites Al Rais and Renazzo, which are enriched in D by +700 to +2500 ‰, respectively, 1086 

and which show similar enrichments compared to CI-like clasts in ureilites. In addition, The 1087 

CI-like clasts in CR chondrites are similarly enriched in D compared to the Renazzo matrix 1088 

(black bar). Our range in δD for Renazzo matrix is higher compared to bulk data of CR 1089 

chondrites obtained by Alexander et al. (2012, **). CI-like clasts in the polymict eucrite 1090 

NWA 7542 and the H chondrite Sahara 98645 are only slightly enriched in D and overlap 1091 

with data obtained for Ivuna and magnetite(Mt)-rich olivine-poor/-rich micro-xenoliths in 1092 

HEDs (Gounelle et al., 2005, *). Data obtained for Ivuna are in good agreement with bulk 1093 
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data for CI chondrites obtained by Alexander et al. (2012, **); CCM  = carbonaceous 1094 

chondrite microexenoliths. 1095 

 1096 

 1097 

 1098 

Fig. 9: The δD signatures of areas in Bells, Essebi, Tagish Lake, and CI-like clasts from 1099 

ureilites compared to literature data. Filled bars are data of this study. Weighted averages are 1100 

given as symbols within the filled bars. Two weighted averages are given for Tagish Lake 1101 

with the small triangle including highly H-rich (presumably terrestrial altered) regions and the 1102 

large triangle excluding it. Single symbols are literature data from bulk samples obtained by 1103 

Engrand et al. (2003) and Alexander et al. (2012). δD-data for Tagish Lake (b), Essebi (c), 1104 

and Bells (d) from this study agree with those of bulk data within 2σ uncertainties. Even 1105 

though CI-like clasts in ureilites and those from CR chondrites (a) partly overlap with Tagish 1106 

Lake, their mineralogy and average δD values differ significantly. See discussion for details. 1107 

 1108 

 1109 

 1110 

Fig. S1: D/H vs. Si/H and D/H vs. C/H ratios of 1.25  x 1.25 µm²-sized areas in Tagish Lake, 1111 

for CI-like clasts in the polymict eucrite NWA 7542 and the H chondrite Sahara 98645 as 1112 

well as data for CM-like clasts in NWA 7542, EET 87513 and Saricicek. C/H and Si/H ratios 1113 

are subject to systematic uncertainties due to possible matrix effects (see section 2). 1114 

Additionally, D/H vs. Si/H and D/H vs. C/H ratios for Bells and Essebi are shown. Errors are 1115 

reported as 1σ.  1116 






















