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Abstract 

After accretion of meteorite parent bodies, larger and smaller collisions have led to significant 

modifications of these bodies. Involved processes include excavation of material, thermal 

metamorphism, melting, mixing of different materials, re-accretion, and re-lithification. All these 

processes can be repeated several times. In this study polished thin sections (PTS) of 2280 

chondrites (1193 H, 947 L, and 140 LL chondrites) were investigated in order to obtain the 

abundance of brecciated rocks among the ordinary chondrites. In addition, we have determined the 

abundance and characteristics of shock vein-bearing H, L, and LL chondrites and of impact melt 

rock clasts. We also recognized xenolithic components based on O-isotope studies. Noble gas data 

were considered in order to detect regolith breccias and to discuss late impact histories. The 

investigation of 2280 samples shows that 23% (276 of 1193) of the H chondrites, 23% (220 of 947) 

of the L chondrites, and 79 % (110 of 140) of the LL chondrites are brecciated. Considering the 

heavily-brecciated LL chondrites in 63 of the 140 chondrites (45%) shock veins were clearly 

detected. 57 of these 63 chondrites are brecciated rocks. The investigation of the H and L chondrites 

has shown that about 26% (310 of 1193) of the H chondrites and 40% (379 of 947) of the L 

chondrites contain shock veins. In our data-set 20% of the H chondrites and 8.3% of the LL 

chondrites, but only 3.0% of the L chondrites contain solar noble gases. Remarkably, about 62% of 

all brecciated H chondrites (with noble gases analyzed) contain solar noble gases compared to only 

around 11% and 10% of the brecciated L and LL chondrites, respectively. The identification of 

xenolithic clasts (e.g., CI-, CM-, and ureilite-like lithologies) in primitive type 3 chondrites 

indicates simultaneous accretion of clasts and chondrules. These clasts must have been formed early 

within the first 2 Ma on subsequently-destroyed precursor, first generation parent bodies. The 

formation of complex breccias witnesses the collisions between asteroids of very different 

lithologies and heritage. Although the onion-shell configuration of primordial parent bodies is 

necessary in order to form the chondrites with different degrees of metamorphic overprint 

(petrologic types 3-6) subsequent catastrophic fragmentation and reassembly to form asteroids with 

a rubble-pile structure are required to explain certain features discussed in this work. However, 

distinct peaks in the cosmic ray exposure age distributions indicate that not too many impacts in the 

last 100 Ma were responsible to deliver the majority of the ordinary chondritic meteoroids to Earth. 

Yet, this certainly does not tell anything about the number of “last-generation” parent bodies that 

exist in the asteroid belt, since S-type asteroids are the most abundant type of asteroid in the inner 

main belt and thought to be the parent bodies of ordinary chondrites. 

 



3 

 

1. INTRODUCTION 

 

Brecciated meteorites provide unique information about the history of asteroids and impacts on 

small bodies in our solar system and represent samples from a variety of parent bodies (e.g., Keil, 

1982; Stöffler et al., 1988; Bischoff et al., 2006).  

Due to collisions between large asteroids as well as less catastrophic impacts, different processes 

lead to the modification of meteorite parent bodies, the formation of new bodies, and new rock 

types. These processes include, e.g., accretion, excavation of material, thermal metamorphism, 

melting, mixing of different materials, re-accretion, and re-lithification (e.g., Bischoff and Stöffler, 

1992; Bischoff et al., 2006). All these processes can be repeated multiple times and may lead to 

meteorite breccias that contain a large variety of fragments and lithologies. Details on impact and 

cratering processes including the physical and mineralogical aspects are described in detail by 

Stöffler et al. (1988, 2018). Brecciation is a very important and characteristic process affecting 

meteorites; thus, many known meteorites are brecciated. High abundances of breccias occur among 

the carbonaceous chondrites (e.g., all CI and CM chondrites), mesosiderites, aubrites, and the HED 

meteorites (e.g., Bischoff et al., 2006). Also, ordinary chondrites are shocked to various degree 

(Stöffler et al., 1991) and are often heavily brecciated (e.g., Binns, 1967; Keil, 1982; Scott et al., 

1989; Stöffler et al., 1988; Bischoff et al., 1993a, 2006). In 1967, Binns (1967) studied 361 ordinary 

chondrites and identified ~66% LL chondrites as breccias as well as ~33% and ~20% as H and L 

chondrite breccias, respectively. Scott et al. (1989) published similar data concerning the 

abundances of breccias (H: 24%; L: 18%; LL: 58%). 

Furthermore, some fragments in polymict breccias represent xenolithic lithologies. In the past many 

foreign clasts within achondritic and chondritic breccias were often described as dark 

“carbonaceous” inclusions, but true CI- or CM-like clasts are rare (e.g., Zolensky et al., 1992, 1996; 

Bischoff et al., 1993b,c; Mittlefehldt, 1994; Endress et al., 1994; Rubin and Bottle, 2009; Funk et 

al., 2011; Patzek and Bischoff, 2015; Patzek et al., 2016, 2017, 2018). These and other foreign 

fragments may originate from unknown parent bodies or unknown lithologies from sampled parent 

bodies (e.g., Keil, 1982; Zolensky et al., 1992, 1996; Bischoff et al. 1993a, 2006; Horstmann and 

Bischoff, 2014). In this respect exceptional breccias are Kaidun (e.g., Zolensky et al., 1992; 

Zolensky and Ivanov, 2003) and Almahata Sitta (e.g., Bischoff et al., 2010; Goodrich et al., 2014; 

Horstmann and Bischoff, 2014), which both contain fragments of several different meteorite groups 

and classes. Kaidun consists of mm to sub-mm sized fragments of EH3-5, EL3, CV3, CM1-2, CI, 

and R chondrite fragments, which are mixed with numerous other unique lithologies (Ivanov, 1989; 
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Zolensky and Ivanov, 2003). The Almahata Sitta breccia contains different lithologies of ureilitic as 

well as other achondritic and chondritic lithologies including most petrologic types of EL and EH 

chondrites, and, additionally, H, L, LL, R, and C chondritic lithologies (e.g., Bischoff et al., 2010, 

2012, 2014, 2015, 2016; Horstmann et al., 2010; Zolensky et al., 2010; Horstmann and Bischoff, 

2014; Fioretti et al., 2017).  

The aim of this study is to reveal information about the abundance of brecciated meteorites and 

their significance among the H, L, and LL ordinary chondrites. We have studied thin sections of 

2280 chondrites. Preliminary results were published by Schleiting (2014, 2017) and Schleiting and 

Bischoff (2015, 2017) and details on some individual breccias were earlier studied by and with 

members of our group (e.g., Bischoff et al. 1993a, 2013a,b, 2017; Semenenko et al., 2001; Niemeier 

and Bischoff, 2006; Sokol et al., 2007a; Metzler et al., 2011; Funk et al., 2011; Dyl et al., 2012; 

Trigo-Rodriguez et al., 2014; Morlok et al., 2017). We also use published noble gas data available 

for ~12% of the meteorites studied here to recognize regolith breccias and to evaluate similarities 

and possible differences in cosmic-ray exposure age distributions between brecciated and non-

brecciated meteorites. 

 

2. SAMPLES, ANALYTICAL TECHNIQUES, AND BRECCIA DEFINITION 

2.1. Samples 

In this study, polished thin sections (PTS) of 1193 H, 947 L, and 140 LL chondrites were 

investigated in order to obtain the abundance of brecciated rocks among these chondrites (Table 1). 

A list of all samples studied with some further information is given in Table A1 of the Supplements 

and the appropriate explanations and notations of the Table are given in Chapter 2.2. All samples 

were available at the Institut für Planetologie (Münster) and the thin section size is given in Table 

A1. The thin section size can be very important as discussed in Chapter 2.4. Schleiting and Bischoff 

(2017) published preliminary results on the brecciation features found in PTS and hand-specimen. 

Since details on the brecciation of the hand-specimen were difficult to obtain in many cases, the 

discussed results of this work are solely based on the study of the polished thin sections, with some 

exceptions where the presence of solar-wind implanted noble gases indicates a regolith breccia. 

This was the case for the H chondrites Acfer 006, Acfer 095, Dimmitt, Fleming, Plainview, Pultusk, 

Tell, Gladstone, and the LL chondrite St. Mesmin. In addition, some meteorites that are listed as 

breccias in the MetBull database could not be identified as breccias in our thin sections. However, 

these meteorites were adopted as breccias in this study. 
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2.2. Explanations for Table A1 of the Electronic Supplement 

After the first column with the “Name” of the chondrite the second column shows the thin section 

number of the Institut für Planetologie (PL = Planetologie; like PL93116).  

The “Classification” of the chondrite is followed in the next column. This needs some explanations. 

Among the chondrites the chondrule size increases from H to LL chondrites and the metal 

abundance decreases in the same order. In some cases the database of the Meteoritical Bulletin lists 

chondrites like L(LL)3 or L/LL5. In these unclear cases of classification we have assigned the 

samples to a distinct class based on our estimate about the chondrule size and/or the abundance of 

metal. As an example, an L/LL5 sample can be either found in the list of the L5 or LL5 chondrites. 

Brecciated meteorites are indicated by a “√”. 

The “√” in the following column “Sh.V.” indicates the presence of shock veins in the sample. 

Under “Sh.V. Location” it is noted - if the shock veins cut through the whole meteorite (W.m.) or if 

they are restricted to individual fragments within a chondrite breccia. The determined shock degree 

“Sh.D” after Stöffler et al. (1991) is followed in the next column. 

The column “Noble /solar gases” indicates all meteorites with available noble gases (first “√” and 

with (second “√”) or without (-) trapped solar noble gases. The column “T-exp” lists cosmic-ray 

exposure ages (in Ma), based on cosmogenic noble gas data. The majority of these ages (printed in 

normal font) are from the He-Ne-Ar age compilations by Marti and Graf (1992) and Graf and Marti 

(1994, 1995). Some ages (given in italics) are based on more recent Ne analyses and calculated 

according to Dalcher et al., 2013), whereby a shielding correction was applied if the ratio 

(22Ne/21Ne)cos was ≥1.08 and an “average” shielding (corresponding to (22Ne/21Ne)cos = 1.11) was 

adopted otherwise.   

In the last column the size of the studied polished thin section is indicated (“PTS-size”). The size is 

given in cm2. 

Data on noble gases were taken from the compilation of Schultz and Franke (2004, and references 

therein) except for those of the meteorites Kosice (H5), NWA 869 (L3-6), and Vicencia (LL3.2) 

(Povinec et al., 2015; Welten et al., 2011; Keil et al., 2015). 

 

 

2.3. Analytical Techniques 
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The investigation of the PTS regarding the abundance of breccias and the shock vein-bearing 

chondrites was carried out with the optical light microscope (Zeiss Axiophot) at the Institut für 

Planetologie of the Westfälische Wilhelms-Universität (WWU) Münster. Images in transmitted 

(plane and crossed polarizers) and reflected light were taken with an integrated Olympus XC30-

camera. For the documentation of the results the software analySIS pro by Olympus was used.  

Imaging and characterization of shock veins were partly done with a JEOL 6610LV scanning 

electron microscope (SEM) at the Interdisciplinary Center for Electron Microscopy and 

Microanalysis (ICEM, Münster). Images were taken mainly using backscattered electrons (BSE); 

the attached EDX (Energy dispersive X-ray spectroscopy) system (INCA by Oxford Instruments) 

was used for mineral identification. 

The oxygen isotopic composition of olivine and pyroxene grains within three xenolithic clasts from 

the ordinary chondrite breccias Sahara 98645 (H3), Adrar 003 ((LL3.10), and NWA 5697 (L3) were 

obtained using the IMS1280-HR ion probe at the University of Heidelberg (Table 2). 16O, 17O, and 

18O were analyzed by utilizing a 10 keV Cs+ primary ion beam with a beam current of 4-5 nA 

sputtering an analyses area of 6x6 µm (20x4s). Pre-sputtering of 8x8 µm before each analysis was 

carried out to increase secondary ion yields. Negative ions were collected by Faraday cups and 

corrected for IMF by analyzing in-house San Carlos olivine and pyroxene grains, which have been 

pre-measured by laser fluorination mass spectrometry at the University of Göttingen. Baselines 

were determined separately with 400s integration time. MRP was set to ~7000 for 17O and ~2500 

for 16O and 18O. Charge compensation was accomplished by using the NEG. 

Results are reported in δ-notation versus VSMOW with typical precision of ±0.3 ‰ in δ18O and 

±0.5 ‰ in δ17O. 

 

2.4. Definition of different breccias and impact melt fragments in this work 

Breccias are rocks that contains clasts of one or different petrographic type(s), and/or may contain 

fragments of xenolithic rocks, or impact melt fragments. Rocks containing solar wind implanted 

noble gases are defined as “regolith breccias”. For the classification of brecciated ordinary 

chondrites, the petrologic types of the meteorites and their fragments were determined. The 

classification of brecciated meteorites is defined by the least equilibrated fragment within the 

meteorite. For example, if a chondrite breccia contains fragments of the petrologic types 3, 4 and 5, 

the bulk breccia is defined as a type 3-5 breccia (genomict-polymict). In this respect, the rock is 
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polymict based on the coexistence of clasts representing three different lithologies, but genomict 

because the clasts belong to the same compositional chondrite group (e.g., Wasson, 1974; Bischoff 

et al., 2006). If a meteorite contains fragments of petrologic types 5 and 6 it is declared as type 5-6 

breccia (genomict-dimict). Consequently, brecciated type 6 chondrites are always monomict 

breccias, as the occurrence of fragments with a lower petrologic type would change the 

classification of the meteorite breccia. A type 3 chondrite mentioned in the following study is not 

only a monomict type 3 rock, but also includes the breccia types X3-4, X3-5, and X3-6 (X = H, L, 

or LL). The abundance of various types of rock in the breccia is insignificant. 

Microscopic studies reveal that type 3 and type 4 H-group ordinary chondrites contain many more 

mineral and chondrule fragments as L and LL chondrites of similar petrologic type. However, a 

clear brecciated texture was difficult to attest for these H-chondrites of low petrologic types. 

Another difficulty for identifying breccias of ordinary chondrites is related to the appearance of 

weathered rocks (especially of H-chondrites). Based on the high metal content of fresh H chondrites 

weathering leads to inhomogeneous formation of rust and other alteration products within the 

meteorite finds. This can lead to the impression in having a brecciated rock with fragments of 

different brownish taints. We tried to handle this issue very conservatively and classified only those 

ordinary chondrites as breccias, in cases where individual clasts were clearly visible. 

Impact melt breccias are defined as shock-melted rocks with unmolten clasts. Chondrites that 

contain single impact melt fragments are not classified as impact melt breccias, but as breccias 

containing impact melt clasts (Table 3). Usually, impact melts have an igneous texture and consist 

of euhedral to subhedral olivine and pyroxene grains and clasts of the target rock embedded into a 

fine-grained (or glassy) mesostasis. Minerals are often zoned indicating fast cooling. Another 

characteristic feature of impact melts is the existence of droplets of immiscible sulfide and Fe-Ni metal, 

which are not observed in chondrules. Based on these features impact melt clasts cannot be fragments of 

macrochondrules, which typically have radial, barred, or cryptocrystalline textures and no metal-sulfide 

intergrowths (Weyrauch and Bischoff, 2012). 

 

Considering the possibilities of positive recognition of shock vein-bearing or brecciated chondrites 

the critical aspects to consider are (a) the sample size and (b) the sample location in a rock. This can 

be excellently demonstrated by comparison of the rock features in different thin sections of Tenham 

(L6; Fig. 1). In the first sample shock veins are barely visible and if the sample size would be 

reduced to a thin section with a ~1 cm rock sample such an area may not even contain a single thin 

shock vein (Fig. 1a). In Fig. 1b the situation is certainly different and thick shock veins are clearly 
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visible. In a different area the monomict brecciation of Tenham is very obvious (Fig. 1c). In our 

study Tenham has been classified as a monomict L6 breccia, but as shown by the images of Fig. 1 

very different classifications could be possible considering different sample sizes and locations 

varying from a “rock without shock veins”, over “shock vein-bearing chondrite” to “chondritic 

breccia”. A very similar situation may arise, if several individuals from a meteorite strewn field are 

classified. A good example is the complex LL5-6 breccia Chelyabinsk (e.g., Bischoff et al., 2013b; 

Morlok et al., 2017). Depending on the characteristics of the main lithologies of the rocks the 

meteorite can be classified as (a) a shock-veined LL chondrite, (b) a complex breccia, (c) a shock-

darkened LL chondrite or (d) an impact melt breccia (Fig. 2). 

 

Regolith breccias could only be recognized as such in the few cases where the presence of solar 

wind implanted noble gases unequivocally indicates that at least some grains of the meteorite had at 

least once been at the immediate surface of its parent body regolith. We mostly rely on the noble 

gas data compilation by Schultz and Franke (2004) augmented by a few more recent updates (see 

Table A1). Criteria to recognize solar noble gases are the Ne isotopic composition as well as 

elemental ratios 4He/20Ne and 20Ne/36Ar of trapped noble gases. In many cases only a fraction of the 

published analyses indicates a solar contribution, since samples from the interior of a larger 

regolithic pebble will be devoid of implanted solar wind atoms (e. g., Wieler et al., 1989a,b). We 

may thus have missed some regolith breccias even among the meteorites for which noble gas data 

are available.  

 

 

3. RESULTS 

The results of the study include observations and details on (1) the abundance of brecciated H, L, 

and LL chondrites, (2) the abundance and characteristics of shock vein-bearing H, L, and LL 

chondrites, (3) the abundance and characterization of impact melt rock clasts and (4) the recognition 

of xenolithic components based on O-isotope studies (see Table A1 in the Supplements). 

 

3.1. Abundance of brecciated H, L, and LL chondrites 

The investigated thin sections of 2280 chondrites revealed that 23% (276 of 1193) of the H 

chondrites, 23% (220 of 947) of the L chondrites and 79 % (110 of 140) of the LL chondrites are 

brecciated (Tables 1, 4, and A1; Fig. 3). 
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High abundances of brecciated LL chondrites were registered for all petrologic types (71-90%). 

Considering the H and L chondrites, rocks having components (fragments) of low petrologic types 

(types 3 and 4 chondrite) are often breccias. Many of these also have highly equilibrated clasts (e.g., 

H3-6 or L3-5 etc.). In detailed numbers, about 67% of the H chondrites and ~70% of the L 

chondrites having unequilibrated type 3 components are brecciated. Considering the petrologic type 

4 chondrites (H(or L)4, H(or L)4-5, H(or L)4-6) 21% of the H chondrites and 33% of the L 

chondrites are brecciated. In H and L chondrites with petrologic type 5 (H(or L)5, H(or L)5-6) 

about 17% and 22%, respectively, of the meteorites are brecciated. H and L chondrites with 

petrologic type 6 (H6, L6) contain about 18% and 15% breccias, respectively. A decreasing 

abundance of breccias with increasing petrologic type of the meteorites is recognizable. This 

important finding will be discussed in detail below. Overall, the differences in the abundance of 

brecciated meteorites regarding the petrologic type between H and L chondrites are relatively small. 

Some examples of different breccias are given in Fig. 4. 

 

   3.2. Chondritic and achondritic fragments in brecciated ordinary chondrites and their O-

isotope compositions 

Some type 3 ordinary chondrites contain highly-primitive and equilibrated components as defined 

by the composition of FeO-bearing olivine (Grossman and Brearley, 2005). Most or perhaps all of 

these chondrites are breccias and were earlier defined as accretionary breccias (Kracher et al., 1982; 

Scott and Taylor, 1982; compare the review on breccias in Bischoff et al. (2006)). Some breccias 

(sometimes also having type 3 clasts) contain foreign fragments completely unrelated to the host 

rock main lithology. These, e.g., include achondritic (granite-like) clasts in Adzhi-Bogdo (stone; 

LL3-6), an andesitic lithology in Study Butte (H3-6), and a unique fragment with affinities to 

winonanites within the brecciated Villalbeto de la Pena (L6) (Bischoff et al., 1993a, 2013a; Sokol et 

al., 2007a,b; Terada and Bischoff, 2009; Dyl et al., 2012). During this study, clasts of different 

chondrites in Krymka (LL3; Fig. 5a) and Sahara 98645 (H3; Fig. 5d; volatile-rich, CI-like clast; 

Patzek et al., 2018), a heavily-recrystallized (type 5/6) fragment in Adrar 003 (LL3.1; Fig. 5c), and 

graphite-bearing clasts with affinities to ureilites in Adrar 003 (Fig. 5b) and NWA 5697 (L3) have 

been found. Although differences in mineralogy of these clasts and the host meteorite are 

noticeable, oxygen isotope analyses of olivine grains in these clasts help to determine their genetic 

relationships. The olivine grains in the graphite-bearing clasts in Adrar 003 and NWA 5697 have 

very similar oxygen isotopic composition (Δ17O ranging from -0.36 to -1.47) compared to bulk 

ureilites and the ALM-A trachyandesite from the Almahata Sitta meteorite strewn field (Bischoff et 
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al., 2014; Table 2; Fig. 6). One olivine grain from the CI-like clast in Sahara 98645 plots slightly 

above the CCAM (Δ17O=-2.14 ‰; Fig. 6; for mineralogy see Patzek et al. (2018)) and the 

phyllosilicate-rich areas are slightly more enriched in 17O compared to bulk CI chondrites 

(δ18O≈17 ‰; δ17O≈11 ‰; Fig. 6). The data of the phyllosilicate analyses are less precise due to 

possible matrix effects and missing proper SIMS standards. 

 

3.3. Abundance and location of shock veins 

Parallel to the search for features of brecciation, shock veins (generally planes in three dimensions) in 

the H, L, and LL chondrites were also registered. Some typical examples are given in Fig. 7. 

Considering the heavily-brecciated LL chondrites, in 63 of the 140 (45%) examined LL chondrites 

shock veins were clearly detected. 57 of these 63 chondrites are brecciated rocks. 63% of the LL6 

chondrites contain shock veins. The investigation of the H and L chondrites has shown that about 26% 

(310 of 1193) of the H chondrites and 40% (379 of 947) of the L chondrites contain shock veins (Table 

1; Fig. 7). In all petrologic types, the L chondrites have a higher abundance of shock vein-bearing rocks 

than the H chondrites. Concerning the occurrence of shock veins, large differences between the two 

groups can be noticed for the petrologic type 3 and type 6 chondrites (H3: 15% veined, H6: 34% veined; 

L3: 30% veined, L6: 47% veined). The abundances of shock vein-bearing type 5 chondrites is very 

similar in all chondrite groups (~30%). Considering the shock vein-bearing rocks in both chondrite 

groups (H, L), most of the shock veins occur in unbrecciated meteorites. However, considering the 

abundance of shock veins in brecciated rocks a significant difference between chondrites of low 

petrologic types (3 and 4) and those of high petrologic types (5 and 6) is noticeable. In the H chondrites 

more than half of the shock veins occur in brecciated meteorites of petrologic type 3 and 4 (88% and 

51%, respectively), while in petrologic type 5 and 6 chondrites only 40% and 36% of the shock vein-

bearing rocks, respectively, are brecciated. The same trend is visible for the L chondrites. Among the L3 

and L4 chondrites 92% and 68%, respectively, of the vein-bearing rocks are breccias, while among the 

brecciated L5 and L6 chondrites only 37% and 26%, respectively, have shock veins. 

About half of the brecciated chondrites (H chondrites: 48%; L chondrites: 61%; LL chondrites: 

52%) contain shock veins. In general the number of ordinary chondrites with shock veins increases 

with the petrological type. In all chondrite groups the type 6 chondrites have the highest percentage 

of shock veins and this significant aspect will be discussed below in more detail. 

 

Another important aspect that was examined is the location of the shock veins within a meteorite as 

presented in Fig. 7. Table 1 distinguishes between the abundance of shock veins cutting through the 
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whole meteorite and the abundance of shock veins that are locally limited to individual fragments 

(Figs. 7c, 7d, 7f). Some examples of shock veins penetrating through the entire rocks are shown in 

Figs. 7a,b,e from Villalbeto de la Pena, Ardon, and Chelyabinsk (Bischoff et al., 2013b; Trigo-

Rodriguez et al., 2014; Morlok et al., 2017). In the H chondrites about 94% of the shock veins 

crosscut the whole meteorite including diverse fragments. Only 6% of the shock veins are locally 

limited to distinct clasts. Among the shock vein-bearing L chondrites in ~91% of the rocks the 

shock veins crosscut the whole meteorite and only in 7% of the cases the shock veins are locally 

limited to fragments. The low percentage of shock veins that are limited to fragments in the L 

chondrites is due to the fact that (a) the percentage of breccias is low and (b) a large number of L6 

chondrites have shock veins and these veins crosscut the entire rocks. In 40% of the LL chondrites 

the shock veins are restricted to individual fragments. Examples are shown in Figs. 7c,d,f. Thus, the 

abundance of chondrites with shock veins restricted to individual fragments is clearly related to the 

abundances of breccias and has important implications concerning the shock and fragmentation 

history of the rocks (see below in the discussion). 

 

 

3.4 Impact melt breccias and impact melt fragments in ordinary chondrites  

Impact melts are the product of high stress (above 75-90 GPa) and temperature (above 1500-1750 

°C) induced by impact processes (Stöffler et al., 1991). Due to these extreme conditions, the target 

lithology gets partially or completely molten (e.g., Keil, 1982; Takeda et al., 1984; Stöffler et al., 

1988, 1991; Yamaguchi et al., 1998, 1999; Mittlefehldt and Lindstrom, 2001; Bischoff et al., 2006). 

However, unmolten clasts of the host lithology can survive in the melt. On the asteroid the melt 

quickly cools down (e.g., Rubin and Moore, 2011) and forms a new melt lithology. Alternatively, 

fragments of the melt can be excavated and/or ejected in order to reach other areas of the parent 

body or other regions in the solar system and, consequently, accreted onto other bodies. These melt 

fragments can give information about the parent lithologies of the source planetesimals as well as 

about processes of mixing, re-accretion, and re-lithification of the newly-formed body(ies). During 

the present investigations 17 ordinary chondrites were classified as impact melt breccias (Table 3). 

In these cases the melt lithology of the studied thin sections makes up the dominant part of the rock 

embedding fragments of the target materials. These clasts are in most cases of type 6 chondritic 

materials; however, nothing can be said, if the fragments represent target materials or the 

projectiles. Our thin sections of Chico and Shaw (both L6), previously described as impact melt 

breccias (Taylor et al., 1979; Bogard et al., 1995; Norman and Mittlefehldt, 2002) do not show any 
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characteristics for being breccias and are not regarded as impact melt breccias in this study. In 

addition to the impact melt breccias, within 55 brecciated chondrites fragments of impact melt were 

found. Table 3 lists only the samples with unambiguously-identified melt clasts. For small melt 

clasts the identification is often somewhat unclear based on optical similarities with textures in 

porphyritic chondrules or chondrule fragments. 

As described above, impact melts have an igneous texture and consist of euhedral to subhedral 

olivine and pyroxene grains embedded into a fine-grained (or glassy) mesostasis due to fast cooling 

of the melt (Stöffler et al., 1991). Furthermore, these minerals are often zoned (Fig. 8a), which 

indicates distinct stages of mineral growth. In the beginning of the cooling process, olivine and 

pyroxene grains with a relatively high Mg concentration start to crystallize. Due to continuous growth 

of these Mg-rich minerals and the subsequent depletion of Mg in the melt, the melt becomes enriched in 

Fe leading to Fe-enrichment in the rims of olivine and pyroxene grains compared to their cores (Fig. 

8a). Variable Fe-Mg concentrations within silicates of the melt rocks represent disequilibration due to 

the chemical conditions during crystal growth from a melt (Van Kooten and Buseck, 1978). This 

process is similar to magmatic crystallization on Earth. Another characteristic feature of impact melts is 

the existence of droplets of immiscible sulfide and Fe-Ni metal (Fig. 8f). 

 

 

3.5 Noble gas data 

Noble gas data are available for only about 12% of the meteorites studied here. Nevertheless, the 

existing noble gas data are a very valuable addition to define the type of chondritic breccia and the 

setting of its constituents. It can safely be assumed that noble gases with solar-like elemental and 

isotopic compositions in a bulk ordinary chondrite sample indicate trapping of noble gases from the 

solar wind in the regolith of a parent body. Solar noble gases therefore indicate a regolith breccia. 

On the other hand, cosmogenic noble gases produced by interactions of high energy cosmic ray 

protons and alpha particles with target atoms within the first very few meters of the surface of a 

body have the potential to reveal the mixing history of an asteroidal regolith (e.g., Wieler et al., 

1989a,b). Distributions of cosmic-ray exposure ages of meteorite classes may tell us about the 

large-scale break-up and reassembly history of parent bodies (e.g. Crabb and Schultz, 1981; Graf 

and Marti, 1995).  Cosmic ray exposure ages and presence or absence of solar noble gases of the 

meteorites studied here are indicated in the Table A1 (supplement). The majority of the exposure 

ages are taken from the compilations by Marti and Graf (1992) and Graf and Marti (1994, 1995). 

Additional ages in Table A1 are based on more recent noble gas data (for details see explanations to 

Table A1 in Chapter 2.2).  
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Tables 4 and 5 confirm the well-known disparity of the fractions of solar gas-bearing meteorites 

among the different OC groups. In our data-set 20% of the H chondrites and 8.3% of the LL 

chondrites but only 3.0% of the L chondrites contain solar noble gases. For the two larger groups (H 

and L chondrites), these data compare reasonably well with those given in earlier (and larger) 

compilations by Crabb and Schultz (1981) and Graf and Marti (1995). This agreement is, of course, 

no surprise, given that all compilations are based to a large part on the same data. The difference of 

almost a factor of 2 in the fraction of LL chondrites listed as solar gas-rich here and by Graf and 

Marti (1994), respectively, is certainly not relevant given the poor statistics (three gas-rich 

meteorites in each compilation).   

A remarkable difference is observed in the fraction of brecciated meteorites with solar noble gases 

in the three groups (Tables 4 and 5). About 62% of all brecciated H chondrites with noble gas data 

contain solar noble gases, compared to only around 11% and 10% of the brecciated Ls and LLs, 

respectively. Thus, about two thirds of all brecciated H chondrites but only one out of 10 brecciated 

Ls and LLs are regolith breccias. Although statistics are poor, the fraction of regolith breccias 

apparently is similarly high in all petrologic types of the H chondrites (Table 4), an observation 

already made earlier (Crabb and Schultz, 1981; Graf and Marti, 1995).  

The observations on trapped noble gases can thus be summarized as follows: solar-gas rich regolith 

breccias are considerably more abundant in the H group than in the other two groups, irrespective of 

whether the entire respective groups or only the brecciated subsets are considered. The well-known 

scarcity of solar-gas-rich L chondrites is also observed here.  

 

It is well-known that cosmic ray exposure ages of groups of meteorites are not uniformly 

distributed, but show distinct peaks, which indicate major collisional events on the respective parent 

bodies (Crabb and Schultz, 1981; Marti and Graf, 1992; Graf and Marti, 1994, 1995). The number 

of available exposure ages in our data set is rather limited, however; in particular not allowing to 

evaluate whether exposure age distributions of brecciated and unbrecciated meteorite subsets may 

differ from each other. In the Discussion section below we will largely rely on earlier work (Crabb 

and Schultz, 1981; Graf and Marti, 1994, 1995). 

Here, we just highlight one observation in our dataset concerning the most remarkable of all peaks 

in exposure age histograms. Almost half of all H chondrites display a cosmic ray exposure age 

around ~7 Ma (e. g., Anders, 1964; Graf and Marti, 1995), indicating that one collision (or perhaps 

two, cf. Graf and Marti, 1995) in the asteroid belt ~7 Ma ago is responsible for about 20% of all 

meteorites falling to Earth today. While it was noted early on that this exposure age peak 
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encompasses H chondrites of all petrologic types (e. g., Wänke, 1968), Zähringer (1968) first noted 

that the 7 Ma peak was particularly pronounced in the H5 type. This preponderance was confirmed 

by Crabb and Schultz (1981) and Graf and Marti (1995), and the latter authors also noted a 

similarly-marked peak for H4 chondrites but shifted by about 1 Ma towards higher ages. Types 3 

and 6, on the other hand, display only subdued ~7 Ma peaks. In our data-set (which contains about 

twice as many H3 chondrites than that of Graf and Marti, 1995) we qualitatively confirm the 

observations by these authors (Table A1). Only about 27% of the H3 chondrites (12 of 45) and 29% 

(6 of 21) of the H6 chondrites have exposure ages falling into the “7 Ma peak” (loosely-defined 

here as encompassing ages between 4.5 - 7.5 Ma). On the other hand, 24 of 49 H5s (49%) and 7 of 

18 (39%) of the H4 chondrites have nominal exposure ages between 4.5 and 7.5 Ma, respectively. 

While these figures need to be taken with a grain of salt (due to the limited accuracy of nominal 

exposure ages as well as the rather loose definition of the width of the “7 Ma” peak) it appears clear 

that the proportion of the H chondrites that were ejected in the big collision(s) around 7 Ma ago is 

larger for types H5 and H4 than for H3s and H6s.    

 

 

 

4. DISCUSSION  

 
4.1. Comparison of values of this work with data of Binns (1967) and Scott et al. (1989) 

While Binns (1967) found that about 33% of the H chondrites (named olivine-bronzite chondrites in 

that work) are brecciated, this study shows a significantly lower abundance of brecciated H 

chondrites (23%), which is similar to the data obtained by Scott et al. (1989; 24%). For the L 

chondrite group (named olivine-hypersthene chondrites by Binns (1967), Binns determined an 

abundance of 20% brecciated L chondrites, which is similar to the results of this study 23% and to 

that of Scott et al. (1989) with 18%. For LL chondrites (Binns: amphoterites) Binns (1967) assumed 

an abundance of 65% of brecciated chondrites (Scott et al.: 58%), while here we determined an 

abundance of 79% (see also Schleiting and Bischoff, 2015, 2017). However, the data of Scott et al. 

(1989; 24% H, 18% L, 58% LL) are indicated as lower limits. 

Hence, the general trend is similar in all three studies: The LL chondrite group contains by far more 

brecciated chondrites than the H and L groups. The small, but recognizable differences between the 

results of this study and those of Binns (1967) and Scott et al. (1989) could have several reasons: 

(a) First of all the number of investigated chondrites differs drastically. While Binns (1967) 

investigated 361 ordinary chondrites (148 H chondrites, 184 L chondrites and 29 LL 

chondrites), in this study 2280 (1193 H chondrites, 947 L chondrites and 140 LL chondrites) 
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were investigated. Therefore, the statistical errors in Binns` study should be larger than in 

this study.  A precise number of studied samples is not given by Scott et al. (1989; n>250). 

(b) Another aspect that could lead to these differences is the substantial number of hot desert 

meteorite finds that were microscopically investigated in this study. In 1967, Binns could 

not yet have investigated many meteorites from desert dense collection areas, as most 

meteorites from the Sahara and other hot deserts have been found since 1989 (e.g., Bischoff 

and Geiger, 1995).  

(c) Most of the meteorites studied here as well as by Binns (1967) and probably also those by 

Scott et al. (1989) are finds. Due to weathering, the meteorites are clearly modified by 

terrestrial processes. Fluids have changed the interior mineralogy, metalswere oxidized to 

Fe-hydroxides, and veins of terrestrial alteration products (calcite, Ca- and Ba-sulfate) 

formed. Such alteration processes can lead to significant changes in the appearance of the 

rocks. This is especially the case for the H-chondrites. Based on the high metal content of 

fresh H chondrites weathering leads to inhomogeneous formation of rust and other alteration 

products within the meteorite finds. This can lead to the impression of having a brecciated 

rock with fragments of different brownish taints. Thus, in thin sections it is difficult in many 

cases to unambiguously testify a highly-weathered rock as a true breccia. 

(d) During the microscopic studies it became obvious that H3 and H4 chondrites contain many 

more mineral and chondrule fragments than L and LL chondrites of similar petrologic type. 

However, a clear brecciated texture was difficult to attest for these H-chondrites of low 

petrologic types. In this case to decide “for” or “against” a brecciated rock is a very 

subjective decision. Perhaps, the mineral and chondrule fragments existed already as clasts 

during accretion. 

 

Problems of pairing and sectioning complicate interpretations. Often meteorites break up in the 

atmosphere resulting in meteorite showers in a strewn field. Good recent examples are the meteorite 

showers of Almahata Sitta and Chelyabinsk in which thousands of different fragments reached the 

surface. As desert areas accumulated meteorites over thousands of years it is not always clear at all, 

which fragments originate from the same meteoroid entry into the Earth atmosphere. Due to 

weathering, the meteorite gets modified and a clear relationship between samples of a common fall 

is difficult to diagnose. This effect of possible pairing of meteorites could have an important impact 

on the results of this study. The total number of investigated meteorites would be changed as well 

as the numbers for the abundance of breccias and shock vein-bearing chondrites. However, the error 
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due to pairing is likely very small as already suggested by Schleiting and Bischoff (2017). As an 

example the abundance of brecciated meteorites in the LL chondrite group without taking pairing 

into account is ~79% (based on studying 140 LL chondrites). After excluding samples from dense 

collection areas the abundance of brecciated meteorites is about 78% (Table 1). Similar results were 

obtained in this study considering the H and L chondrites (Table 1). The quantity of breccias in 

unpaired (dense collection areas excluded) H and L chondrites is about 21% and 19%, respectively. 

These values are similar to the obtained results including hot desert meteorites (H chondrites: 23%; 

L chondrites: 23%; Table 1). 

 

It is important to mention the size of the PTS. The largest PTSs are about 8 cm². Still, it is 

uncertain, how far these sections represent the whole meteorite and, consequently, the parent 

asteroid. The PTS could represent a small fragment with a completely different lithology than most 

parts of the actual parent body. This problem is described in detail above and demonstrated by Fig. 

1. Different modes of observations may also be responsible to lead to differences in the abundance 

of registered breccias between the works of Binns (1967), Scott et al. (1989), and this study. In this 

respect, two fundamental questions are: Are chondrites with networks of shock veins breccias or 

not? When should such a rock be classified as a monomict breccia (compare Fig. 1)? 

 

 

4.2. Different abundances of brecciated rocks among the H, L, and LL chondrite groups - 

indications for a different evolution of parent bodies? 

The LL chondrites are by far the most heavily brecciated class among the ordinary chondrites. This 

fundamental result is consistent with earlier studies by Binns (1967) and Scott et al. (1989).   

The differences in the individual groups of the ordinary chondrites indicate a different formation 

and impact history for the parent bodies of H, L, and LL chondrites. The similar abundance of 

brecciated meteorites among the H and L chondrites might be viewed to indicate a similar impact 

frequency on their parent bodies, in contrast to a supposedly higher impact frequency on the LL 

parent bod(y)ies. One might thus ask whether the abundance of brecciated chondrites in a group 

may somehow correlate with the abundance of a) solar gas-rich regolithic meteorites and/or b) the 

cosmic ray exposure age distributions.  

Concerning the first possibility (a) this is obviously not the case. The LL chondrites - being the 

group with the highest percentage of brecciated members - has the lowest fraction of regolithic 

meteorites. The H and L chondrites have a similar fraction of brecciated meteorites, but the 

percentage of regolith breccias is almost 5 times higher in H chondrites than in L chondrites. These 
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observations indicate that the formation history of brecciated meteorites is largely decoupled from 

the formation history of parent body regoliths. This conclusion is also strongly supported by the 

exposure age distributions, as discussed in the next paragraph.  

The cosmic ray exposure age distributions of all three groups of ordinary chondrites show several 

more or less pronounced clusters. The most prominent one at ~7 Ma in the H chondrite histogram 

has already been mentioned in  Chapter 3.5. In addition, the H chondrite histogram shows smaller 

clusters at 33 Ma and 24 Ma (Graf and Marti, 1995), whereas the L chondrite histogram shows a 

marked peak at 40 Ma (followed by a sharp drop-off towards higher exposure ages) and a smaller 

peak at 28 Ma (Marti and Graf, 1992). About one third of the LL chondrites have exposure ages 

close to 15 Ma and smaller clusters at 28 Ma and 40 Ma in the LL chondrite histogram are also 

observed. The latter clusters coincide with those of the L chondrites. All these clusters indicate 

major collisional events in the asteroid belt. Apart from this basic observation, arguably the most 

remarkable fact about these histograms is that most of the peaks occur in several or even all 

petrologic types of the respective meteorite group, although the peaks are not equally conspicuous 

in all types. For example the 7 Ma H chondrite peak is more prominent in meteorites of petrologic 

types 5 and 4 than in those of types 3 and 6 (Graf and Marti, 1995). Similarly, the 15 Ma event is 

more pronounced in the histograms of the LL5 and LL6 chondrites than in the LL3 and LL4 

chondrites (Graf and Marti, 1994).  

The most straightforward explanation of the presence of several petrologic types in the same 

exposure age peak is that the immediate (last generation) respective parent body does not retain a 

presumed original layered structure (with petrologic type 3 representing the outermost layer and 

higher types consecutively deeper layers (e.g., Pellas and Storzer; 1981; Göpel et al., 1994; Trieloff 

et al., 2003)). Instead, the original parent body catastrophically fragmented and subsequently 

reassembled into a mega breccia (Davis and Chapman, 1977; Anders, 1978; Crabb and Schultz, 

1981). The variable abundance of meteorites of different petrologic types in a peak likely indicates 

that the mega breccia of the last generation parent body is not completely mixed either laterally or 

vertically (Crabb and Schultz, 1981). In this picture it becomes obvious that the global brecciation 

history of a meteorite group is largely independent of the regolith formation history of its (last) 

parent body. This also implies that solar wind implantation on parent bodies is an ongoing process 

(Crabb and Schultz, 1981). Otherwise, if the parent body had been irradiated predominantly before 

the mega breccia formation, meteorites of petrologic type 3 (and 4?) would contain a much higher 

fraction of solar gas-rich members than higher types, contrary to observation for H chondrites, 

where statistics allow a meaningful statement (see Chapter 3.5). 
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At first sight one observation speaks against the idea that the global brecciation history of a 

meteorite group is largely independent of petrologic type: while only about 20% of the H4, H5, and 

H6 chondrites of our samples are brecciated (Table A1), about two thirds of the H3 chondrites are 

classified as breccias, in contrast to the observation that solar gas-rich regolith breccias are roughly 

equally abundant among all petrologic types. However, the reason for this is probably due to the 

fact that among the type 3 chondrites also those breccias are listed in which the fragments of higher 

petrologic types 5 and 6 are dominating (H3-5, H3-6). This probably does not speak against an 

early global fragmentation and brecciation, it may indicate a local impact-induced mixing of 

components perhaps long after the mega breccia formation.  

 

An inference about the timing of major brecciation events can be made for the L chondrites based 

on their 4He and 40Ar records. Many L chondrites are severely depleted in radiogenic 4He and 40Ar 

as a result of significant heating following a large collision in the asteroid belt (Bogard, 1995), 

which presumably led to the break-up of an L chondrite parent body ~470 Ma ago (Korochantseva 

et al., 2007). Marti and Graf (1992) note that the two less prominent exposure age clusters of the L 

chondrites at 28 Ma and 5 Ma appear to be dominated by poor 40Ar retainers (i. e. 40Ar <4000*10-8 

cm3STP/g), and suggest that these events indicate fragmentation of a parent body which earlier had 

suffered catastrophic out-gassing. In our data set (Table A1) 18 brecciated L chondrites are poor 

40Ar retainers and 10 have “normal” 40Ar (>4000**10-8 cm3STP/g). This proportion of ~64% of 

40Ar-poor brecciated members is very similar to the overall fraction of ~66% of 40Ar-poor L 

chondrites studied by Marti and Graf (1992). Since about one third of the breccias did not 

experience degassing, much earlier brecciation events on L chondritic asteroids are required prior to 

the catastrophic break-up of the remaining L parent body some 470 Ma ago. The fact that only a 

small fraction of ~3% of the L chondrites are solar-gas-rich regolith breccias (compared to some 

15% of the H chondrites; Table 5) may well also be related to the parent body break-up event 470 

Ma ago. Crabb and Schultz (1981) note two possibilities. Either only small layers of fresh regolith 

may have developed on the (small, low gravity) post-break-up last generation parent bodies of the 

40Ar-poor L chondrites, or the solar gas-free L chondrites stem from last generation parents which 

had lost all solar gases and most radiogenic gases upon break-up. Crabb and Schultz (1981) suggest 

that the few solar-gas-bearing L chondrites seem not to belong to the group of 40Ar-poor retainers, 

which is confirmed here, since all three solar-gas rich L chondrites listed in Table A1 (Acfer 066, 

Assam, NWA 869) have “normal” 40Ar concentrations. This observation appears to favour the 

second possibility. 
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Graf and Marti (1995) note that the 33 Ma event in the H chondrite exposure age histogram may 

actually represent a considerably larger collisional event than that resulting in the more prominent 7 

Ma peak, since the mean life of meteorite-sized bodies is only on the order of 10 Ma. These authors 

therefore suggest that the 33 Ma collision may have been large enough to sample most or all 

petrologic types even on a parent body with more or less intact layered structure. Yet, as 

emphasized further up in this section, the overall conclusion is that the events leading to the ejection 

of meteoroids from a last generation parent body as they are reflected in the cosmic ray records of 

the different ordinary chondrite groups are largely decoupled from the major events that resulted in 

the brecciated ordinary chondrites.  

 

 

4.3. Impact melt clasts and the evolution of the parent body 

Ordinary chondrite impact melt breccias or clasts of impact melt breccias in H, L, and LL 

chondrites offer direct evidence for high-energy collisions. Impact melt breccias are well-known 

among the L-chondrites: e.g., Ramsdorf, Madrid, Point of Rocks, PAT 91501 (e.g., Nakamura et al., 

1990b; Casanova et al., 1990; Yamaguchi et al., 1999; Mittlefehldt and Lindstrom, 2001; Raack, 

2007). Dar al Gani 896, Spade, and Smyer can be regarded as H-chondrite impact melt breccias 

(Folco et al., 2002; Rubin, 2002; Burbine et al., 2003; Rubin and Jones, 2003) and the Portales 

Valley rock is seen as an annealed impact melt breccia (Rubin et al., 2001) that was subsequently 

buried and cooled at 6.5 K/Ma (e.g., Kring et al., 1999; Sepp et al., 2001). The Antarctic LL 

chondrites Yamato-790964 and -790143 are listed as impact melt rocks, which represent nearly 

total melting of precursor rocks (Sato et al., 1982; Okano et al., 1990; Yamaguchi et al., 1998).  

The appearance of the impact melt itself as well as the composition of the olivine and pyroxene as 

newly-crystallized constituents give valuable information about the host lithology of the melt (e.g., 

unmelted fragments within the melt; Fig. 8a) and also on parent body processes (e.g., later 

annealing) that followed the melt rock formation. During annealing processes (metamorphism, 

perhaps triggered by impact) the chemical composition of the zoned phases within the impact melts 

(Fig. 8a) may equilibrate and inherit the composition of the new brecciated lithology or the rocks of 

the newly-accreted daughter parent body. An example is shown by the impact fragment from NWA 

2443 (H3-6; Fig. 8b). Only a very small range of Fa and Fs contents in the olivine and pyroxene 

grains, respectively, is documented as well as the absence of distinct zoning in minerals of the 

impact melt fragment. This is clear evidence for an annealed rock (Fig. 8b) and must be the result of 
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thermal metamorphism (annealing) experienced by the melt fragment after melt rock formation. 

Interestingly, NWA 2443 (H3-6) also contains clasts of impact melt breccias that are completely 

unequilibrated (Fig. 8a) having strongly-zoned grains of olivine and pyroxene. Consequently, both 

types of impact melts have experienced a different evolution. Those impact melt lithologies with 

equilibrated silicates must have been buried and annealed after melting and crystallization in order 

to equilibrate. Parts of these melts must have been excavated by impact and were subsequently 

mixed with other chondritic clasts including impact melt lithologies with unequilibrated silicates in 

near-surface locations of the parent body, were lithified by shock, and ejected as polymict breccias 

(Kieffer, 1975; Bischoff et al., 1983). Thus, these re-accreted and re-lithified rocks certainly 

represent an impact-induced, second-generation parent body lithology and demonstrate that several 

distinct collisional events are necessary in order to form this kind of breccias with melt rock clasts 

having different characteristics. 

 

 

4.4. Simultaneous accretion of asteroidal clasts and chondrules and formation of complex 

breccias 

That certain meteorites represent samples of “second-generation” parent bodies (daughter asteroids) 

formed after collisional destruction of primordial, first generation, “grandparent” planetary bodies 

has been discussed earlier (e.g., Urey, 1959, 1967; Zook, 1980; Hutchison et al., 1988; Hutchison, 

1996; Sanders, 1996; Bischoff, 1998; Bischoff and Schultz, 2004; Bischoff et al., 2006, 2010; Sokol 

et al., 2007a; Horstmann et al., 2014; Horstmann and Bischoff, 2014; Weyrauch et al., 2018).  

Evidence for the existence of planetesimals before the accretion of the parent asteroids of chondrites 

have been provided by W isotope data for iron meteorites (e.g., Kleine et al., 2004, 2005, 2008). 

In this respect primitive, accretionary breccias can be formed in a low velocity regime and mainly 

occur among carbonaceous and ordinary chondrites (e.g., Kracher et al., 1982; Scott and Taylor, 

1982). They consist of chondrules as well as different types of (sometimes foreign) fragments 

(compare Fig. 5). Considering various types of clasts in carbonaceous and ordinary chondrites, 

Bischoff and Schultz (2004) suggested that many breccias result from mixing of fragments after 

total destruction of precursor parent bod(y)ies. They also assumed that dark inclusions in CR and 

CH chondrites (compare Patzek and Bischoff, 2015; Patzek et al., 2016) may be excellent witnesses 

to document formation of the final parent body by secondary accretion. In this study, xenolithic 

fragments were also encountered in some accretionary type 3 breccias (see above; Fig. 5) and other 

chondrite breccias. Examples are Glanerbrug (as mentioned before; Niemeier and Bischoff, 2006) 
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and Villalbeto de la Pena (L6 breccia with a winonaite-related clast; Dyl et al., 2012; Bischoff et al., 

2013a), Krymka (LL3; e.g., Semenenko et al., 2001; Bischoff et al., 2006; Fig. 5), Sahara 98645 

(H3, Fig. 5) and Adrar 003 (LL3; Sokol et al., 2007a; Fig. 5). 

 

The presence of xenolithic fragments in ordinary chondrites has been known for several decades. A 

significant number of reports about clasts in ordinary chondrite breccias exist that are unrelated to 

the host meteorite. These clasts can be of chondritic and achondritic origin, must have been ejected 

from their first generation parent body, and incorporated into the present breccias (e.g., Dodd, 1974; 

Fodor and Keil, 1975, 1976, 1978; Schultz and Signer, 1977; Keil, 1982; Rubin et al., 1982, 1983, 

2005; Prinz et al., 1984; Hutchison et al., 1988; Christophe Michel-Lévy, 1988; Wieler et al., 

1989a,b; Rubin, 1989, 1997; Nakamura et al., 1990a; Misawa et al., 1992; Kennedy et al., 1992; 

Bischoff et al., 1993a, 1997; MacPherson et al., 1993; Nagao, 1994; Mittlefehldt et al., 1995; 

Bridges et al., 1995; Ruzicka et al., 1995, 1998; Bridges and Hutchison, 1997; Vogel et al., 2003; 

Hezel, 2003; Rubin and Bottke, 2009; Gattacceca et al., 2017). 

 

Complex breccias with a huge variety of xenolithic clasts like Kaidun and Almahata Sitta (Ivanov, 

1989; Zolensky and Ivanov, 2003; Bischoff et al., 2010; Goodrich et al., 2014; Horstmann and 

Bischoff, 2014) were not encountered in this study. However, some ordinary chondrite breccias also 

contain a huge variety of parent body lithologies as well as xenoliths. Good examples are Adzhi-

Bogdo (stone) and NWA 869 (e.g., Bischoff et al., 1993a, Metzler et al., 2011). NWA 869 (L3-6) 

contains unequilibrated and equilibrated chondrite clasts, some of which display shock-darkening, 

impact melt rocks (IMRs; both clast-free and clast-poor), unequilibrated microbreccias, two 

different types of light inclusions, and different SiO2-bearing objects (Metzler et al., 2011). The 

Adzhi-Bogdo (LL3-6) chondrite regolith breccia contains various types of fragments: highly 

recrystallized clasts (sometimes with internal shock veins), melt rock clasts, fragmental breccia 

clasts, shock-darkened fragments as well as xenolithic L chondrite and achondritic clasts including 

granite-like lithologies (Bischoff et al., 1993a, 1996; Terada and Bischoff, 2009). Considering the 

achondritic lithologies in Adzhi-Bogdo and the trachyandesite described by Agee et al. (2018), 

which has a similar O-isotope composition compared with those of ordinary chondrites and of the 

granitic clasts (Sokol et al., 2007b) it has to be suggested that igneous processes occurred on the LL 

chondrite parent body or on a separate planetesimals within the same oxygen isotope environment. 

The occurrence of graphite-bearing clasts within the ordinary chondrites Adrar 003 and NWA 5697 
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and their oxygen isotopic composition linking them to ureilitic material is another evidence for 

complex mixing of isotopically different materials. 

 

4.5. Parent body processes - breccias and the formation of shock veins 

The abundance of chondrites that contain shock veins (or planes in three dimension) weakly 

correlates with the abundance of brecciated chondrites among the ordinary chondrite classes. The 

abundances of meteorites that contain shock veins in the H, L, and LL chondrites are about 26%, 

40%, and 45%, respectively, and the corresponding abundance of brecciated H, L, and LL 

chondrites is 23%, 23%, and 79%, respectively (Table 1). As noted above for the ordinary chondrite 

bulk rocks, the substantial number of LL chondrites with shock veins indicates that many more 

impacts may have affected the LL chondrite parent body/bodies and modified the present 

(especially surface) lithologies. These processes have led to repeated impact-related excavation of 

material, mixing, and breccia formation. A good argument is the observation that LL chondrite 

breccias contain abundant clasts (~40%, as discussed below), in which the shock veins are limited 

to individual clasts. This feature indicates that several impact processes are necessary to obtain this 

textural characteristic. 

Considering the abundance of breccias among the H and L chondrites, which is almost equal, the 

abundance of meteorites with shock veins differs between these two chondrite groups (Table 1). If 

there is a direct correlation between the abundance of shock veins and breccia formation, then, the 

abundance of breccias among the L chondrites should be somewhat higher than the number of 

breccias in this group. 

Considering all shock vein-bearing chondrites most chondrites with veins are of petrologic types 5 

and 6 (together: 626 chondrites) compared with those of petrologic types 3 and 4 (125 ordinary 

chondrites). This is in part due to the fact that the H5 and L6 chondrites are the most abundant 

classes of meteorites. Considering all 2280 studied chondrites this correlation – although weak – 

can still be diagnosed: About 30% of the H5 and H6 and ~17% of the H3 and H4 chondrites have 

shock veins (L: 43 vs. 30%; LL: 47 vs. 38%). 

The relationship between the petrologic type and the abundance of shock vein-bearing H, L and LL 

chondrites can be best explained with an early mega breccia formation which is in agreement with 

noble gas data previously discussed (e.g., Davis and Chapman, 1977; Anders, 1978; Crabb and 

Schultz, 1981). If the shock vein-forming impacts would happen on an onion shell-like body, most 

shock veins should be found in rocks of low petrologic types (types 3 and 4), which are more 

porous than the compact rocks of high petrologic type and which are located in outer parts (at the 
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surface) of the meteorite parent body. Stöffler et al. (2018) clearly point out that the probability for 

the formation of shock veins and shock melts is significantly higher in porous rocks with variable 

density (i.e., variable shock impedance) than in compact rocks from deeper locations. This contrasts 

with the results of this study and with those of Schleiting and Bischoff (2015). Most of the H, L, 

and LL chondrites that contain shock veins belong to the petrologic types 5 and 6. Therefore, these 

type 5 and 6 lithologies must have been excavated by a catastrophic impact event from the interior 

of the parent body to its surface. Thus, this could be taken as an indicator for the complete 

destruction of each of the original parent bodies of the H, L, and LL chondrites.  

 

Most of the shock veins in ordinary chondrites crosscut the whole meteorite and are not limited to 

single fragments (Fig. 7). However, the LL chondrites again differ from H and L chondrites. The 

amount of shock veins that are limited to fragments is much higher in LL chondrites (~40%) than in 

the H (~6%) and L (~7%) group ordinary chondrites. The observation of abundant LL chondrite 

breccias with shock veins limited to individual clasts (~40%, as stated before) clearly indicates that 

second-generation bodies must have formed and existed. After a shock event producing shock 

veins, a breakup of the LL chondrite parent body (or parts), with subsequent re-accretion and re-

lithification is required in order to explain these shock features within the brecciated parent 

asteroid(s).  

 

 

4.6. Evolutionary history of chondrite parent bodies 

4.6.1. In the beginning 

The history and evolution of the ordinary chondrites and their components started with (a) the 

formation of Ca,Al-rich inclusions (CAIs; e.g., Chen and Wasserburg, 1981; Amelin et al., 2010; 

Connelly et al., 2012; MacPherson, 2014), (b) formation and evolution of chondrule precursor 

components (including early-processed relict minerals (perhaps the relict olivines; e.g., Rambaldi, 

1981)), (c), melting of dust aggregates and formation of chondrules (e.g., Kita et al., 2005; Connelly 

et al., 2012), (d) the transport of small CAIs into the accretion region of ordinary chondrites (Ebert 

et al., 2017), (e) transport of xenoliths as those described in Chapter 3.2 and shown in Fig. 5 into the 

accretion area, which was followed by rapid accretion of the ordinary chondrite parent bodies. All 

these processes probably happened within a time range of ~2 Ma (e.g., Kleine et al., 2008; Connelly 

et al., 2012; Vernazza et al. 2014; Blackburn et al., 2017). 
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It is very often considered that each of the three groups of ordinary chondrites derives from only 

one “primordal” asteroid as it existed in the first tens of Ma of solar system history (e.g., “the H 

chondrite parent body”), often without explicit discussion of this assumption (e.g., Trieloff et al., 

2003, Blackburn et al. 2017). However, Burbine et al. (2002) highlight the enormous disparity 

between the presumed 100 - 150 meteorite parent bodies sampled on Earth and the ~1,000,000 

asteroids in the main belt > 1 km. They mention that no direct evidence rules out multiple 

primordial chondritic asteroids of essentially identical material. Vernazza et al. (2014) suggest that 

large groups of compositionally similar asteroids are a natural outcome of planetesimal formation. 

Consequently, meteorites within a given class can originate from different parent bodies. One may 

also ask in this context why the iron meteorites should represent ~70 different (primordial) parent 

bodies (Wasson, 1995) but the ordinary chondrites only three, even given the longer lifetimes 

against destruction of the former due to greater material strength as manifested by their longer 

cosmic ray exposure ages (Herzog and Caffee, 2014). Burbine et al. (2002) also mention that a 

single original parent body may have produced large numbers of current asteroids. As discussed 

above, cosmic ray exposure age distributions of meteorites largely reflect ejection events from these 

“last generation parent bodies” as we call them in this paper in contrast to the “primordial” or “first 

generation” parent bodies. 

 

 

4.6.2. Fragmentation and formation of asteroid families 

In general, the fragmentations, which are strictly required to explain various kinds of analytical data 

and distinct textural and mineralogical observations (e.g., Taylor et al., 1987; Bischoff et al., 1993a, 

2006; Keil et al., 1994; Scott, 2002; Davidson et al., 2013; Blackburn et al., 2017; see further 

discussion below), must be considered to have occurred sometime after the formation of the early, 

first-generation parent bodies. It is clear that impacts controlled the formation of asteroids as well as 

their destruction and were a major factor in their planetological evolution (Scott et al., 1989; Scott, 

2002). 

Starting with the accretion of first generation ordinary chondrite parent bodies ~4.56 billion years 

ago, fragmentation processes until today have led to the formation of complex re-accreted parent 

bodies (e.g., Davis and Chapman, 1977; Taylor et al., 1987; Scott et al., 1989; Keil et al., 1994; 

Scott, 2002; Bischoff et al., 2006; Davidson et al., 2013; Blackburn et al., 2017). By dating 
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techniques the formation of impact melt or other shocked rocks on ordinary chondrite parent bodies 

is recorded (e.g., H chondrite: events at 3630 Ma (Keil et al., 1980) and ~1400 Ma (Schultz and 

Signer, 1977); L chondrite: events at 1790 and 2216 Ma (Metzler et al., 2011).  

Catastrophic collisions led to later generation asteroids, some of which may still be recognized as 

“families” with similar orbits (e.g. Hirayama, 1918; Zappalà et al., 2002; Vernazza et al., 2014, 

McGraw et al., 2018). It is suggested that collisional and dynamical modeling indicate that groups 

of meteorites producing numerous falls would more likely derive from asteroid families than from 

individual planetesimals (Bottke et al., 2005; Rubin and Bottke, 2009). The re-accreation of 

meteoritic materials to form new parent bodies is well-documented by the complex chondrite 

breccias (X3-6; X = L, LL, H; see above) or by polymict breccias, which even contain very 

different chondritic and achondritic ingredients (e.g., Kaidun and Almahata Sitta; e.g., Zolensky et 

al., 1992; Zolensky and Ivanov, 2003; Bischoff et al., 2010; Goodrich et al., 2014; Horstmann and 

Bischoff, 2014).  

For none of the ordinary chondrite classes a parent body or parent asteroid family has been 

unequivocally identified, although several such proposals exist (cf., McGraw et al., 2018) and 

samples of the Hayabusa mission are similar to LL chondrites (e.g., Nakamura et al., 2011). For 

example, both the asteroid Hebe and members of the Koronis asteroid family have been proposed as 

sources of H chondrites (Migliorini et al., 1997; Gaffey and Gilbert, 1998; Sanchez et al., 2015). 

The Koronis family formed some 1-2 Ga ago (Sanchez et al., 2015). On the other hand, Rubin and 

Bottke (2009) also consider very old source families that might have been around during the heavy 

cratering epoch 3.7-3.9 Ga ago. 

 

 

4.6.3. Petrologic types require the onion-shell model 

The onion-shell configuration of primordial parent bodies (Pellas and Storzer, 1981) is necessary in 

order to form the chondrites with different degrees of metamorphic overprint (petrologic types 3-6). 

This was convincingly shown by Trieloff et al. (2003; also considering data of Göpel et al., 1994) 

for what they considered to be a single original/primordial H chondrite parent body. They 

demonstrate that the outer shells of the body reached lower maximum metamorphic temperatures 

and cooled faster than the rocks from the interior. They suggested that the interior needed ~160 Ma 

to reach 390K. The sizes and detailed formation processes of these bodies may be model dependent. 
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We definitively need chondritic material that has seen a low degree of (or no) thermal overprint 

(type 3) and material that has been strongly recrystallized (type 6). Based on their results Trieloff et 

al. (2003) suggest that the fragmentation and reassembly to trigger the formation of an asteroid with 

a rubble-pile structure occurred late. Trieloff et al. (2003) do not rule out that similar parent bodies 

were formed in the same environment. It seems also conceivable that the meteorites studied by 

these authors derive from more than one – roughly similarly-sized - primordial H chondrite parent 

body, each having had an onion shell structure. 

 

 

4.6.4. Formation of rubble pile asteroids 

The onion-shell model, however, is inconsistent with metallographic cooling rates obtained from 

Ni-profiles in Fe-rich metal of the three chondrite groups (e.g., Scott and Rajan, 1981, their Fig. 10; 

Taylor et al., 1987; Bennett and McSween Jr., 1996; Scott et al., 2014). To explain the 

metallographic data, a disruption of a chondrite parent body, while still hot, combined with rapid re-

accretion of the still hot rocky blocks (rubble pile formation) is required (Taylor et al., 1987). 

Explaining our observations and results of this paper, impacts on a single “giant” onion-shell parent 

body are clearly necessary to break up the early-formed bodies and may produce mega blocks of the 

constituents with different degree of recrystallization and equilibration. Such a process is slightly 

different to the metamorphosed-planetesimal model of Scott and Rajan (1981). These authors 

suggested that many small (<10 km) planetesimals, in which maximum metamorphic temperatures 

were reached, existed prior to accretion of the final parent body. Considering both, the Ni-metal 

cooling rate data and the ages obtained from Pb isotope studies in phosphates, Blackburn et al. 

(2017) conclude that the large-scale disruption of the H and L chondrite parent bodies happened 

60±10 Ma after the formation of CAI (~4505 Ma ago), while earlier (~6 Ma after CAIs) small-scale 

impact processes may have occurred to explain certain chemical and isotopic characteristics of H4 

and L4 chondrites. 

Considering the rubble pile formation model, Grimm (1985) and Taylor et al. (1987) proposed 

nearly complete mixing of chondrite parent bodies by the impact processes mentioned above. This 

is consistent with our observation in ordinary chondrite breccias in order to place heated material 

(type 4–6) from the interior of the parent bodies into direct contact with cooler material (type 3) 

from the outer layers of the body (see also Harrison and Grimm (2010) and Scott et al. (2014)). 
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4.6.5. Three rubble pile asteroids (H, L, LL) or many? 

Both the re-accretion of parts of the fragmented “giant” onion-shell like parent body (Grimm, 1985; 

Taylor et al., 1987) and the accretion of small, metamorphosed planetesimals (Scott and Rajan, 

1981) to form a second generation chondrite parent body would result in very similar rubble pile-

like objects. As already discussed above, it is unclear whether only three or already many different 

parent bodies for the ordinary chondrites existed in the early solar system, but it can safely be 

argued that different breccias of the three chondrite groups originate not only from three single, 

group-related parent bodies, but from many similar bodies. Since impact processes are witnessed in 

all kinds of extraterrestrial breccias, no convincing argument exists to believe in single parent 

bodies for the meteorite groups in general and, in particular, for the ordinary chondrites. As 

discussed above, Rubin and Bottke (2009) mentioned the probable existence of asteroid families to 

account for the provenance of H chondrites. This can be supported by simple observations. During 

an intensive search for CM-like clasts in ordinary chondrites we failed to find one within the thin 

sections from our collection. However, CM-like clasts are known to exist in some H chondrite 

breccias (e.g., Abbott, Plainview; Fodor and Keil, 1976, Rubin and Bottke, 2009) and make up 

several vol% in these chondrite breccias. This may indicate that only distinct members of the H-

group asteroid family did have this kind of fragments. In our study we found several CI-like clasts 

in one H-chondrite but not in others, also supporting the model in favor of the existence of an H-

group asteroid family instead of having a single first generation H chondrite parent body. Very 

similar observations can be made for the LL-group chondrites. Although almost 80% of the 

meteorites are brecciated and many have clasts of different petrologic types and impact melts, in 

only one LL3-6 breccia granitic and related achondritic clasts have been identified (Adzhi-Bogdo; 

Bischoff et al., 1993a; Terada and Bischoff, 2009). The mixing of LL-group chondritic materials 

with this kind of achondritic material - having oxygen isotope characteristics similar to those of 

ordinary chondrite - must have been a process restricted to very distinct members of the LL group 

family. 

 

 

4.6.6. Breccia formation and noble gases 
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Another argument comes from the characteristics of the L chondrites. As stated above about two 

thirds of the L chondrites have lost noble gases. This most likely means that about 470 Ma ago one 

parent body was heavily affected by impact, fragmented (catastrophic fragmentation; Heymann, 

1967), and is delivering L chondrite meteorites since that break-up, whereas other meteorites derive 

from other similar parent bodies of the “L-group family” that did not lose gases in their evolution. 

In this respect, for NWA 869 (L3-6) different impact events are recorded by an IMR clast at 1790 ± 

36 Ma and a shock-darkened clast at 2216 ± 40 Ma, demonstrating that NWA 869 escaped major 

reset in the course of the event at approximately 470 Ma that affected many L chondrites (Metzler 

et al., 2011). Alternatively, but less plausible in our view, only a portion of the impacted body lost 

most of the noble gases in the 470 Ma event as suggested by Crabb and Schultz (1981).  

 

Considering the abundances of shock veins in chondrites described in Chapter 3.3. we found that in 

general the number of ordinary chondrites with shock veins increases with the petrological type. In 

all chondrite groups the type 6 chondrites have the highest percentage of shock veins. As already 

stated earlier, if the shock vein-forming impacts would have happened on the original onion shell-

like body, most shock veins should be found in rocks of low petrologic types (types 3 and 4), as 

they exist in outer parts (at the surface) of the meteorite parent body. Since this is not the case, 

parent bodies are required that allowed the formation of shock veins (or planes in three dimensions) 

in highly thermally modified rocks at or near the surface of the parent body. Consequently, the 

formation of complex ruble-pile-like bodies is certainly needed in order to explain the observations 

shown and discussed above.  

 

4.6.7. Collisions within the last 500 Ma 

We do not safely know when the formation of the complex bodies discussed above occurred and 

how many of these objects formed. However, at least for the L chondrites we can assume that 

already about 470 Ma ago several parent bodies existed (e.g., Heymann, 1967; Haack et al., 1996). 

From the determination of the cosmic-ray exposure ages we know that at least one of the H-group 

parent bodies was catastrophically hit 7 Ma ago. This or perhaps other bodies were already 

impacted 33 Ma and 24 Ma ago, delivering H chondritic materials to Earth up to today. Considering 

the L chondrites, major impacts on the parent bodies occurred at 40 and 28 Ma ago. The relative 

proportions of 40Ar-poor meteorites and those with normal 40Ar in these peaks are markedly 

different, the 28 Ma peak is dominated by poor 40Ar retainers (Marti and Graf, 1992). A smaller 
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peak at 5 Ma is only seen in 40Ar-poor meteorites. This suggests major collisions 28 Ma and 5 Ma 

ago on an L chondrite parent body which earlier - most likely 470 Ma ago - had suffered 

catastrophic outgassing (Marti and Graf, 1992), whereas the meteorites with normal 40Ar likely 

derive from a different L chondrite parent. It seems unclear whether the more modest fractions of 

40Ar-poor meteorites with exposure ages around 40 Ma as well as the 28 Ma meteorites with a full 

40Ar complement are related to the same collisions (possibly between the two mentioned L-

chondrite parent bodies?) or represent a “background population”, possibly involving further last 

generation L chondrite parent bodies. In this respect Keil et al. (1994) also concluded that the 5, 28, 

and 40 Ma impact events that delivered meteoroids may not all have occurred on the same but 

perhaps on different fragments that were generated in the 470 Ma catastrophic event. Here, we also 

suggest that even other L chondrite-related parent bodies may have existed independent from the 

object that suffered gas-loss 470 Ma ago. 

The LL chondrites have exposure ages close to 15 Ma and smaller clusters at 28 Ma and 40 Ma. As 

already stated above, the latter clusters coincide with those of the L chondrites and may indicate 

major collisional events in the asteroid belt. The mixing of L and LL chondritic material is well-

documented. In many cases L chondrite fragments were encountered in LL chondrite breccias. 

Examples are Paragould, Glanerbrug, Adzhi-Bogdo, and NWA 5764 (Fodor and Keil, 1978, 

Bischoff et al., 1993c; Niemeier and Bischoff, 2006; Gattacceca et al., 2017). Gattacceca et al. 

(2017) showed, that the cosmic-ray exposure ages of the L clast and the LL host chondrite are 

identical (36.6 ± 5.8 Ma) lying in the 40 Ma cluster. However, it should be mentioned that in 

general mixing of clasts from different ordinary chondrite groups are rare (for details see Bischoff 

et al., 2006).  

If we consider the distribution of the exposure ages with the distinct peaks, we have to realize that 

not too many impacts have occurred in order to explain the flux of ordinary chondrite meteoroids to 

Earth. However, this certainly does not tell anything about the number of “last-generation” parent 

bodies that exist in the asteroid belt. S asteroids, which are probably made of ordinary chondrite 

material, are the most abundant type of asteroid in the inner main belt (Burbine et al., 2002). 

 

5. CONCLUDING REMARKS 

This paper presents the largest data set ever published on brecciation features of a large number of 

ordinary chondrites. Oxygen isotope data obtained by ion probe demonstrate that some of the most 

primitive ordinary chondrites contain very different xenolithic fragments. As indicated in Chapter 
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4.6.1 and since we know that some meteorite parent bodies differentiated 1-2 Ma earlier than the 

chondrules formed (Kleine et al., 2005, 2008), we have to consider that fragments of early-formed 

planetary materials (at a time of heavy impact activities) were able to become incorporated into the 

chondrule formation areas and/or into the subsequent chondrite accretion locations. These 

suggestions are supported by the occurrence of different xenoliths in type 3 chondrites (compare 

Fig. 5). That certain chondritic meteorites could represent samples of “second-generation parent 

bodies” has been discussed earlier (e.g., Sokol et al., 2007 and references therein). Also, Libourel 

and Krot (2007) considered the presence of metamorphosed planetesimal material among the 

precursors during formation of magnesian chondrules. These results clearly indicate that the so-

called primitive and pristine, type 3 unequilibrated ordinary chondrites are not primitive, but a 

mixture of early-formed achondritic and chondritic clasts and chondrules. Thus, other meteorite 

parent bodies (or parts of these) must be considered as precursor parent bodies that delivered 

materials (e.g., clasts; and these may also include the relict grains in subsequently-formed 

chondrules) to be involved in chondrule formation or to be ingredients in the mixture of 

components available for ordinary chondrite parent body accretion about 2 Ma after the formation 

of CAIs.  

This study also includes the aspect of noble gases (presence and abundance) into the discussion on 

the evolution of the brecciation processes of the studied 2280 ordinary chondrites. Brecciation 

aspects should be very informative for all cosmochemists, who are studying chemical aspects on 

bulk meteorites. Textural details are often barely considered in meteorite analysis. This paper 

emphasizes the importance of these details. 
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Table 1: Brecciation among 2280 studied ordinary chondrites. Samples in brackets exclude desert 

chondrites from the dense collection areas Acfer, Dar al Gani, Dhofar, Hammadah al Hamra, NWA, 

Sahara, Sayh al Uhaymir, and Tanezrouft. *) indicates the occurrence (location) of shock veins 

within the meteorites. Example: (94/6) = in 94% of the chondrites with shock veins, the veins 

crosscut the entire meteorite, in 6% of the cases shock veins are restricted to individual fragments. 

**) 2% are undefined. The data of Scott et al. (1989) are published as “lower limits”. See also Table 

4, which considers regolith breccias and the number of samples of each petrologic type. 

 

Chondrite Group    H  L  LL 

Number of samples    1193 (216) 947 (193) 140 (27) 

Brecciated chondrites  

 Total number    276 (46) 220 (37) 110 (21) 

Breccias in %    23 (21)  23 (19)  79 (78) 

Binns (1967) in %   33  20  66 

Scott et al. (1989) in %  24  18  58 

Chondrites with shock veins  

 Total number (all chondrites)  310  377  63 

 Data in %    26  40  45 

Breccias with shock veins   133  134  57 

Data in %    48  61  52 

Location of shock veins in %*  94/6  91/7**  60/40 
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Table 2: Oxygen isotope composition of olivines and the phyllosilicate-rich matrix in different 

clasts from the “primitive”, type 3 ordinary chondrites Adrar 003 (LL3.1) NWA 5697 (L3), and 

Sahara 98645 (H3). SIMS-analyses. Compare Figures 5 and 6. 

 

   Sample Mineral δ18O 1σ δ17O 1σ Δ17O 1σ 

   NWA 5697 (L3) Graphite-bearing clast Fo77 7.97 0.07 3.01 0.21 -1.14 0.22 

   NWA 5697 (L3) Graphite-bearing clast Fo77 7.77 0.07 3.05 0.31 -0.99 0.31 

   NWA 5697 (L3) Graphite-bearing clast Fo77 7.87 0.07 2.73 0.27 -1.36 0.28 

   NWA 5697 (L3) Graphite-bearing clast Fo77 7.90 0.07 2.64 0.25 -1.47 0.25 

        

   Adrar 003 (LL3.10)  Graphite-bearing clast Fo75 8.39 0.06 3.73 0.27 -0.63 0.28 

   Adrar 003 (LL3.10)  Graphite-bearing clast Fo81 8.32 0.07 3.97 0.31 -0.36 0.32 

   Adrar 003 (LL3.10)  Graphite-bearing clast Fo79 7.97 0.07 3.28 0.24 -0.86 0.25 

   Adrar 003 (LL3.10)  Graphite-bearing clast Fo80 8.09 0.08 3.19 0.25 -1.01 0.26 

        

   Sahara 98645 (H3) CI-like clast Matrix 16.89 0.13 10.98 0.33 2.20 0.36 

   Sahara 98645 (H3) CI-like clast Matrix 18.03 0.09 10.53 0.36 1.16 0.37 

   Sahara 98645 (H3) CI-like clast Fo99 0.42 0.07 -1.92 0.32 -2.14 0.33 

___________________________________________________________________________ 
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Table 3: List of brecciated chondrites with impact melt rock clasts and of impact melt 

breccias (IMB). 

H chondrites 

Name Classification Name Classification 

Acfer 022 H3.7 Hammadah al Hamra 068 H5/6 

Acfer 171 H3.7 Hammadah al Hamra 081 H6 

Acfer 239 H6 Hammadah al Hamra 161 H6 

Acfer 259 H3-6 Hammadah al Hamra 217 H4-5 

Acfer 301 H4 Kosice H5 

Anthony H5 Northwest Africa 2443 H3-5 

Chergach H5 Northwest Africa 3360 H3-5 

Dar al Gani 043 H5-6 Northwest Africa 4211 H3-6 

Dar al Gani 167 H5-6 Northwest Africa 4463 H6 

Dar al Gani 241 H-IMB Northwest Africa 4582 H4-6 

Dar al Gani 242 H-IMB Northwest Africa 2199 H-IMB 

Dar al Gani 315 H3-5 Northwest Africa 2457 H-IMB 

Dhofar 243 H6 Northwest Africa 2533 H-IMB 

Dhofar 590 H6 Sahara 98062 H4 

El Atchane 001 H3 Sahara 98100 H-IMB 

Gao-Guenie H5 Sayh al Uhaymir 075 H3-5 

Hammadah al Hamra 068 H-IMB    

L chondrites 

Acfer 039 L3.8 Northwest Africa 4206 L3-6 

Acfer 069 L-IMB Northwest Africa 5068 L4 

Acfer 080 L3.9 Northwest Africa 869 L3-6 

Barratta L4 Northwest Africa  8262 L-IMB 

Catherwood L-IMB Sahara 00171 L-IMB 

Chico L6 Sahara 00194 L-IMB 

Dar al Gani 049 L4/5 Sahara 00215 L-IMB 

Hammadah al Hamra 084 L6 Sahara 97057 L4-6 

Hammadah al Hamra 213 L3-6 Sahara 98312 L-IMB 

Julesburg L3.6 Sahara 98782 L3 

Marlow L5 Sahara 99362 L-IMB 

Motpena (a) L6 Sahara 99534 L5-6 

Northwest Africa 1485 L5-6 Tsarev L5 

Northwest Africa 3345 L3-6 Ramsdorf L-IMB  

LL chondrites 

Acfer 091 LL5-6 Hammadah al Hamra 181 LL4-6 

Acfer 126 LL5-6 Northwest Africa 1489 LL4-6 

Adzhi Bogdo LL3-6 Northwest Africa 5078 LL4-6 

Chelyabinsk LL5-6 Northwest Africa 3351 LL-IMB 

Dar al Gani 061 LL5-6 Parambu LL5-6 

Dar al Gani 062 LL5-6     
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Table 4: Fraction of brecciated ordinary chondrites and fraction of regolith breccias (with solar 

noble gases) among them 

 

 

number of 

meteorites 

in Table A1 

number & 

fraction 

brecciated 

meteorites 

with noble 

gas data 

brecciated 

meteorites with 

noble gas data 

meteorites 

with solar 

noble gases 

fraction of 

regolith 

breccias 

       
H3 112 75 (67%) 45(40%) 25(33%) 16(36%) 64% 

H4 210 44(21%) 18(8.6%) 5(11%) 2(11%) 40% 

H5 608 103(17%) 49(8.1%) 7(6.8%) 5(10%) 71% 

H6 256 47(18%) 21(8.2%) 5(11%) 3(14%) 60% 

IMB 7 7(100%) 0 0 0 -- 

H total 1193 276(23%) 133(11%) 42(15%) 26(20%) 62% 

       
L3 82 57(70%) 9(11%) 5(8.8%) 2(22%) 40% 

L4 80 26(33%) 14(18%) 3(12%) 0(0%) 0 

L5 206 45(22%) 24(12%) 10(23%) 1(4.2%) 10% 

L6 570 83(15%) 53(9.3%) 9(11%) 0 0 

IMB 9 9(100%) 0 0 0 -- 

L total 947 220(23%) 100(11%) 27(12%) 3(3.0%) 11% 

       
LL3 22 18(82%) 9(41%) 8(44%) 0 0 

LL4 31 28(90%) 9(29%) 8(29%) 0 0 

LL5 48 34(71%) 14(29%) 12(35%) 2(14%) 17% 

LL6 38 29(76%) 4(11%) 3(10%) 1(25%) 33% 

IMB 1 1(100%) 0 0 0 -- 

LL Total 140 110(79%) 36(26%) 31(28%) 3(8.3%) 9.7% 

       
OC total 2280 605(27%) 269(12%) 100(17%) 32(12%) 32% 

Reading example: 75 of the 112 (=67%) H3 meteorites in Table A1 are brecciated 

For 45 of the 112 (= 40%) noble gas data exist 

For 25 of the 75 brecciated H3s (33%) noble gas data exist 

16 of the 45 (=36%) with noble gas data contain solar noble gases, i. e. are regolith breccias; 

64% of all brecciated H3s with noble gas data are regolith breccias (i. e. 16 of 25) 

IMB: Impact melt breccias 

Classification is as listed in the respective sheets in Table A1 (e. g. H3-6 meteorites are given here as H3) 
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Table 5: Regolith breccias among the studied chondrites and breccias. *) 26/133 means that from 

133 H- chondrites that have been analyzed for noble gases 26 contain solar wind-implanted gases 

and have to be classified as regolith breccias. 

 

Chondrite group H L LL 

Breccias in % (see Table 1) 23 23 79 

Regolith breccias in % of all meteorites 

this work 

 

19.5 (26/133)* 

 

3.0 (3/100) 

 

8.3 (3/36) 

Regolith breccias in % of all meteorites 

Crabb and Schultz (1981)  

Graf and Marti (1994, 1995) 

 

14.0 

14.6 

 

2.9 

 

 

4.5 

Regolith breccias in % of all breccias 

which were analyzed for noble gases 

62 11 10 
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FIGURE CAPTIONS 

Fig. 1: Photomicrographs of different areas from the monomict L6 breccia Tenham. a) shock veins 

are barely visible; b) thick shock veins are clearly visible; c) area, in which the monomict 

brecciation of Tenham is very obvious. Images in polarized light, crossed Nicols. 

 

 

Fig. 2: Different individuals with distinct lithologies of the Chelyabinsk LL5-6 breccia: (a) Light-

colored, shock-veined LL5/6 lithology; polarized light, crossed Nicols. (b) Brecciated texture of a 

fragment from the strewn field. The opaque veins and areas between the clasts contain abundant 

metals and sulfides; image in plane polarized light. (c) Shock-darkened individual in reflected light; 

metals and sulfides (white veins) fill up the cracks and pores of the silicate-rich rock. (d) Slice of a 

hand-specimen of an impact melt breccia from the Chelyabinsk strewn field. Some chondrite 

fragments are embedded in the impact melt. See more details in Bischoff et al. (2013) and Morlok 

et al. (2017). 

 

Fig. 3: Histograms showing (a) the abundances of brecciated chondrites of the various petrologic 

types and (b) the abundances of regolith breccias among the studied 2280 ordinary chondrites. See 

Table 4 for more details. 

  

Fig. 4: (a) LL3-6 polymict meteorite breccia Adzhi-Bogdo (stone) consisting of various types of 

clasts embedded in a fine-grained matrix. Components of the breccia include chondrules, melt rock 

clasts, highly-recrystallized rock fragments (“granulites”), breccia clasts, pyroxene-rich fragments 

with achondritic textures, and alkali-granitoids (Bischoff et al., 1993). (b) L4-6 polymict meteorite 

breccia NWA 2555. (c) H3-5 chondrite breccia Dar al Gani 300. (d) LL6 monomict meteorite 

breccia NWA 5074. (e) Light-colored, highly-recrytallized fragment embedded in the clastic matrix 

of the L3-6 chondrite regolith breccia Adzhi-Bogdo. Images in plane polarized light. 
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Fig. 5: Xenolithic or highly recrystallized fragments in so-called primitive type 3 ordinary 

chondrites (a) Krymka (LL3.2): A chondritic fragment occurs as a foreign rock (chondrite in a 

chondrite). (b) Adrar 003 (LL3.10): A graphite-rich, rounded clast (about 3 mm in size) with a 

porphyritic olivine-rich texture. Most of the vein-like opaque areas consist of graphite. (c) Adrar 

003 (LL3.10): A metamorphosed fragment with a relict barred-olivine chondrule as a rounded 

object co-existing with typical chondrules. (d) Sahara 98645 (H3): A ~200 µm-sized fragment that 

is surrounded by chondrules has similarities to CI- chondrites (CI-like clast). Magnetites (mag), 

calcites (CC), and pyrrhotite (pyrh) are embedded in a phyllosilicate matrix.  

Fig. 6: Oxygen isotopic composition of foreign fragments in ordinary chondrites. Data from 

achondritic clasts from Adzhi-Bogdo (LL3-6) and Study Butte (H3-6) are averages of several 

analyses from Sokol et al. (2007b). The clast related to winonaites (win) in Villalbeto de la Pena 

(L6) is from Dyl et al. (2012) and Bischoff et al. (2013). The graphite-bearing clasts from Adrar 

003 (LL3.10) and NWA 5697 (L3) have a very similar composition (Table 2) as bulk ureilites and 

the ALM-A trachyandesite from the Almahata Sitta meteorite strewn field (Bischoff et al., 2014). 

The phyllosilicates (Phyl) and olivine (Ol) of the CI-like clast in the Sahara 98645 (H3) chondrite 

cover a wide area (compare Table 2). 

 

 

Fig. 7: Shock veins in ordinary chondrites: (a) shock veins cutting through the whole meteorites of 

Villalbeto de la Pena (arrows), Ardon (b; L6 breccias), and fragments of Chelyabinsk (e; LL5-6 

breccia). In other cases shock veins are locally limited to individual fragments (c,d from NWA 6381 

(LL4-6); f from Adzhi-Bogdo (LL3-6): The shock vein stops abruptly at the edge of the light-

colored, highly-metamorphosed fragment (arrow). 

 

Fig. 8: Characteristic features of impact melt areas in ordinary chondrite breccias: (a) Interior of an 

impact melt breccia clast from NWA 2443 (H3-6) showing abundant zoned newly-formed olivine 

crystals with Fo rich cores (~Fa7-10) surrounded by Fa-rich rims (light grey). In addition fragments 

of the host lithology (cores with Fa17-18) occur as unmelted relicts. Both olivine generations are 

embedded in a fine-grained to glassy mesostasis. (b) Another impact fragment from NWA 2443 

(H3-6), which is greatly equilibrated and its olivines do not show any zoning. This impact fragment 

has experienced annealing (metamorphism) prior to ejection, mixing and incorporation into the 

present chondrite breccia. (c) Dar Al Gani 167 (H5-6): Zoned olivines with cores of Fa7-12 are 
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enclosed within a fine-grained groundmass. (d) Impact melt in NWA 3345 (L3-6): Elongated (Fa20-

24) and blocky olivine (Fa12-16) are embedded in a glassy mesostasis. (e) Sahara 97057 (L4-4): 

Impact melt with zoned olivines having cores of ~Fa17. The rims and smaller grains are richer in Fe. 

(f) Metal-troilite globule within the impact melt fragment of Dar al Gani 167 (H5-6). The metal 

within the globule is white. Images in back-scattered electrons.   
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