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Ruthenium isotopes show the Chicxulub impactor was a carbonaceous-type 1 

asteroid 2 
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An impact at Chicxulub occurred 66 million years ago, producing a global 32 

stratigraphic layer that marks the boundary between the Cretaceous and Paleogene eras. 33 

That layer contains elevated concentrations of platinum-group elements, including 34 

ruthenium. We measure ruthenium isotopes in samples taken from three Cretaceous-35 

Paleogene boundary sites, five other impacts that occurred between 36 to 470 million 36 

years ago, and ancient 3.5 to 3.2 billion-year-old impact spherule layers. Our data indicate 37 

that the Chicxulub impactor was a carbonaceous-type asteroid, which had formed beyond 38 

the orbit of Jupiter. The other younger impact structures have isotopic signatures more 39 

consistent with siliceous-type asteroids, which formed closer to the Sun. The ancient 40 

spherule layer samples are consistent with impacts of carbonaceous-type asteroids during 41 

Earth’s final stages of accretion. 42 

 43 

 44 

 45 

Several mass extinction events occurred on Earth during the last 500 million years of its 46 

history, all within the Phanerozoic era, a geologic time period from 539 million years ago to 47 

the present (1, 2). The most recent mass extinction occurred simultaneously with the 48 

Cretaceous-Paleogene (K-Pg) geologic boundary, 66 million years ago (Ma), during which 49 

≳ 60 % of all species were extinguished (3). The geologic signature of the K-Pg boundary was 50 

produced by the impact on Earth of a >10 km diameter asteroid at Chicxulub, Mexico (3, 4). 51 

Samples taken from the K-Pg boundary layers have elevated concentrations of platinum group 52 

elements (PGE): iridium, ruthenium, osmium, rhodium, platinum and palladium (5-7), which 53 

are rare in Earth’s crustal rocks (8). Meteorites, which are fragments of asteroids, have orders 54 

of magnitude higher PGE contents (9). The PGE enrichment of K-Pg boundary layer samples, 55 

and other terrestrial impact-related rocks and deposits, is interpreted as being derived from the 56 

extraterrestrial impactors. 57 

Elevated PGE concentrations have been identified in many samples from globally 58 

distributed K-Pg boundary sites (10-12), indicating the fallout produced by the impact extended 59 

worldwide. The PGE data have been interpreted as indicating the impactor was an asteroid with 60 

composition similar to the class of meteorites known as chondrites (13). Further evidence for 61 

extraterrestrial material in the K-Pg boundary layer includes chromium (Cr) isotope data (14, 62 

15) and the presence of a fossil meteorite fragment in a sample of the K-Pg boundary in the 63 

Pacific Ocean (16). 64 

An alternative hypothesis for the origin of PGE in K-Pg boundary layer deposits is that 65 

they are derived from global ash fall originating from extensive volcanic eruptions in the 66 

Deccan Trap, India (17). However, the abundance ratios of PGEs in the K-Pg boundary differ 67 

from those in the Deccan Trap volcanic basalts (18); the K-Pg PGE relative abundances are 68 

more consistent with those of chondritic meteorites (13), not with Deccan basalts. 69 

The abundance ratios of PGEs and osmium isotope compositions have been used to 70 

constrain the nature of the extraterrestrial impactors for Brent (19), Clearwater East (20), 71 

Morokweng (21, 22), Popigai (23) impact structures and ancient 3.5 to 3.2 Ga old impact 72 

spherule layers (24-26). This approach assumes that relative PGE abundances were not 73 

modified during the impact itself, during incorporation into the impact-generated host rocks, or 74 

by later processes affecting those rocks.  75 

 76 

Ruthenium isotope constraints on extraterrestrial impactors 77 

We investigate the nature of extraterrestrial impactors using the isotopic composition of 78 

ruthenium (Ru), a PGE. We chose Ru because it exhibits isotopic variations between different 79 

meteorite groups (27-30), which all differ from the terrestrial composition, so could serve as a 80 

genetic fingerprint for determining the source of the extraterrestrial component in impact rocks. 81 

For terrestrial impact rocks, the Ru isotopic signature of the impactor is expected to be 82 



 3 

preserved, even if inter-element PGE abundance ratios are modified during the impact or 83 

subsequent geologic processes (13). 84 

If Ru in the K-Pg boundary layer and other terrestrial impact structures originate from 85 

extraterrestrial bodies, their Ru isotopic compositions will differ from Earth’s, but be similar to 86 

those of the associated classes of meteorites. The Ru isotope signatures among meteorites scale 87 

with the heliocentric distance (distance from the Sun) at which their parent asteroids formed in 88 

the early Solar System (30). Two major classes of meteorites can be distinguished based on 89 

systematic differences in isotopic compositions of various elements (31): 1.) the carbonaceous 90 

(CC) meteorites comprising chondrites of Ivuna- (CI), Mighei- (CM), Ornans- (CO), Vigarano- 91 

(CV), Karoonda- (CK), Renazzo- (CR), High-iron- (CH), and Bencubbinit-types (CB), as well 92 

as isotopically associated iron meteorite groups (CC irons: IIC, IID, IIF, IIIF, IVB); 2.) the non-93 

carbonaceous (NC) meteorites comprising ordinary- (OC), enstatite- (EC), and Rumuruti-type 94 

(RC) chondrites, as well as associated iron meteorite groups (NC irons: IAB, IIAB, IIAB, IIIE, 95 

IVA). 96 

OCs are by far the most common type of stony meteorites arriving at Earth. OCs, ECs 97 

and RCs are fragments of siliceous (S-type) asteroids that formed in the inner Solar System, in 98 

the same region as the rocky planets (31, 32). The Ru isotope signatures of NC meteorites (OC, 99 

EC, RC and most NC irons) are less distinct from the Ru isotope composition of Earth (Fig. 1). 100 

In contrast, carbonaceous chondrite (CC) meteorites and isotopically associated iron meteorites 101 

(CC irons) are derived from carbonaceous (C-type) asteroids which formed at greater 102 

heliocentric distances, beyond the orbit of Jupiter (31, 32). The average Ru isotope 103 

compositions of CCs and CC irons are more distinct from Earth than OCs and ECs (Fig. 1). 104 

However, unlike other meteorite groups the CCs have large variations in between individual 105 

meteorites (Fig. 1), and CIs appear to be distinct from other CC groups (30).  106 

Almost all meteorites that impact Earth are delivered from the current asteroid belt, 107 

located between the orbits of Mars and Jupiter, with CCs having migrated there due to scattering 108 

by the giant planets (32). Nevertheless, the difference in Ru isotope compositions with Earth 109 

follows the sequence EC<OC<CC, so distinguishes between asteroid material with C-type or 110 

S-type composition. Therefore, Ru can potentially be used to determine if an impactor 111 

originally formed in the inner or outer Solar System (27-30). 112 

 113 

Ruthenium isotope measurements 114 

We measured Ru isotopes to constrain the origins of the Chicxulub impactor, using 115 

samples taken from the K-Pg boundary (33). For comparison, we apply the same analysis to 116 

other Phanerozoic impact structures, ancient (3.5 to 3.2 Ga old) impact-related spherule layers, 117 

and two carbonaceous meteorites (CI and CV). Our samples were taken from widely separated 118 

K-Pg boundary sites from locations in Europe, to span a range of the Chicxulub ejecta layer. 119 

We used geologic sections collected from Denmark (Stevns Klint), Italy (Fonte D’Olio) and 120 

Spain (Caravaca). For the other Phanerozoic impacts, we used three drill core samples of impact 121 

melt rock from the Brent (Ontario, Canada), Clearwater East (Quebec, Canada) and 122 

Morokweng (South Africa) impact structures; surface impact melt rocks from Rochechouart 123 

(north-west Massif Central, France) and Popigai (Siberia, Russia) (34, 35). Three ancient 124 

impact spherule layer samples (BARB5_SL2, CT3-1_SL9, CT3-2_SL13) of the Barberton 125 

greenstone belt (South Africa) were taken from drill cores (core names: BARB5 & CT3, Table 126 

S1) (33). These spherule layers are dated 3.5 to 3.2 Ga and represent the oldest records of large 127 

asteroid impacts in the early Earth’s history during the Archean era (24-26), a geologic time 128 

period from 4.0 to 2.5 Ga. Table S1 lists the sample locations and other detailed information 129 

(33). We also measured terrestrial standard samples (PGE-rich chromitite layer (UG2) from the 130 

Bushveld intrusion in South Africa), the CV meteorite Allende and the CI meteorite Orgueil. 131 

All isotopic measurements used multi-collector inductively coupled plasma mass 132 

spectrometry (MC-ICPMS) (33). The resulting Ru isotopic compositions are listed in Table 1. 133 



 4 

The differences between the Ru isotope compositions of meteorites and Earth are very small, 134 

so are conventionally reported in e notation, which indicates the deviation in parts per 10,000 135 

(0.01 % from a terrestrial isotopic standard (Table 1) and ‘Materials and Methods’ for details) 136 

(33). The uncorrected raw data, interference corrected and internally normalized data, and 137 

calculated e values are provided in Data S1.  138 

We find that all the impact-related samples have Ru isotopic compositions that are distinct 139 

from Earth and overlap those of meteorites (Fig. 1). A plot of e102Ru as a function of e100Ru 140 

(Fig. 2) shows that these variations are the same as observed for meteorites. We interpret this 141 

plot as indicating variable incorporation into Solar System bodies of cosmic dust enriched in 142 

Ru nuclides, produced by the slow neutron capture process (s-process) of stellar 143 

nucleosynthesis (36). 144 

 145 

Origin of the Chicxulub impactor 146 

All our K-Pg boundary layer samples exhibit indistinguishable and uniform Ru isotope 147 

compositions. The e100Ru values are distinct from the composition of Earth, ECs and OCs but 148 

consistent with the average composition of CCs (Fig. 1). This implies that the Chicxulub 149 

impactor was derived from the population of C-type asteroids that formed in the outer Solar 150 

System.  151 

Although the e100Ru values of the K-Pg boundary layer samples are consistent with the 152 

average CC value (-0.88±0.12, 95 % conf., Table S3), they are well resolved different from 153 

those of the CI group (-0.31±0.13, 2 s.d., Table S4) (33). CI carbonaceous chondrites were 154 

interpreted to have similar composition to comets (37); if CI chondrites are a proxy for cometary 155 

matter, our Ru measurements exclude a previously proposed cometary origin of the Chicxulub 156 

impactor (38). A CI-like composition of the Chicxulub impactor has previously been excluded 157 

by Cr isotope data (15), inter-element PGE ratios (13), and the fossil meteorite in a K-Pg 158 

boundary drill core section (16). 159 

We computed (33) the e100Ru values that would be measured for various mixtures 160 

between an average carbonaceous chondrite composition and the continental crust. The results 161 

(Fig. 3A) show that Ru isotope signatures are almost insensitive to contamination by terrestrial 162 

target rocks, because the Ru abundance in continental crust (0.34 ppb) (8) is orders of 163 

magnitude lower than the average for CCs (838 ppb) (9). Even minute amounts of 164 

extraterrestrial impactor material (<0.5 %) are sufficient to produce a e100Ru value that is 165 

indistinguishable from that of the impactor. This is consistent with our measurement of all K-166 

Pg boundary samples having uniform Ru isotope signatures (Figs. 1 & 2). If the Chicxulub 167 

impactor had an average carbonaceous chondrite Ru composition, we calculate the average 168 

amount of extraterrestrial material in our K-Pg boundary layer samples is between 0.8 % at 169 

Fonte D’Olio (Italy) and 6.6 % at Stevns Klint (Denmark). This is lower than previous estimates 170 

but falls within the range determined from Cr isotopes (0.1 % to 20 %) (15) and PGE 171 

abundances (1.6 % to 21 %) (5). 172 

The CC-like Ru isotope compositions we measure in the K-Pg boundary layer samples 173 

are consistent with evidence from Cr isotopes (14, 15) and chondritic PGE ratios (13), which 174 

were also interpreted as indicating a C-type asteroid as the Chicxulub impactor. Additionally, 175 

our Ru data exclude Deccan Trap volcanic eruptions as the origin of the elevated PGE 176 

concentrations within the K-Pg boundary (17), because any Ru derived from the eruptions 177 

would have terrestrial Ru isotope composition so would not match the Ru isotope signatures of 178 

CCs. 179 

 180 

Phanerozoic and Archean impactor compositions 181 

Unlike the Chicxulub impact, our samples from other terrestrial impact structures and 182 

Archean spherule layers have Ru isotope signatures distinct from average CCs (Fig. 1). The 183 

investigated Phanerozoic impact structures have ages of 36 to 470 Ma (34, 35) (Table S1), but 184 
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exhibit uniform Ru isotope signatures that are consistent with OCs, CIs, COs, RCs and IVA 185 

iron meteorites. The OC-like e100Ru values of Popigai, Brent, Clearwater East, and Morokweng 186 

impact melt rocks are consistent with previous interpretation of their PGE ratios as indicating 187 

OC impactor compositions (19-23). OC meteorites are derived from S-type asteroids that 188 

formed in the inner Solar System (31, 32). The Clearwater East (460 to 470 Ma) and Brent 189 

(453 Ma) impacts occurred during a period (the Ordovician era) that had a higher flux of OC 190 

material to Earth than at present, due to the breakup of an S-type parent asteroid at 466 Ma (39, 191 

40). We computed the same mixing model as above but assuming an OC-like impactor. The 192 

results (Fig. 3A) show the relative proportions of extraterrestrial material in each of these 193 

samples is 0.18 % for Popigai, 2.6 % for Brent, 3.1 % for Clearwater East, 4.3 % for 194 

Morokweng, and 0.57 % for Rochechouart. 195 

The three Archean spherule layer samples from Barberton also have uniform Ru isotope 196 

compositions which overlap those of CIs, COs, OCs, RCs and IVA iron meteorites. However, 197 

Previous Cr isotope measurements of other Barberton spherule layers with similar ages (3.5 to 198 

3.2 Ga) were consistent with a CC-like (CI, CM, CO, CV) impactor composition (41). The Cr 199 

constraints (41) in conjunction with the general isotopic distinctions between CC and NC 200 

meteorites (31) exclude NC meteorite-like impactor compositions like OCs, RCs and IVA 201 

irons. However, the Cr isotope data used different samples than our study, because BARB5 and 202 

CT3 drill core samples were not available at that time. Our Ru isotope measurements of impact 203 

spherule layer samples from the BARB5 and CT3 drill cores exclude the compositions of most 204 

carbonaceous meteorite groups, with only CIs and COs remaining viable impactor 205 

compositions (Fig. 1). The Barberton spherule layer samples have very high Ru concentrations 206 

(529 to 2737 ppb, Table S1) (33), with the CT3 samples (CT3-1_SL9, CT3-2_SL13) exceeding 207 

the average Ru concentration of carbonaceous chondrites (838 ppb, Table S4) (33). We 208 

calculated another mixing model for CI or CO impactors (Fig 3B) (33), which reproduces the 209 

high Ru concentrations in the Barberton spherule layers only for very high impactor 210 

contributions (>83 % for CI and >54 % for CO). Similarly high impactor contributions (>90 %) 211 

to other Barberton spherule samples were previously inferred from Cr isotopes and PGE 212 

abundances (41, 42). The very high impactor contents in these spherule layers have been 213 

interpreted as due to accumulation or reworking processes of the primary impact deposits and 214 

their inherent extraterrestrial components, e.g., by hydraulic fractionation of components of 215 

different sizes and densities during fall, and after deposition by waves and currents (43), or by 216 

condensation of PGE-rich alloys from the impact vapor plume (26, 43). 217 

 218 

Summary and conclusions 219 

Our Ru isotope measurements constrain the origin of the Chicxulub impactor, five 220 

Phanerozoic impactors and Archean spherule layers which lack an identifiable impact structure. 221 

For five of the six investigated Phanerozoic impact structures, we conclude that most of the 222 

impactors were derived from S-type asteroids that formed in the inner Solar System, with Ru 223 

isotope compositions and PGE inter-element ratios most similar to OCs. In contrast, the 224 

Chicxulub impactor which produced the K-Pg boundary (66 Ma) and the much older Archean 225 

spherule layers (3.5 to 3.2 Ga) were both derived from objects with CC-like composition, 226 

indicating an origin in the outer Solar System (33. 31). The Ru data for Chicxulub are 227 

inconsistent with a previous proposal that the impactor was a comet (38). For the Archean 228 

spherule layers, the CC-like composition could arise from C-type asteroid material that 229 

impacted during the final stages of Earth’s accretion (44). 230 

  231 
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Figure 1: e100Ru measurements terrestrial samples and meteorites. From top to bottom, the 421 

data are for K-Pg boundary sites, Phanerozoic impact structures, Archean spherule layers, CC 422 

meteorites (divided into types), EC meteorites, OC meteorites, Rumuruti-type meteorites, CC-423 

like and NC-like iron meteorites (divided into groups). Vertical colored lines indicate the 424 

average values of ECs (green, e100Ru = –0.08±0.04, 95 % conf.), OCs (red, e100Ru = –425 

0.29±0.03, 95 % conf.), CCs (blue, e100Ru = –0.88±0.12, 95 % conf.), and Earth’s mantle (44) 426 

(black, e100Ru = 0.00±0.02, 95 % conf.), with shaded regions indicating their 95 % confidence 427 

intervals. For CC iron meteorites the calculated average composition is shown including groups 428 

IIC, IID, IIF, IIIF, IVB and Chinga (see Table S3 for details) (33). For ECs and OCs, white 429 

open symbols indicate individual meteorites and black solid symbols are their averages. All 430 

plotted terrestrial and meteorite data are listed in Tables 1 and S3 respectively; error bars reflect 431 

either 95 % confidence interval or 2 s.d. uncertainties as indicated in Tables 1 and S3 (33). 432 

 433 

 434 

Figure 2: ε102Ru as a function of ε100Ru. Data for the same terrestrial samples as in Fig. 1 (see 435 

legend) are compared to averages of each of the meteorite classes (solid symbols) except CIs, 436 

which are plotted individually (open circles) because they are distinct from other CCs in Fig. 1. 437 

The solid black lines indicate the Ru isotope composition of Earth’s crust, ε102Ru ≡ 0 and 438 

ε100Ru ≡ 0. The dashed line is our mixing model (33) between Earth’s composition and a 439 

nucleosynthetic component (s-process) (see ‘Materials and Methods’ for details) (33). Solid 440 

black arrows indicate directions of excess and deficit in s-process component. Data are listed 441 

in Tables 1 and S3. Error bars reflect 95 % confidence interval or 2 s.d. uncertainties as 442 

indicated in Tables 1 and S3. 443 

 444 

 445 

Figure 3: Ruthenium mixing models. Dashed lines indicate the calculated e100Ru, as a 446 

function of Ru abundance, for model compositions consisting of a mixture between Earth’s 447 

continental crust (black square) and potential meteorite impactor compositions, in various 448 

proportions (labeled crosses). Color shaded regions indicate minimum and maximum calculated 449 

e
100Ru (curved solid black lines) based on the uncertainties of the meteorite impactor 450 

compositions as detailed below. Horizontal solid black lines indicate the Ru isotope 451 

composition of Earth’s crust, ε100Ru ≡ 0 (0.34 ppb Ru). (A) Models assuming the impactor 452 

composition was (blue) the average CCs (e100Ru = –0.88±0.12 (95 % conf.) and 838 ppb Ru, 453 

black circle) or (red) average OCs (e100Ru = –0.29±0.03 (95 % conf.) and 818 ppb Ru, black 454 

diamond). Data for the K-Pg boundary samples (blue circles) are consistent with the CC mixture 455 

model in proportions of 1 to 10%. The other Phanerozoic impact samples (colored diamonds, 456 

see legend) are closer to the OC mixture model. (B) Models assuming impactor compositions 457 

matching (cyan) CIs (e100Ru = –0.31±0.13 (2 s.d.) and 637.4 ppb Ru, empty blue circle) or 458 

(purple) COs (e100Ru = –0.36±0.13 (2 s.d.) and 981 ppb Ru, empty purple circle). Plotted 459 

measurements are listed in Tables 1 and S4 and the parameters of each model are given in Table 460 

S4. Uncertainties on the Ru abundances are negligible (see ‘Materials and Methods’ for details 461 

about the mixing calculations) (33). In all cases, we find that even a small contribution (> 0.5%) 462 

of impactor material causes the measured e100Ru to be close to the meteorite value. 463 

 464 

  465 
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Table 1: Ruthenium isotope measurements. Isotope data are listed for five ruthenium 466 

isotopes, measured from the samples of the K-Pg boundary layer, other Phanerozoic impact 467 

structures, Archean spherule layers, two meteorites, and a terrestrial reference sample UG2 468 

chromitite. n is the number of analyses of the same sample solution. Ruthenium isotope data 469 

have been internally normalized to 99Ru/101Ru and are expressed in e notation as deviations 470 

from the Alfa Aesar Ru standard solution (33). Uncertainties for all samples are expressed as 471 

twice the standard deviation (2 s.d.) of repeated measurements calculated for the average for 472 

reference sample UG2 (UG2_average), from 11 individual analyses of 2 replicate digestions 473 

(‘Materials and Methods’, Table S2) (33). 474 

 475 

 476 

Sample n ε96Ru ε98Ru ε100Ru ε102Ru ε104Ru 

K-Pg boundary layer:       

Caravaca 1 -0.0 ± 0.27 2.29 ± 0.46 -0.94 ± 0.11 -0.36 ± 0.15 0.18 ± 0.25 

Fonte D’Olio 13 0.25 ± 0.27 0.07 ± 0.46 -1.02 ± 0.11 -0.43 ± 0.15 -0.01 ± 0.25 

Stevns Klint-1 2 0.68 ± 0.27 0.58 ± 0.46 -1.02 ± 0.11 -0.35 ± 0.15 0.17 ± 0.25 

Stevns Klint-2 1 0.07 ± 0.27 0.92 ± 0.46 -0.98 ± 0.11 -0.44 ± 0.15 0.09 ± 0.25 

Stevns Klint-3 1 0.38 ± 0.27 1.41 ± 0.46 -0.95 ± 0.11 -0.45 ± 0.15 -0.12 ± 0.25 

Phanerozoic impact structures:       

Popigai 1 0.52 ± 0.27 1.01 ± 0.46 -0.36 ± 0.11 -0.19 ± 0.15 -0.06 ± 0.25 

Morokweng 5 0.14 ± 0.27 0.66 ± 0.46 -0.36 ± 0.11 -0.14 ± 0.15 0.04 ± 0.25 

Rochechouart 3 0.20 ± 0.27 0.43 ± 0.46 -0.40 ± 0.11 -0.20 ± 0.15 -0.07 ± 0.25 

Brent 2 0.15 ± 0.27 1.43 ± 0.46 -0.35 ± 0.11 -0.09 ± 0.15 -0.08 ± 0.25 

Clearwater East 2 0.26 ± 0.27 0.29 ± 0.46 -0.37 ± 0.11 -0.26 ± 0.15 -0.08 ± 0.25 

Archean impact spherule layers:       

BARB5_SL2 1 0.40 ± 0.27 0.03 ± 0.46 -0.33 ± 0.11 -0.16 ± 0.15 -0.01 ± 0.25 

CT3-1_SL9 7 0.12 ± 0.27 0.27 ± 0.46 -0.27 ± 0.11 -0.16 ± 0.15 -0.04 ± 0.25 

CT3-2_SL13 8 0.09 ± 0.27 0.10 ± 0.46 -0.30 ± 0.11 -0.12 ± 0.15 0.05 ± 0.25 

Terrestrial reference samples:       

UG2_1 7 -0.09 ± 0.27 0.11 ± 0.46 0.01 ± 0.11 -0.06 ± 0.15 -0.11 ± 0.25 

UG2_2 4 -0.12 ± 0.27 -0.12 ± 0.46 0.01 ± 0.11 0.03 ± 0.15 -0.11 ± 0.25 

UG2_average 11 -0.10 ± 0.27 0.03 ± 0.46 0.01 ± 0.11 -0.02 ± 0.15 -0.11 ± 0.25 

Meteorites:       

Allende (CV3) 1 0.52 ± 0.27 0.53 ± 0.46 -0.73 ± 0.11 -0.25± 0.15 0.21± 0.25 

Orgueil (CI1) 1 1.52 ± 0.27 0.99 ± 0.46 -0.38 ± 0.11 -0.18± 0.15 0.01± 0.25 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 
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Figure 1 490 
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Figure 2 492 
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Figure 3 496 
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