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Fine‑grained interplanetary 
dust input during the Turonian 
(Late Cretaceous): evidence 
from osmium isotope and platinum 
group elements
Hironao Matsumoto 1*, Akira Ishikawa 2, Rodolfo Coccioni 3, Fabrizio Frontalini 4 & 
Katsuhiko Suzuki 1

The Turonian age (~ 90–94 Ma) was the hottest geological interval in the Cretaceous and also 
marked by the K3 event, a pronounced enrichment of 3He in pelagic sediments (i.e., massive 
input of extraterrestrial materials). Here, we present Os isotopic (187Os/188Os) and platinum group 
element (PGE) data from Turonian sedimentary records. After a sharp unradiogenic shift during the 
end-Cenomanian oceanic anoxic event 2, the 187Os/188Os ratios declined continuously throughout 
the Turonian, which could be ascribed to the formations of several large igneous provinces (LIPs). 
Because the interval with the most unradiogenic 187Os/188Os ratios (i.e., enhanced LIP volcanism) 
does not correspond to the warmest interval during the mid-Cretaceous, additional sources of CO2, 
such as subduction zone volcanism or the kimberlite formation, may explain the Cretaceous Thermal 
Maximum. As Os isotope ratios do not show any sharp unradiogenic shifts and PGE concentrations 
do not exhibit a pronounced enrichment, an influx of fine-grained cosmic dust to the Earth’s surface, 
possibly from the long-period comet showers, can be inferred at the time of the 3He enrichment during 
the mid-Turonian K3 event. Our findings highlight the different behaviors of 3He and PGE information 
in the sedimentary rocks during the input of fined-grained extraterrestrial materials.

The mid-Cretaceous was one of the hottest geological intervals in the Phanerozoic and also experienced severe 
environmental perturbations, including the worldwide deposition of organic-rich sediments (oceanic anoxic 
events: OAEs) and extinctions of marine planktons1–3. The late Cenomanian to early Santonian interval was 
characterized by warm climatic conditions4–6. The warmest climate, called the Cretaceous Thermal Maximum 
(CTM), occurred from the late Cenomanian to the early Turonian4–7. Even at high latitudes (~ 60°S), sea-surface 
and -bottom temperatures estimated from δ18Oforam data were ~ 25–30 °C and ~ 20 °C, respectively4–6,8. TEX86 data 
also support extremely high temperatures in the southern high latitudes during the Turonian8,9. No continental 
ice sheets were present, even at the polar regions2, and the West Antarctica was covered by rich vegetation10. 
Such exceptionally global warmth would have been sustained by high pCO2 in the atmosphere of up to several 
thousand ppm11,12.

The Cenomanian–Turonian interval also experienced massive volcanic episodes during which large igneous 
provinces (LIPs), including the Caribbean Plateau, the Madagascar Flood Basalt Province, and the High Arctic 
Large Igneous Province (HALIP), were formed13–15. The Caribbean Plateau was emplaced in the paleo-Eastern 
Pacific14 (Fig. 1). Although the eastern part of this oceanic plateau has been subducted underneath the proto-
Caribbean Ocean16, its aerial extent is estimated to be ~ 1.54 × 106 km217. The Madagascar Flood Basalt Province, 
located around Madagascar, is composed of basalt flows and dykes and some rhyolite flows (Fig. 1)13. The radio-
metric ages of the Caribbean Plateau (~ 97–70 Ma14) and Madagascar Flood Basalt Province (92–66 Ma18–20) 
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roughly correspond to those of OAE2 (93.9 Ma, at the end of the Cenomanian) and the CTM (~ 100–90 Ma). 
Also, main volcanic pulses of HALIP occurred around 97 to 100 Ma15. Volcanic emissions of CO2 during the 
formation of these basaltic plateaus may have therefore contributed to the extremely warm climatic conditions 
and contemporaneous environmental perturbations11. Large uncertainties in the radiometric ages have however 
hampered the determination of precise chronological correlations between these volcanic events and the CTM.

One of the characteristic features of the Turonian age is the enhanced input of extraterrestrial materials. 
Farley et al.21 reported a pronounced enrichment of 3He in the sedimentary sequences deposited in the Tethys 
and Indian Oceans that they named the “K3 event” (Figs. 2 and 3). Because 3He is abundant in interplanetary 
dust particles (IDPs), they interpreted the cause of the K3 event to be a pronounced input of IDPs, possibly as 
lunar cosmic dust21. In a later study, Martin et al.22 reported an increase in rare types of extraterrestrial materials 
(i.e., vanadium-rich chrome spinel and ordinary H chondritic grains) in the Tethyan sedimentary record during 
the K3 event and proposed that the K3 event was caused by resonance ejection of small asteroids from different 
regions of the asteroid belt. Although several hypotheses have been proposed to explain the K3 event, a complete 
understanding of the event and its importance in Earth’s environment and elemental cycles have been hampered 
by limited geochemical data21,22.

Os isotopic (187Os/188Os) values of paleo-seawater recorded in sedimentary rock are the best proxy for estimat-
ing the influence of inputs of mantle-derived and extraterrestrial materials into the ocean. Os supplied from such 
materials has unradiogenic (low) values (~ 0.12), whereas Os supplied from continental sources has radiogenic 
(high) values (~ 1.5)23. The 187Os/188Os of seawater thus represents a balance between inputs from continental 
weathering and inputs of mantle-derived and extraterrestrial materials23. Therefore, 187Os/188Os variations can 
provide insight into the timing of enhanced inputs of mantle-derived materials (e.g., LIP volcanism) and extra-
terrestrial materials during the Turonian. In addition, patterns of platinum group elements (PGEs) (i.e., Os, 
Ir, Ru, Pt, and Pd) in sediments can also shed light on the flux of extraterrestrial materials, because PGEs are 
highly enriched in extraterrestrial materials and their chondrite-normalized pattern is distinctive from that of 
terrestrial materials24,25.

In this study, we reconstructed paleo-seawater Os isotopic variations and PGE patterns in pelagic sedimen-
tary rocks collected from the Bottaccione section, deposited in the Tethyan Ocean, and from Ocean Drilling 
Program (ODP) Site 762C, which was deposited in the Indian Ocean (Fig. 1). We first inferred the cause of the 
CTM from the Os and Sr isotopic variations. Then, combining our new Os and PGE data with pre-existing 3He 
data, we re-examined the possible input of extraterrestrial materials during the K3 event.

Geological settings
Sedimentary rocks samples were collected from the Bottaccione section in the Umbria–Marche Basin (central 
Italy) (Fig. 1). The sedimentary rocks of this basin were deposited in a pelagic setting in the central-western 
Tethys Ocean26. The sedimentary sequence of the studied interval consists of white to reddish limestone with 
repeated chert layers rich in planktonic foraminifera and calcareous nannofossils25. For Os and PGE analysis, 
we collected lower Turonian to lower Coniacian limestone samples.

Sedimentary rock samples were also collected from ODP Site 762C. These sediments were deposited on the 
central Exmouth Plateau in the Indian Ocean (Fig. 1). Most of the studied samples are composed of nannofossil 
chalk and clayey chalk containing planktonic foraminifera27. However, a distinctive brownish claystone layer 
at ~ 818 mbsf (Site 762C, Core 75, Sect. 2, ~ 130 cm) is considered to be the regional sedimentary expression of 
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Figure 1.   Paleo-geographical reconstruction at 91 Ma69. “M.” represents the position of the Madagascar Flood  
Basalt Provinces. The map was created with Illustrator CS5.5 (https://​www.​adobe.​com/​produ​cts/​illus​trator.​
html).
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OAE 2 in the Indian Ocean28. For this study, we collected chalk and clayey chalk samples from the upper Cenoma-
nian to lower Coniacian, but we did not collect samples from the OAE2 interval in this core because no material 
was available. We conducted Re-Os and PGE analyses of these sedimentary rock samples following Refs.20,29,30.

Results
The concentrations of Os, Ir, Ru, Pt, Pd, and Re in the Bottaccione section ranged from 6 to 16 pg g−1, 5 to 
11 pg g−1, ~ 0 to 12 pg g−1, ~ 0 to 260 pg g−1, 111 to 491 pg g−1, and 0.5 to 23 pg g−1, respectively (Supplementary 
Table S1 and Fig. 2). The Os, Ir, Ru, Pt, Pd, and Re concentrations in rock samples from the core drilled at the 
ODP Site 762C varied from 11 to 64 pg g−1, 4 to 19 pg g−1, 5 to 25 pg g−1, 100 to 1900 pg g−1, 710 to 6000 pg g−1, 
and ~ 0 to 12 pg g−1, respectively (Supplementary Table S2 and Fig. 3). In both records, no pronounced enrich-
ment of PGEs was observed throughout the Turonian (Figs. 2, 3, 4). Chondrite-normalized PGE patterns show 
enrichment of P-PGEs (Pt and Pd), and Re, which have values close to those of the pelagic deep-sea sedimentary 
rocks and different from those of impact melt values (Fig. 4).

Age-corrected Os isotopic values (187Os/188Osi) were ~ 0.6 in the lowest Turonian and declined to 0.4 toward 
the Coniacian in both records (Figs. 2 and 3 and Supplementary Tables S1–S3). Because sedimentary rocks from 
both sites had low Re/Os, the effect of age correction was insignificant (less than 5%). Although three samples 
from the Bottaccione section (BTT 678, 704, and 728) had unradiogenic 187Os/188Osi values (blue points in Fig. 2), 
their re-analyses did not reproduce the unradiogenic values. Therefore, we considered that the 187Os/188Osi trends 
did not reflect hydrogenous information, but some other factors, such as local enrichment of unradiogenic mate-
rial (i.e., extraterrestrial materials) in sedimentary rocks.

Figure 2.   Geochemical record of the Bottaccione section (Umbria–Marche Basin, central Italy). The lithology 
and biostratigraphy are based on Ref.26. 3He concentration is based on Ref.21. Concentrations of platinum 
group elements and Os isotopic information are from this study. The stratigraphy reported in Ref.21 has been 
appropriately correlated to that of Ref.26. algeria.—algeriana, archaeo.—archaeocretacea, cushm.—cushmani, 
D.—Dicarinella, Hv.—Helvetoglobotruncana, M.—Marginotruncana, R.—Rotalipora, W.—Whiteinella, and ET—
extraterrestrial.
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Os isotopic variations during the Turonian
Previous studies have reported detailed Os isotopic variations from the late Cenomanian to the earliest 
Turonian31–33. During the late Cenomanian, the 187Os/188Osi ratios were ~ 0.7 to 0.834. During OAE2 (~ 93.9 Ma), 
187Os/188Osi ratios declined sharply toward mantle values (~ 0.2) (hereafter, 1st decline)31–33 (Fig. 5). Because 
the sedimentary age of OAE2 falls within the radiometric age range of Caribbean Plateau emplacement (97–70 
Ma14), this unradiogenic shift has been interpreted to reflect the massive input of mantle-derived Os into the 
ocean through volcanic eruption associated with the formation of the Caribbean Plateau31–33. After OAE2, the 
187Os/188Osi ratios show a radiogenic shift toward the background value of ~ 0.631–33 (Fig. 5).

Our newly obtained 187Os/188Osi records from the Bottaccione section and ODP Site 762C reveal a continuous 
unradiogenic shift from ~ 0.6 to ~ 0.4 throughout the Turonian (hereafter, 2nd decline) (Fig. 5). Given that the 
187Os/188Osi variations, though derived from two totally different oceanic settings, are highly consistent (Fig. 5), 
we infer that our Os isotopic data reliably reflect paleo-seawater Os isotopic variations. Also, given the positive 
correlation between Os and other PGEs, our PGEs data should mainly reflect the hydrogenous fraction as well. 
However, similar to previously reported PGE data of pelagic sedimentary rocks, our data exhibit Ru- and Re-
depleted patterns, in contrast to the patterns of modern seawater and the upper continental crust30,39 (Fig. 4). 
The Re and Ru depletion in the pelagic sedimentary sequence potentially reflects local modification of the 
seawater PGE patterns by preferential removal of Re under reducing oceanic conditions and of Ru under low-
salinity conditions35. Based on the simple box model of Ref.36, the 2nd decline of Turonian marine Os isotope 
ratios can be explained by (1) a ~ 37-fold increase in the extraterrestrial Os flux, (2) a ~ 50% decrease in the input 
of radiogenic continental Os, or (3) a ~ twofold increase in the mantle-derived Os flux compared to the early 
Turonian background level.

Given th 3He-enrichment during the mid-Turonian K3 event, which has been interpreted due to the enhanced 
input of extraterrestrial material21, the first scenario seems plausible. However, we could not find a clear strati-
graphic correlation between the 187Os/188Os variations and the estimated extraterrestrial 3He fluxes21 (Figs. 2 
and 3). Also, our samples do not exhibit a significant enrichment of PGEs throughout the Turonian; this result 

Figure 3.   Geochemical record of the Ocean Drilling Program Site 762C (Exmouth Plateau), Indian Ocean. 
The lithology is from Ref.27. Biostratigraphy is from Ref.27. 3He information is from Ref.21. Concentrations 
of platinum group elements and Os isotopic information are from this study. archaeocr.—archaeocretacea, 
Hv.—Helvetoglobotruncana, and W.—Whiteinella.
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suggests that the event of massive 3He input event did not significantly influence the seawater PGE cycles (Figs. 2, 
3, and 5). Furthermore, Martin et al.22 reported that the concentrations of extraterrestrial spinels in the pelagic 
sediments did not change greatly throughout the Turonian interval. Considering these pieces of evidence, we 
infer that the input of extraterrestrial materials is a less plausible cause of the unradiogenic Os isotopic shift 
(2nd decline).

Another possibility is a decline in the continental weathering rate associated with the climate cooling. Indeed, 
previous studies reported monotonous ~ 3 °C decrease in the sea surface temperature in the Southern high lati-
tude during the Turonian6. However, given the relationship between the temperature and weathering rate37, such 
decline in the temperature appear to be too small to account for the ~ 50% reduction in the continental weather-
ing rate. An alternative explanation for the cause of the unradiogenic shift is the changes in the Os isotope ratio 
of the river water. Assuming the end-Cenomanian riverine 187Os/188Os ratio of 1.5423, a decline in the riverine 
187Os/188Os ratios to 0.8 is required to explain the observed unradiogenic shift of seawater Os isotopic decline. 
However, considering 187Os/188Os values of most of the present major river water is above 1.023, it is difficult to 
justify such large drop in riverine 187Os/188Os values.

Figure 4.   Chondrite-normalized PGE patterns at (a) Bottaccione section and (b) ODP Site 762C. The PGE 
concentrations of chondrite are from Ref.70. PGE concentrations of upper continental crust and Triassic 
sedimentary rock are from Refs.25,30, respectively. PGE concentrations of impact melt are from Ref.71.
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The last scenario calls for an enhanced mantle-derived Os input throughout the Turonian age. Given that the 
oceanic crustal production rate at oceanic ridge during the Turonian was smaller than that during the previous 
stages38, enhanced unradiogenic Os inputs from oceanic ridges is not the cause of the 2nd decline. The radiomet-
ric ages of the Caribbean Plateau (97–70 Ma), the Madagascar Flood Basalt Province (92–66 Ma), and HALIP 
(97–80 Ma) roughly correspond to the timing of the 2nd Os isotopic decline13–15,19,20,39,40 (Fig. 5). Moreover, the 
2nd decline of 187Os/188Os during the Turonian follows the large drop of 187Os/188Os (1st decline) during OAE2, 
which has been ascribed to volcanic events associated with the formation of the Caribbean Plateau31,32 (Fig. 5). 
Combining these pieces of evidence, we propose that the prolonged minor volcanism and hydrothermal activity 
associated with the emplacement of the Caribbean Plateau, the Madagascar Flood Basalt Province, or HALIP 
after the major volcanic pulse during OAE2 are the most plausible explanation for the 2nd decline of 187Os/188Os.

The onset of the unradiogenic shift of 187Os/188Os was almost simultaneous with the onset of the Sr isotopic 
ratio (87Sr/86Sr) decline (Fig. 5). The 87Sr/86Sr ratio of seawater, like that of Os, represents a balance between radio-
genic continental Sr and unradiogenic mantle-derived Sr. Therefore, the unradiogenic shift of 87Sr/86Sr during 
the Turonian further supports an enhanced input of mantle-derived material into the ocean (Fig. 5). Intriguingly, 
around the lower Coniacian, the Sr and Os isotopic values start to show different trends; at that time, Sr isotopic 
values exhibit a radiogenic trend, while Os isotopic values continued to decline (Fig. 5).

One possible causes of this discrepancy between the Os and Sr isotopic variations would be an enhanced 
input of extraterrestrial materials. Because extraterrestrial materials can strongly influence PGE cycles on Earth, 
but they have less influence on the Sr cycle in the ocean, their input can explain the differences in the Os and 
Sr isotopic variations41. The 3He data and the low PGE concentrations during the Coniacian (Fig. 4) do not, 
however, support this interpretation21.

Another possible explanation is a change in riverine Os and Sr isotopic values: that is, lower 187Os/188Os ratios 
of riverine Os and/or higher 87Sr/86Sr ratios of riverine Sr in the Turonian–Coniacian. Indeed, previous studies 
have reported a large positive shift of δ44CA during the late Turonian to Coniacian that suggests a changes in 
continental weathering patterns associated with changes in paleogeography42,43. Therefore, the different trends 
of Os and Sr isotopic variations may indicate the change in the weathering pattern. For instance, previous studies 
have revealed that the drainage system of the Amazon changed during ~ Cenomanian to Maastrichtian, which 
was associated with the breakup of Gondowana44. Because rivers in the Amazon area discharge various lithology, 
including old Proterozoic cratons to the Paleozoic volcanic rocks, its change may have influenced the seawater Os 
and Sr cycles. At present, however, we do not have enough data to verify this possibility. Thus, further compilation 

Figure 5.   Compilation of Os isotopic data from the late Cenomanian to early Coniacian. Os isotopic data are 
from Refs.31–34,72, and this study. Sr isotopic data are from Ref.73. Ages of High Arctic Large Igneous Provinces 
are from Ref.15. Ages of the Caribbean Plateau are from Ref.14. Ages of the Madagascar Flood Basalt Province 
are from Refs.13,18–20. The ages of the kimberlite formation are based on Ref.53. The ages of Japanese granitoid are 
from Ref.48.
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of geological information and geochemical data is necessary to ascertain the cause of the discrepancy between 
the Os and Sr isotopic variations.

Implications for the cause of the Turonian hot house world
One of the traditional hypotheses to explain the source of CO2 during the CTM is active oceanic crustal produc-
tions at spreading centers45. However, because the oceanic crustal production rate during the Turonian was lower 
than during previous ages38, this explanation seems unlikely.

Another possible source of CO2 was the active volcanic eruptions that formed oceanic plateaus. The 
187Os/188Os ratios show a large unradiogenic shift during OAE2 at the end of the Cenomanian that is followed 
by a gradual 187Os/188Os decline throughout the Turonian (Fig. 5). These changes might reflect the massive vol-
canic events that formed the Caribbean Plateau and the Madagascar Flood Basalt Province as discussed in the 
previous section. These volcanic events might have released a large amount of CO2 that could have sustained the 
hot climate conditions of the CTM, the Earth’s warmest intervals of the Phanerozoic (Fig. 2). Some discrepan-
cies exist, however, between the intensity of volcanic activity estimated from Os isotopic records and the tem-
perature variations. The continuous decline of 187Os/188Os ratios of sedimentary rocks from the early Turonian 
to the Coniacian (2nd decline) might reflect the enhanced volcanic or hydrothermal activity associated with 
the emplacement of basaltic plateaus (i.e., the Caribbean Plateau, the Madagascar Flood Basalt Province, and 
HALIP) (Fig. 5). However, temperature during the mid-Cretaceous reached maximum values around the late 
Cenomanian to the early Turonian and then slightly decreased toward the Coniacian6,8 (Fig. 5). Given that the 
temperature slightly decreased as the volcanic and hydrothermal activity intensified, the input of CO2 through 
LIPs volcanism cannot completely explain the sustained hot-greenhouse world during the Turonian age.

Another possible scenario to explain the prolonged hot-greenhouse world is subaerial volcanic activity under 
the subaerial condition. It has been suggested that the length of the continental volcanic arc increased during the 
mid-Cretaceous and that this increased length enhanced the amount of volcanic CO2 emissions from subduction 
zones46,47. Moreover, the peak of Japanese granitoid formation occurred during the Cenomanian to Turonian 
(100–90 Ma), which roughly corresponds to the timing of the CTM48. Therefore, Matsumoto et al.34 have pro-
posed that enhanced circum-Pacific volcanic activity was one of the triggers of the warm conditions during the 
Cretaceous. Although a large part of magma was solidified in the magma chamber, some of them erupted as 
rhyolite49. However, rhyolite typically exhibits very low Os concentration50, and thus, it may not have influenced 
the marine PGE cycles. Additionally, enhanced volcanic activity resulting in kimberlite formation may have been 
a major source of CO2 during the Turonian. Kimberlite is a highly carbonaceous volcanic rock (e.g., CO2 ~ 20 
wt% solubility in the magmatic melt51), and kimberlite eruptions have a high ability to emit greenhouse gases52. 
Since the peak of the kimberlite formation occurred during the Cenomanian to Turonian (100–90 Ma)53, these 
volcanic events may have contributed to the CTM. Indeed, Patterson and Francis52 have suggested that kimberlite 
formation triggered early Cenozoic hyperthermal events. Although kimberlite exhibit high Os concentration 
(~ 0.03 to 8 ppb)54, it is composed of the cluster of small pipes (~ 10 ha)53 and its total volume is not significant 
enough to alter seawater PGE cycles. Therefore, we consider that the input of unradiogenic PGEs into the ocean 
through the weathering of kimberlite bodies was insignificant. Although further research on the volume of CO2 
is essential, we suggest that a worldwide enhancement of volcanic activity, including of subaerial volcanism 
(kimberlite formation/circum-Pacific volcanic activity) and LIPs activity (Caribbean Plateau, Madagascar Flood 
Basalt Province, and HALIP), are the most probable candidates as the source of the CO2 supporting the CTM.

Extraterrestrial events during Turonian
Farley et al.21 reported an increase in the extraterrestrial 3He flux during the Turonian. However, in this study, we 
did not find apparent declines of the 187Os/188Os and PGE enrichment that is observed in the massive meteorite 
impact event55 (Fig. 5). A possible explanation for this discrepancy between the present findings and those of 
Farley et al.21 is the IDP size. Basically, the influx of extraterrestrial PGEs onto the Earth is determined by the 
quantity of extraterrestrial material and the largest mass fraction is the IDPs with size of ~ 220 μm56. On the other 
hand, 3He in the sediments is originally derived from solar wind and exists on the surface of IDPs. Therefore, the 
total surface area of IDPs is a critical factor to determine the 3He flux on Earth56. Also, regarding extraterrestrial 
3He, heating during the entry into the atmosphere is another important parameter for 3He flux on Earth56,57. 
During an influx of extraterrestrial materials into the atmosphere, friction with the atmosphere causes a surge 
in temperature. As the size of the extraterrestrial materials is larger, the friction with the atmosphere becomes 
more intense and the temperature becomes higher58,59. For example, in the case of IDPs larger than ~ 40 μm, 
their temperature during their entry into the atmosphere will exceed 800℃. This high temperature would cause 
most of helium contained in the particles to be released59,60. Indeed, the large-meteorite impact horizon at the 
Cretaceous–Paleogene boundary lacks 3He-enrichment, presumably because devolatilization during the impact 
event removed most 3He from the meteorites50. Based on the total surface area of IDP and the temperature 
during their entry into the atmosphere, the most important host phase of extraterrestrial 3He in sediment is 
considered to be fine-grained IDPs ranging from 3 to 35 μm in size22,56. However, the total mass fraction of such 
fine-grained IDPs is considerably smaller than that of larger fractions57,61. Thus, we consider that an increase in 
the flux of only fine-grained IDPs can explain both the 3He enrichment and the lack of Os and PGE signatures 
in the sediments during the K3 event.

Unlike the broad peaks of other 3He enrichment events during the Late Cretaceous to Cenozoic, the K3 event 
is composed of several spiky 3He concentration peaks21 (Fig. 2). In addition, the reproducibility of 3He concen-
trations in the sediments is very poor21. These enigmatic features were interpreted as the input of cosmic dust 
from the Moon21. Because of long exposure to solar wind and cosmic rays, lunar dust contains a large amount 
of 3He. Therefore, the input of even a very small amount of lunar dust can explain both the spikiness and poor 
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reproducibility of 3He concentrations in the Turonian sediments21. Indeed, there are several large meteorite 
craters on the Moon that formed ~ 80–100 million years ago62, and these meteorite impacts may have related 
in large emissions of lunar dust into space. While 187Os/188Os of Moon rock is low (~ 0.12 to 0.2), their PGE 
concentrations were very low (0.5 ~ 65 ppt)63. Therefore, this meteorite impact event seems consistent with the 
lack of an Os isotopic declines and PGE enrichment in the sediments as well as with the non-chondritic PGE 
patterns (Figs. 2, 3, and 5). Here, typical cosmic ray exposure ages of most lunar meteorite that reached Earth 
are ~ 50 kyr64. Consequently, ~ 30 large asteroid impact events are expected to have occurred on the Moon to sus-
tain the 3He-enrichment of the K3 event, which lasted ~ 1.5 Myr. Considering Earth has a stronger gravitational 
field than Moon, it must have experienced more impact events during the K3 event. However, our Os and PGE 
signals do not show any significant fluctuations during the K3 event, contradicting the possibility of the multiple 
asteroid impact events. Furthermore, chemical analysis of spinel grains (> 32 μm) contained in the Bottaccione 
section revealed no grains supporting a lunar origin22. Although Martin et al.22 did not exclude the possibility 
of an enhanced flux of only small size (< 32 μm) lunar IDPs, they alternatively proposed that resonance of the 
asteroid belt caused small asteroids to be ejected toward Earth, and some of these released 3He-rich regolith in 
Earth’s orbit. Since asteroid itself does not carry large amount of 3He21, this scenario cannot fully explain the 
long-term 3He-enrichment event. Showers of long-period comets, induced by gravitational perturbations of the 
Oort cloud, might also have delivered large amounts of small-sized cosmic particles to Earth65. This hypothesis 
is consistent with the lack of Os isotopic decline and PGE enrichment. Because the velocity of such long-period 
comets with perihelia less than 1.2 AU tends to be very high65–67, particles derived from these comets usually 
reach a very high temperature during their entry into the Earth’s atmosphere68, potentially releasing the He 
contained therein. However, the velocities of very fine cometary dusts decrease before entering the atmosphere 
because of the Poynting-Robertson drag67 and most of them do not experience melting during the entry into the 
atmosphere58. Therefore, it is possible for fine cometary dust to retain the 3He during the entry onto the Earth. 
We concluded that the fine-cosmic (< 32 μm) dust released from the showers of long-period comets could be 
responsible for the lack of Os and PGE signatures and enrichment of 3He during the K3 event. Nevertheless, 
further research on small-sized extraterrestrial materials (< 32 μm) and the host phases of 3He in Turonian sedi-
ments is essential to test this and other hypotheses.

Conclusions
Here, we presented Os isotopic and PGE variations in Turonian sedimentary rocks and identified a monotonic 
decline of Os isotopic values (2nd decline) that may represent the enhanced input of mantle-derived Os released 
during the volcanic events associated with the formation of the Caribbean Plateau and/or the Madagascar LIPs. 
The timing of the warmest climate interval, the CTM, does not however correspond to the unradiogenic Turo-
nian peak in the Os isotopic record (2nd decline). Therefore, the extremely hot Cretaceous world cannot be 
solely explained by active volcanic degassing associated with LIP formation; rather, additional processes, such 
as subaerial volcanic activity in subduction zones or kimberlite formation, must provide part of the explanation. 
Because Os isotope ratios do not show an unradiogenic shift, and PGE concentrations do not exhibit a pro-
nounced enrichment, an influx of small IDPs to the Earth’s surface, possibly from the long-period comet shower 
can be inferred at the time of the 3He enrichment during the mid-Turonian K3 event. Our findings highlight 
the different behaviors of 3He and PGE information in the sedimentary rocks during the input of fined-grained 
extraterrestrial materials.

Methods
Sedimentary rocks samples were trimmed and ultrasonically cleaned. After drying, powdered samples (~ 0.5 g) 
were spiked with a solution enriched in 185Re, 190Os, 191Ir, 99Ru, 196Pt, and 105Pd and sealed in a quartz glass 
tube with 4 mL of inverse aqua regia. The tubes were heated at 230℃ for 48 h. After centrifugation, Os in the 
supernatants was separated and purified by CCl4 extraction, HBr back extraction, and microdistillation. The Os 
concentration and isotopic composition were determined by negative thermal ionization mass spectrometry 
(N-TIMS, TRITON, Thermo Fisher) at the Japan Agency for Marine-Earth Science and Technology (Japan). 
Re and other PGEs were separated and purified through an anion exchange resin (Muromac AG1-X8, 100–200 
mesh) and a cation exchange resin (BioRad AG 50W-X8, 200–400 mesh). PGE concentrations were measured by 
inductively coupled plasma mass spectrometry (ICP-MS, Thermo Element XR, Thermo Fisher at the University 
of Tokyo (Japan). All data were collected with respect to the values of procedural blanks (0.12 ± 0.05 pg for Os 
with 187Os/188Os = 0.2 ± 0.04; 1.4 ± 0.1/0.6 ± 0.2 pg for Re; 1.4 ± 0.9 pg for Ir; 0.5 ± 0.5 pg for Ru; 37.4 ± 21.6 and 
7.1 ± 3.6 pg for Pt; and 1.4 ± 1.3 pg for Pd). The detailed methods are described in Refs.29,30.

Data availability
All data generated in this study are included in the Supplementary file.

Received: 5 September 2023; Accepted: 6 December 2023

References
	 1.	 Leckie, R. M., Bralower, T. J. & Cashman, R. Oceanic anoxic events and plankton evolution: Biotic response to tectonic forcing 

during the mid-Cretaceous. Paleoceanography 17(3), 13–21. https://​doi.​org/​10.​1029/​2001P​A0006​23 (2002).
	 2.	 MacLeod, K. G. et al. A stable and hot Turonian without glacial δ18O excursions is indicated by exquisitely preserved Tanzanian 

foraminifera. Geology 41(10), 1083–1086. https://​doi.​org/​10.​1130/​G34510.1 (2013).
	 3.	 Grossman, E. L. & Joachimski, M. M. Ocean temperatures through the Phanerozoic reassessed. Sci. Rep. 12(1), 1–13. https://​doi.​

org/​10.​1038/​s41598-​022-​11493-1 (2022).

https://doi.org/10.1029/2001PA000623
https://doi.org/10.1130/G34510.1
https://doi.org/10.1038/s41598-022-11493-1
https://doi.org/10.1038/s41598-022-11493-1


9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22051  | https://doi.org/10.1038/s41598-023-49252-5

www.nature.com/scientificreports/

	 4.	 Huber, B. T. et al. The rise and fall of the Cretaceous Hot Greenhouse climate. Glob. Planet. Change 167, 1–23. https://​doi.​org/​10.​
1016/j.​glopl​acha.​2018.​04.​004 (2018).

	 5.	 Petrizzo, M. R. et al. Changes in biogeographic distribution patterns of southern mid-to high latitude planktonic foraminifera 
during the Late Cretaceous hot to cool greenhouse climate transition. Cretac. Res. 115, 104547. https://​doi.​org/​10.​1016/j.​cretr​es.​
2020.​104547 (2020).

	 6.	 Petrizzo, M. R. et al. Late Cretaceous paleoceanographic evolution and the onset of cooling in the Santonian at southern high 
latitudes (IODP Site U1513, SE Indian Ocean). Paleoceanogr. Paleoclimatol. 37(1), e2021PA004353. https://​doi.​org/​10.​1029/​2021P​
A0043​53 (2022).

	 7.	 Friedrich, O., Norris, R. D. & Erbacher, J. Evolution of middle to Late Cretaceous oceans—A 55 my record of Earth’s temperature 
and carbon cycle. Geology 40(2), 107–110. https://​doi.​org/​10.​1130/​G32701.1 (2012).

	 8.	 O’Connor, L. K. et al. Late Cretaceous temperature evolution of the southern high latitudes: A TEX86 perspective. Paleoceanogr. 
Paleoclimatol. 34(4), 436–454. https://​doi.​org/​10.​1029/​2018P​A0035​46 (2019).

	 9.	 Robinson, S. A. et al. Southern Hemisphere sea-surface temperatures during the Cenomanian–Turonian: Implications for the 
termination of Oceanic Anoxic Event 2. Geology 47(2), 131–134. https://​doi.​org/​10.​1130/​G45842.1 (2019).

	10.	 Klages, J. P. et al. Temperate rainforests near the South Pole during peak Cretaceous warmth. Nature 580(7801), 81–86. https://​
doi.​org/​10.​1038/​s41586-​020-​2148-5 (2020).

	11.	 Hong, S. K. & Lee, Y. I. Evaluation of atmospheric carbon dioxide concentrations during the Cretaceous. Earth Planet. Sci. Lett. 
327, 23–28. https://​doi.​org/​10.​1016/j.​epsl.​2012.​01.​014 (2012).

	12.	 Wang, Y. et al. Paleo-CO2 variation trends and the Cretaceous greenhouse climate. Earth-Sci. Rev. 129, 136–147. https://​doi.​org/​
10.​1016/j.​earsc​irev.​2013.​11.​001 (2014).

	13.	 Storey, M. et al. Timing of hot spot—Related volcanism and the breakup of Madagascar and India. Science 267(5199), 852–855. 
https://​doi.​org/​10.​1126/​scien​ce.​267.​5199.​852 (1995).

	14.	 Sinton, C. W. et al. An oceanic flood basalt province within the Caribbean plate. Earth Planet. Sci. Lett. 155(3–4), 221–235. https://​
doi.​org/​10.​1016/​S0012-​821X(97)​00214-8 (1998).

	15.	 Naber, T. V., Grasby, S. E., Cuthbertson, J. P., Rayner, N. & Tegner, C. New constraints on the age, geochemistry, and environmen-
tal impact of High Arctic Large Igneous Province magmatism: Tracing the extension of the Alpha Ridge onto Ellesmere Island. 
Canada. GSA Bull. 133(7–8), 1695–1711. https://​doi.​org/​10.​1130/​B35792.1 (2021).

	16.	 Weber, M. et al. Geochemistry of the Santa Fé Batholith and Buriticá Tonalite in NW Colombia–evidence of subduction initia-
tion beneath the Colombian Caribbean Plateau. J. South Am. Earth Sci. 62, 257–274. https://​doi.​org/​10.​1016/j.​jsames.​2015.​04.​002 
(2015).

	17.	 Ernst, R. E., et al. Large igneous province record through time and implications for secular environmental changes and geological 
time-scale boundaries. In Ernst, R. E., Dickson, A. J., Bekker, A. (Eds.), Large igneous provinces: A driver of global environmental 
and biotic changes, Geophysical Monograph, vol. 255, 2021, pp. 1–26.

	18.	 Kumar, A. et al. The Karnataka Late Cretaceous Dykes as products of the Marion Hot Spot at the Madagascar–India breakup event: 
Evidence from 40Ar-39Ar geochronology and geochemistry. Geophys. Res. Lett. 28(14), 2715–2718. https://​doi.​org/​10.​1029/​2001G​
L0130​07 (2001).

	19.	 Melluso, L. et al. Geochronology and petrogenesis of the Cretaceous Antampombato-Ambatovy complex and associated dyke 
swarm, Madagascar. J. Petrol. 46(10), 1963–1996. https://​doi.​org/​10.​1093/​petro​logy/​egi044 (2005).

	20.	 Sheth, H. Recurrent Early Cretaceous, Indo-Madagascar (89–86 Ma) and Deccan (66 Ma) alkaline magmatism in the Sarnu-Dandali 
complex, Rajasthan: 40Ar/39Ar age evidence and geodynamic significance. Lithos 284, 512–524. https://​doi.​org/​10.​1016/j.​lithos.​
2017.​05.​005 (2017).

	21.	 Farley, K. A., Montanari, A. & Coccioni, R. A record of the extraterrestrial 3He flux through the Late Cretaceous. Geochim. Cos-
mochim. Acta 84, 314–328. https://​doi.​org/​10.​1016/j.​gca.​2012.​01.​015 (2012).

	22.	 Martin, E., Schmitz, B., & Montanari, A., 2019. A record of the micrometeorite flux during an enigmatic extraterrestrial 3He 
anomaly in the Turonian (Late Cretaceous). In Koeberl, C., Bice, D. M. (Eds.), 250 Million Years of Earth History in Central Italy, 
Spec. Pap. Geol. Soc. Am, 542, 303–318.

	23.	 Levasseur, S., Birck, J. L. & Allegre, C. J. The osmium riverine flux and the oceanic mass balance of osmium. Earth Planet. Sci. Lett. 
174(1–2), 7–23. https://​doi.​org/​10.​1016/​S0012-​821X(99)​00259-9 (1999).

	24.	 Anders, E. & Grevesse, N. Abundances of the elements: Meteoritic and solar. Geochim. Cosmochim. Acta 53(1), 197–214. https://​
doi.​org/​10.​1016/​0016-​7037(89)​90286-X (1989).

	25.	 Peucker-Ehrenbrink, B. & Jahn, B. M. Rhenium-osmium isotope systematics and platinum group element concentrations: Loess 
and the upper continental crust. Geochem. Geophys. Geosyst. 2(10), 2001GC00172. https://​doi.​org/​10.​1029/​2001G​C0001​72 (2001).

	26.	 Coccioni, R. & Premoli Silva, I. Revised Upper Albian-Maastrichtian planktonic foraminiferal biostratigraphy and magnetostratig-
raphy of the classical Tethyan Gubbio section (Italy). Newsl. Stratigr. 48(1), 47–90 (2015).

	27.	 Haq, B.U., et al., 1990. Proceedings of the Ocean Drilling Program, Initial Reports 122. Ocean Drilling Program, pp. 1–826.
	28.	 Petrizzo, M. R. Upper Turonian–lower Campanian planktonic foraminifera from southern mid–high latitudes (Exmouth Plateau, 

NW Australia): Biostratigraphy and taxonomic notes. Cretac. Res. 21(4), 479–505. https://​doi.​org/​10.​1006/​cres.​2000.​0218 (2000).
	29.	 Ishikawa, A. et al. Re-evaluating digestion methods for highly siderophile element and 187Os isotope analysis: Evidence from 

geological reference materials. Chem. Geol. 384, 27–46. https://​doi.​org/​10.​1016/j.​chemg​eo.​2014.​06.​013 (2014).
	30.	 Sato, H. et al. Sedimentary record of Upper Triassic impact in the Lagonegro Basin, southern Italy: Insights from highly siderophile 

elements and Re-Os isotope stratigraphy across the Norian/Rhaetian boundary. Chem. Geol. 586, 120506. https://​doi.​org/​10.​1016/j.​
chemg​eo.​2021.​120506 (2021).

	31.	 Turgeon, S. C. & Creaser, R. A. Cretaceous oceanic anoxic event 2 triggered by a massive magmatic episode. Nature 454(7202), 
323–326. https://​doi.​org/​10.​1038/​natur​e07076 (2008).

	32.	 Du Vivier, A. D. et al. Marine 187Os/188Os isotope stratigraphy reveals the interaction of volcanism and ocean circulation during 
Oceanic Anoxic Event 2. Earth Planet. Sci. Lett. 389, 23–33. https://​doi.​org/​10.​1016/j.​epsl.​2013.​12.​024 (2014).

	33.	 Du Vivier, A. D. C. et al. Pacific 187Os/188Os isotope chemistry and U-Pb geochronology: Synchroneity of global Os isotope change 
across OAE 2. Earth Planet. Sci. Lett. 428, 204–216. https://​doi.​org/​10.​1016/j.​epsl.​2015.​07.​020 (2015).

	34.	 Matsumoto, H. et al. Mid-Cretaceous marine Os isotope evidence for heterogeneous cause of oceanic anoxic events. Nat. Commun. 
13(1), 239. https://​doi.​org/​10.​1038/​s41467-​021-​27817-0 (2022).

	35.	 Sharma, M. Platinum group elements and their isotopes in the ocean. In Encyclopedia of Ocean Sciences (eds Cochran, J. K. et al.) 
174–180 (Academic Press, 2019).

	36.	 Tejada, M. L. G. et al. Ontong Java Plateau eruption as a trigger for the early Aptian oceanic anoxic event. Geology 37(9), 855–858. 
https://​doi.​org/​10.​1130/​G2576​3A.1 (2009).

	37.	 Oliva, P., Viers, J. & Dupré, B. Chemical weathering in granitic environments. Chem. Geol. 202(3–4), 225–256. https://​doi.​org/​10.​
1016/j.​chemg​eo.​2002.​08.​001 (2003).

	38.	 Cogné, J. P. & Humler, E. Trends and rhythms in global seafloor generation rate. Geochem. Geophys. Geosyst. 7(3), 1–17. https://​
doi.​org/​10.​1029/​2005G​C0011​48 (2006).

	39.	 Torsvik, T. H. et al. Late Cretaceous magmatism in Madagascar: Palaeomagnetic evidence for a stationary Marion hotspot. Earth 
Planet. Sci. Lett. 164(1–2), 221–232. https://​doi.​org/​10.​1016/​S0012-​821X(98)​00206-4 (1998).

https://doi.org/10.1016/j.gloplacha.2018.04.004
https://doi.org/10.1016/j.gloplacha.2018.04.004
https://doi.org/10.1016/j.cretres.2020.104547
https://doi.org/10.1016/j.cretres.2020.104547
https://doi.org/10.1029/2021PA004353
https://doi.org/10.1029/2021PA004353
https://doi.org/10.1130/G32701.1
https://doi.org/10.1029/2018PA003546
https://doi.org/10.1130/G45842.1
https://doi.org/10.1038/s41586-020-2148-5
https://doi.org/10.1038/s41586-020-2148-5
https://doi.org/10.1016/j.epsl.2012.01.014
https://doi.org/10.1016/j.earscirev.2013.11.001
https://doi.org/10.1016/j.earscirev.2013.11.001
https://doi.org/10.1126/science.267.5199.852
https://doi.org/10.1016/S0012-821X(97)00214-8
https://doi.org/10.1016/S0012-821X(97)00214-8
https://doi.org/10.1130/B35792.1
https://doi.org/10.1016/j.jsames.2015.04.002
https://doi.org/10.1029/2001GL013007
https://doi.org/10.1029/2001GL013007
https://doi.org/10.1093/petrology/egi044
https://doi.org/10.1016/j.lithos.2017.05.005
https://doi.org/10.1016/j.lithos.2017.05.005
https://doi.org/10.1016/j.gca.2012.01.015
https://doi.org/10.1016/S0012-821X(99)00259-9
https://doi.org/10.1016/0016-7037(89)90286-X
https://doi.org/10.1016/0016-7037(89)90286-X
https://doi.org/10.1029/2001GC000172
https://doi.org/10.1006/cres.2000.0218
https://doi.org/10.1016/j.chemgeo.2014.06.013
https://doi.org/10.1016/j.chemgeo.2021.120506
https://doi.org/10.1016/j.chemgeo.2021.120506
https://doi.org/10.1038/nature07076
https://doi.org/10.1016/j.epsl.2013.12.024
https://doi.org/10.1016/j.epsl.2015.07.020
https://doi.org/10.1038/s41467-021-27817-0
https://doi.org/10.1130/G25763A.1
https://doi.org/10.1016/j.chemgeo.2002.08.001
https://doi.org/10.1016/j.chemgeo.2002.08.001
https://doi.org/10.1029/2005GC001148
https://doi.org/10.1029/2005GC001148
https://doi.org/10.1016/S0012-821X(98)00206-4


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:22051  | https://doi.org/10.1038/s41598-023-49252-5

www.nature.com/scientificreports/

	40.	 Cucciniello, C. et al. Constraints on duration, age and migration of the feeder systems of the Madagascan flood basalt province 
from high-precision 40Ar/39Ar chronology. Geol. Soc. Lond. Spec. Publ. 518(1), 325–340. https://​doi.​org/​10.​1144/​SP518-​2020-​275 
(2022).

	41.	 Meisel, T., Krahenbuhl, U. & Nazarov, M. A. Combined osmium and strontium isotopic study of the Cretaceous-Tertiary boundary 
at Sumbar, Turkmenistan: A test for an impact vs a volcanic hypothesis. Geology 23(4), 313–316. https://​doi.​org/​10.​1130/​0091-​
7613(1995)​023%​3c0313:​COASIS%​3e2.3.​CO;2 (1995).

	42.	 Soudry, D. 44Ca/42Ca and 143Nd/144Nd isotope variations in Cretaceous-Eocene Tethyan francolites and their bearing on phospho-
genesis in the southern Tethys. Geology 32(5), 389–392. https://​doi.​org/​10.​1130/​G20438.1 (2004).

	43.	 Soudry, D. et al. Evolution of Tethyan phosphogenesis along the northern edges of the Arabian–African shield during the Creta-
ceous-Eocene as deduced from temporal variations of Ca and Nd isotopes and rates of P accumulation. Earth-Sci. Rev. 78(1–2), 
27–57. https://​doi.​org/​10.​1016/j.​earsc​irev.​2006.​03.​005 (2006).

	44.	 de Assunção Rodrigues, M. et al. New insights into the cretaceous evolution of the Western Amazonian paleodrainage system. 
Sedim. Geol. 453, 106434. https://​doi.​org/​10.​1016/j.​sedgeo.​2023.​106434 (2023).

	45.	 Larson, R. L. Geological consequences of superplumes. Geology 19(10), 963–966 (1991).
	46.	 Lee, C. T. A. et al. Continental arc–island arc fluctuations, growth of crustal carbonates, and long-term climate change. Geosphere 

9(1), 21–36. https://​doi.​org/​10.​1130/​GES00​822.1 (2013).
	47.	 McKenzie, N. R. et al. Continental arc volcanism as the principal driver of icehouse-greenhouse variability. Science 352(6284), 

444–447. https://​doi.​org/​10.​1126/​scien​ce.​aad57​87 (2016).
	48.	 Takagi, T. Origin of magnetite-and ilmenite-series granitic rocks in the Japan arc. Am. J. Sci. 304(2), 169–202. https://​doi.​org/​10.​

2475/​ajs.​304.2.​169 (2004).
	49.	 Sonehara, T. & Harayama, S. Petrology of the Nohi Rhyolite and its related granitoids: A Late Cretaceous large silicic igneous field 

in central Japan. J. Volcanol. Geotherm. Res. 167(1–4), 57–80. https://​doi.​org/​10.​1016/j.​jvolg​eores.​2007.​05.​012 (2007).
	50.	 Meisel, T. & Moser, J. Platinum-group element and rhenium concentrations in low abundance reference materials. Geostand. 

Geoanal. Res. 28(2), 233–250. https://​doi.​org/​10.​1111/j.​1751-​908X.​2004.​tb007​40.x (2004).
	51.	 Moussallam, Y. et al. CO2 solubility in kimberlite melts. Chem. Geol. 418, 198–205. https://​doi.​org/​10.​1016/j.​chemg​eo.​2014.​11.​

017 (2015).
	52.	 Patterson, M. V. & Francis, D. Kimberlite eruptions as triggers for early Cenozoic hyperthermals. Geochem. Geophys. Geosyst. 

14(2), 448–456. https://​doi.​org/​10.​1002/​ggge.​20054 (2013).
	53.	 Tappe, S. et al. Geodynamics of kimberlites on a cooling Earth: Clues to plate tectonic evolution and deep volatile cycles. Earth 

Planet. Sci. Lett. 484, 1–14. https://​doi.​org/​10.​1016/j.​epsl.​2017.​12.​013 (2018).
	54.	 Graham, S., Lambert, D. & Shee, S. The petrogenesis of carbonatite, melnoite and kimberlite from the Eastern Goldfields Province. 

Yilgarn Craton. Lithos 76(1–4), 519–533. https://​doi.​org/​10.​1016/j.​lithos.​2004.​03.​031 (2004).
	55.	 Robinson, N., Ravizza, G., Coccioni, R., Peucker-Ehrenbrink, B. & Norris, R. A high-resolution marine 187Os/188Os record for the 

late Maastrichtian: Distinguishing the chemical fingerprints of Deccan volcanism and the KP impact event. Earth Planet. Sci. Lett. 
281(3–4), 159–168. https://​doi.​org/​10.​1016/j.​epsl.​2009.​02.​019 (2009).

	56.	 Farley, K. A., Love, S. G. & Patterson, D. B. Atmospheric entry heating and helium retentivity of interplanetary dust particles. 
Geochim. Cosmochim. Acta 61(11), 2309–2316. https://​doi.​org/​10.​1016/​S0016-​7037(97)​00068-9 (1997).

	57.	 Peucker-Ehrenbrink, B., Ravizza, G. & Winckler, G. Geochemical tracers of extraterrestrial matter in sediments. Elements 12(3), 
191–196. https://​doi.​org/​10.​2113/​gsele​ments.​12.3.​191 (2016).

	58.	 Love, S. G. & Brownlee, D. E. Heating and thermal transformation of micrometeoroids entering the Earth’s atmosphere. Icarus 
89(1), 26–43. https://​doi.​org/​10.​1016/​0019-​1035(91)​90085-8 (1991).

	59.	 Nier, A. O. & Schlutter, D. J. The thermal history of interplanetary dust particles collected in the Earth’s stratosphere. Meteoritics 
28(5), 675–681. https://​doi.​org/​10.​1111/j.​1945-​5100.​1993.​tb006​39.x (1993).

	60.	 Farley, K. A. Cenozoic variations in the flux of interplanetary dust recorded by3He in a deep-sea sediment. Nature 376(6536), 
153–156. https://​doi.​org/​10.​1038/​37615​3a0 (1995).

	61.	 Plane, J. M. Cosmic dust in the earth’s atmosphere. Chem. Soc. Rev. 41(19), 6507–6518. https://​doi.​org/​10.​1039/​C2CS3​5132C 
(2012).

	62.	 Terada, K., Morota, T. & Kato, M. Asteroid shower on the Earth-Moon system immediately before the Cryogenian period revealed 
by KAGUYA. Nat. Commun. 11(1), 3453. https://​doi.​org/​10.​1038/​s41467-​020-​17115-6 (2020).

	63.	 Day, J. M. & Walker, R. J. Highly siderophile element depletion in the Moon. Earth Planet. Sci. Lett. 423, 114–124. https://​doi.​org/​
10.​1016/j.​epsl.​2015.​05.​001 (2015).

	64.	 Gladman, B. J., Burns, J. A., Duncan, M. J. & Levison, H. F. The dynamical evolution of lunar impact ejecta. Icarus 118(2), 302–321. 
https://​doi.​org/​10.​1006/​icar.​1995.​1193 (1995).

	65.	 Farley, K. A. et al. Geochemical evidence for a comet shower in the late Eocene. Science 280(5367), 1250–1253. https://​doi.​org/​10.​
1126/​scien​ce.​280.​5367.​1250 (1998).

	66.	 Flynn, G. J. Atmospheric entry heating: A criterion to distinguish between asteroidal and cometary sources of interplanetary dust. 
Icarus 77(2), 287–310. https://​doi.​org/​10.​1016/​0019-​1035(89)​90091-2 (1989).

	67.	 Borin, P., Cremonese, G., Marzari, F. & Lucchetti, A. L. I. C. E. Asteroidal and cometary dust flux in the inner solar system. Astron. 
Astrophys. 605, A94. https://​doi.​org/​10.​1051/​0004-​6361/​20173​0617 (2017).

	68.	 Love, S. G. & Brownlee, D. E. Peak atmospheric entry temperatures of micrometeorites. Meteoritics 29(1), 69–70. https://​doi.​org/​
10.​1111/j.​1945-​5100.​1994.​tb006​53.x (1994).

	69.	 Scotese, C. R., 2013. PaleoAtlas for ArcGIS, volume 2, Cretaceous Paleogeographic, Paleoclimatic and Plate Tectonic Reconstruc-
tions, PALEOMAP Project https://​doi.​org/​10.​13140/2.​1.​3911.​7123.

	70.	 Palme, H., Lodders, K. & Jones, A. Solar system abundances of the elements. In Planets, Asteriods, Comets and The Solar System, 
Treatise on Geochemistry 2nd edn, Vol. 2 (ed. Davis, A. M.) 15–36 (Elsevier, New York, 2014).

	71.	 Tagle, R., Schmitt, R. T. & Erzinger, J. Identification of the projectile component in the impact structures Rochechouart, France 
and Sääksjärvi, Finland: Implications for the impactor population for the earth. Geochim. Cosmochim. Acta. 73(16), 4891–4906. 
https://​doi.​org/​10.​1016/j.​gca.​2009.​05.​044 (2009).

	72.	 Li, Y. X. et al. Enhanced ocean connectivity and volcanism instigated global onset of Cretaceous Oceanic Anoxic Event 2 (OAE2)∼ 
94.5 million years ago. Earth Planet. Sci. Lett. 578, 117331. https://​doi.​org/​10.​1016/j.​epsl.​2021.​117331 (2022).

	73.	 Gale, A. S. et al. The cretaceous period. In Geologic Time Scale 2020 (eds Gradstein, F. M. et al.) 1023–1086 (Elsevier, 2020).

Acknowledgements
We thank Y. Otsuki and J. Kikuchi for support of Os isotopic analysis. This study was financially supported by a 
Grant-in-aid for a Japan Society for the Promotion of Science Research Fellow (22J00271). We thank two anony-
mous reviewers for their valuable comments. The samples used in this research were provided by the International 
Ocean Discovery Program (IODP) (Sample request numbers 76411IODP and 95382IODP).

https://doi.org/10.1144/SP518-2020-275
https://doi.org/10.1130/0091-7613(1995)023%3c0313:COASIS%3e2.3.CO;2
https://doi.org/10.1130/0091-7613(1995)023%3c0313:COASIS%3e2.3.CO;2
https://doi.org/10.1130/G20438.1
https://doi.org/10.1016/j.earscirev.2006.03.005
https://doi.org/10.1016/j.sedgeo.2023.106434
https://doi.org/10.1130/GES00822.1
https://doi.org/10.1126/science.aad5787
https://doi.org/10.2475/ajs.304.2.169
https://doi.org/10.2475/ajs.304.2.169
https://doi.org/10.1016/j.jvolgeores.2007.05.012
https://doi.org/10.1111/j.1751-908X.2004.tb00740.x
https://doi.org/10.1016/j.chemgeo.2014.11.017
https://doi.org/10.1016/j.chemgeo.2014.11.017
https://doi.org/10.1002/ggge.20054
https://doi.org/10.1016/j.epsl.2017.12.013
https://doi.org/10.1016/j.lithos.2004.03.031
https://doi.org/10.1016/j.epsl.2009.02.019
https://doi.org/10.1016/S0016-7037(97)00068-9
https://doi.org/10.2113/gselements.12.3.191
https://doi.org/10.1016/0019-1035(91)90085-8
https://doi.org/10.1111/j.1945-5100.1993.tb00639.x
https://doi.org/10.1038/376153a0
https://doi.org/10.1039/C2CS35132C
https://doi.org/10.1038/s41467-020-17115-6
https://doi.org/10.1016/j.epsl.2015.05.001
https://doi.org/10.1016/j.epsl.2015.05.001
https://doi.org/10.1006/icar.1995.1193
https://doi.org/10.1126/science.280.5367.1250
https://doi.org/10.1126/science.280.5367.1250
https://doi.org/10.1016/0019-1035(89)90091-2
https://doi.org/10.1051/0004-6361/201730617
https://doi.org/10.1111/j.1945-5100.1994.tb00653.x
https://doi.org/10.1111/j.1945-5100.1994.tb00653.x
https://doi.org/10.13140/2.1.3911.7123
https://doi.org/10.1016/j.gca.2009.05.044
https://doi.org/10.1016/j.epsl.2021.117331


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:22051  | https://doi.org/10.1038/s41598-023-49252-5

www.nature.com/scientificreports/

Author contributions
H.M. designed the research. H.M., R.C. and F.F. collected samples. H.M. and A.I. performed geochemical analy-
sis. H.M. wrote original manuscript. All authors contributed to the writing of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​49252-5.

Correspondence and requests for materials should be addressed to H.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-49252-5
https://doi.org/10.1038/s41598-023-49252-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Fine-grained interplanetary dust input during the Turonian (Late Cretaceous): evidence from osmium isotope and platinum group elements
	Geological settings
	Results
	Os isotopic variations during the Turonian
	Implications for the cause of the Turonian hot house world
	Extraterrestrial events during Turonian
	Conclusions
	Methods
	References
	Acknowledgements


