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refers to the r-residual after subtraction of the main s-
process from the average solar system composition.

Strontium isotope data for SiC grains extracted from
Murchison matrix reveal percent-level deficits in 84Sr/86Sr,
resulting from an enrichment in s-process 86Sr relative to
p-process 84Sr in these presolar grains (Nicolussi et al.,
1998; Podosek et al., 2004). The first evidence for mass-
independent Sr isotope anomalies in material processed
within the solar system was reported for FUN CAIs, which
show deficits of !–8 e84Sr and excesses of !+32 e84Sr
(Papanastassiou and Wasserburg, 1978) after normaliza-
tion to a fixed 88Sr/86Sr ratio. ‘‘Normal” CAIs exhibit
anomalies of about +1.3 in e84Sr (Moynier et al., 2012;
Brennecka et al., 2013; Hans et al., 2013; Paton et al.,
2013; Charlier et al., 2017; Myojo et al., 2018). Nucleosyn-
thetic Sr isotope anomalies at the bulk meteorite scale seem

to be restricted to CC bodies (Moynier et al., 2012; Hans
et al., 2013; Paton et al., 2013; Yokoyama et al., 2015).
At the current level of analytical precision, the Earth,
Moon, Mars, eucrites, angrites, ECs, and OCs have indis-
tinguishable relative abundances of non-radiogenic Sr iso-
topes, while carbonaceous chondrites exhibit slightly
positive anomalies of up to +0.65 e84Sr (Fig. 7b). Note that
for internally normalized Sr isotope data it is impossible to
distinguish p-, s-, and r-process anomalies, because varia-
tions in 87Sr are dominated by 87Rb-decay, such that only
three isotopes are left, two of which are used for internal
normalization. Thus, the apparent variations in e84Sr seen
in leachates, CAIs, and bulk bodies may be due to varia-
tions in either 84Sr, 86Sr, and 88Sr, or a combination thereof.
Double spike or sample-standard bracketing measurements
are of little help because the isotopic anomalies in CAIs and

Fig. 6. Titanium isotope composition of Murchison leachates and various planetary materials in e46Ti, e48Ti, and e50Ti space. Anomalies vary
by three orders of magnitude from presolar grains (panels g, h, i) via hibonites (panels d, e, f) to CAIs, individual chondrules, and bulk
planetary bodies (panels a, b, c). For clarity, error bars of SiC grains were omitted in panels d, e, f.
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signal) corresponds to a 60Fe flux of 98 atoms!cm!2!yr!1 into the 
inner Solar System or integrated over 1.5!Myr to an 60Fe fluence of 
(1.46 ± 0.15) " 108 atoms!cm!2 at Earth orbit; the fluence for the older 
event is (1.2 ± 0.4) " 108 atoms!cm!2. Interstellar grains, filtered by the 
Solar System in size to an average of #0.5 µm, were detected by space 
missions15, suggesting that (6 ± 3)% of the mass of ISM dust reaches  
the inner Solar System6. These grains follow the flow velocity of the ISM.

Assuming that the 60Fe-loaded grains follow the same mass dis-
tribution as determined for ISM grains at Earth orbit, we deduce 
an interstellar 60Fe concentration in dust of (2.8 ± 1.4) " 10!11 60Fe 
atoms!cm!3 for 1.7–3.2!Myr and, integrated over the full period of 
11!Myr, an average concentration of #(5–15) " 10!12 atoms!cm!3. 
Observations of 60Fe decay1,9 and nucleosynthesis models2 suggest 
an average Galaxy concentration of #6 " 10!12 60Fe atoms!cm!3 
(Supplementary Information), in agreement with the 11-Myr period 
of local data reported here.

60Fe is produced in massive stars2,24–27 in their late phases, predom-
inantly just before supernova explosions, and then ejected into space. 
(Super)asymptotic-giant-branch stars also produce and eject 60Fe 
through their stellar winds for a period of about 50!kyr, leading to a 
time profile similar to supernovae; however, their contribution to the 
Galactic 60Fe inventory is small28.

Models suggest a travel time of about 200!kyr with a time spread of 
approximately 100–400!kyr (ref. 5) for ejecta from a single supernova 
at a distance from Earth of about 100!pc. Our measured spread of 
about 1.5!Myr is inconsistent with the interpretation in terms of ejecta 
from a single supernova (or asymptotic-giant-branch star) moving 
across the Solar System (Supplementary Fig. 6). It suggests multiple 
supernova and massive-star events within the last ten million years 
or so in Earth’s vicinity and during two distinct periods 1.7–3.2!Myr 
ago and around 6.5–8.7!Myr ago. The recent time profile would be 
compatible with movement across the Solar System of ejecta in a series 
of supernova fronts in short succession within 1.5!Myr.

This would, however, require a high frequency of supernovae 
(around two to three supernovae per million years), since large fluc-
tuations were not observed in the time profile. Alternatively, the 
ejecta containing the 60Fe-bearing grains could have come to rest in 
the ambient ISM and diffused into volumes or clouds that were then 
traversed by the Solar System18.

The Solar System is currently embedded in a flow of ISM material 
with interstellar grains moving parallel to the flow of neutral interstellar 

gas in local ISM clouds, which suggests a common history or driver29. 
Such clouds have been suggested as part of an expanding superbubble 
shell driven by supernovae and winds from massive stars12–14,29.

Assuming the ejecta originate from a distance of 70–100!pc (the 
approximate limit of the Local Bubble) and that 60Fe is equally distrib-
uted into the outer shell of size 30!pc (a distance representing 1.5!Myr 
of travel), that is, assuming a spherical shell of mean radius 70–100!pc 
with a thickness of 30!pc, we deduce a total 60Fe mass trapped in ISM 
dust of (5–11) " 10!5 solar masses (M!) in the shell volume. This 
number represents a lower limit because it reflects the fraction of 60Fe 
condensed into dust without correction for radioactive decay and 
neglects the granularity of clumpy ejecta. Models predict core-col-
lapse and electron-capture supernova nucleosynthesis yields for 60Fe 
to be (0.5–14) " 10!5M! for stars of mass 8M!–25M!, depending 
on the progenitor mass, and with large uncertainties in the nuclear 
physics input2,24–27. (Super)asymptotic-giant-branch stars produce 
(0.003–1) " 10!5 M! 60Fe28. Our observed signals therefore favour 
supernova events. The fraction of 60Fe in dust can be roughly estimated 
by a comparison of our measured 60Fe deposition with nucleosynthesis 
yields. Under these assumptions and assuming reasonable distances 
(20–100!pc) about 0.4% to 9% of 60Fe would have been trapped in 
ISM dust particles (Supplementary Information, Supplementary Figs 
7 and 8).

Comparing our data with a similar work for ISM 244Pu in sediments 
and crust samples6 yields a 244Pu/60Fe atomic ratio of <2–3 " 10!5 (2!) 
during periods of elevated 60Fe deposition over the past ten million 
years, which agrees with the recently reported low 244Pu supernova 
yields6 (Supplementary Information).

This broad and global 60Fe influx on Earth demonstrates recent (within 
the past ten million years) and widespread massive-star ejections in our 
near Galactic neighbourhood (less than 100!pc from Earth), most probably 
from supernova explosions. Interestingly, the older event coincides with a 
strong increase in 3He and temperature change at about 8!Myr ago30, while 
the more recent activity starting about 3!Myr ago occurred at the same 
time as Earth’s temperature started to decrease during the Plio–Pleistocene 
transition.

Table 3 |  Summary of 60Fe deposition at various locations
Deep-sea 
archive Cores Location

Time period 
(Myr)

60Fe detector 
events

60Fe deposition 
(106 atoms cm!2)

Sediment 4 Indian 
Ocean

1.71–3.18 288      35.4 ± 2.6

FeMn Crust-1 2 Paci!c 
Ocean

      0–4.35 97 5.9 ± 0.8

FeMn Crust-1 6.52–8.70 26 3.5 ± 1.4

FeMn Crust-2 1.2–3.1 94 2.2 ± 0.2

FeMn nodules 2 Atlantic 
Ocean

1.8–3.3 13 0.6 ± 0.2

    0–3.3 20 1.4 ± 0.5

FeMn Mona 
Pihoa10

1 Paci!c 
Ocean

    0–5.9 21 # !
+9 6

11‡

FeMn 
237KD11

1 Paci!c 
Ocean

1.74–
2.61*

69 1.5 ± 0.4*

Lunar  
material22

4 Moon Integral † #10

Data were obtained in this work and as given in the literature10,11,22 (no correction for incorpo-
ration e"ciency). Uncertainties are 1!. For Crust-1 and Crust-2 an incorporation e"ciency of 
17% and 7%, respectively, has to be taken into account to calculate the 60Fe #uence from the 
deposition values; similarly 2% and 4% for the nodules.
*Adjusted for revised 60Fe and 10Be half-life values7,8.
†Not listed in ref. 22.
‡Background-corrected, adjusted for revised 60Fe half-life and interpolation between the two layers.   

Figure 1 | Deposition rates for sediment (150-kyr averaged data) and 
incorporation rates for two crust samples. 60Fe concentrations (60Fe 
per gram) for the sediment are given in the inset; they were on average 
6.7 " 104 atoms per gram between 1.7!Myr and 3.2!Myr, but 260 " 104 
atoms per gram of crust and 95 " 104 atoms per gram of nodule,  
reflecting the difference in growth rate and incorporation efficiency  
(see Supplementary Information). The error bars (1! Poisson statistics) 
include all uncertainties and scale with decay correction, so that 
uncertainties and upper limits become larger for older samples. The 
absolute ages for the sediment samples have an uncertainty of 0.1!Myr, 
except for the 5.5-Myr-old sediments, which have an uncertainty of about 
1!Myr. The age of Crust-1 has an uncertainty of 0.3!Myr and the age of 
Crust-2 has an uncertainty of 0.5!Myr.
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refers to the r-residual after subtraction of the main s-
process from the average solar system composition.

Strontium isotope data for SiC grains extracted from
Murchison matrix reveal percent-level deficits in 84Sr/86Sr,
resulting from an enrichment in s-process 86Sr relative to
p-process 84Sr in these presolar grains (Nicolussi et al.,
1998; Podosek et al., 2004). The first evidence for mass-
independent Sr isotope anomalies in material processed
within the solar system was reported for FUN CAIs, which
show deficits of !–8 e84Sr and excesses of !+32 e84Sr
(Papanastassiou and Wasserburg, 1978) after normaliza-
tion to a fixed 88Sr/86Sr ratio. ‘‘Normal” CAIs exhibit
anomalies of about +1.3 in e84Sr (Moynier et al., 2012;
Brennecka et al., 2013; Hans et al., 2013; Paton et al.,
2013; Charlier et al., 2017; Myojo et al., 2018). Nucleosyn-
thetic Sr isotope anomalies at the bulk meteorite scale seem

to be restricted to CC bodies (Moynier et al., 2012; Hans
et al., 2013; Paton et al., 2013; Yokoyama et al., 2015).
At the current level of analytical precision, the Earth,
Moon, Mars, eucrites, angrites, ECs, and OCs have indis-
tinguishable relative abundances of non-radiogenic Sr iso-
topes, while carbonaceous chondrites exhibit slightly
positive anomalies of up to +0.65 e84Sr (Fig. 7b). Note that
for internally normalized Sr isotope data it is impossible to
distinguish p-, s-, and r-process anomalies, because varia-
tions in 87Sr are dominated by 87Rb-decay, such that only
three isotopes are left, two of which are used for internal
normalization. Thus, the apparent variations in e84Sr seen
in leachates, CAIs, and bulk bodies may be due to varia-
tions in either 84Sr, 86Sr, and 88Sr, or a combination thereof.
Double spike or sample-standard bracketing measurements
are of little help because the isotopic anomalies in CAIs and

Fig. 6. Titanium isotope composition of Murchison leachates and various planetary materials in e46Ti, e48Ti, and e50Ti space. Anomalies vary
by three orders of magnitude from presolar grains (panels g, h, i) via hibonites (panels d, e, f) to CAIs, individual chondrules, and bulk
planetary bodies (panels a, b, c). For clarity, error bars of SiC grains were omitted in panels d, e, f.
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signal) corresponds to a 60Fe flux of 98 atoms!cm!2!yr!1 into the 
inner Solar System or integrated over 1.5!Myr to an 60Fe fluence of 
(1.46 ± 0.15) " 108 atoms!cm!2 at Earth orbit; the fluence for the older 
event is (1.2 ± 0.4) " 108 atoms!cm!2. Interstellar grains, filtered by the 
Solar System in size to an average of #0.5 µm, were detected by space 
missions15, suggesting that (6 ± 3)% of the mass of ISM dust reaches  
the inner Solar System6. These grains follow the flow velocity of the ISM.

Assuming that the 60Fe-loaded grains follow the same mass dis-
tribution as determined for ISM grains at Earth orbit, we deduce 
an interstellar 60Fe concentration in dust of (2.8 ± 1.4) " 10!11 60Fe 
atoms!cm!3 for 1.7–3.2!Myr and, integrated over the full period of 
11!Myr, an average concentration of #(5–15) " 10!12 atoms!cm!3. 
Observations of 60Fe decay1,9 and nucleosynthesis models2 suggest 
an average Galaxy concentration of #6 " 10!12 60Fe atoms!cm!3 
(Supplementary Information), in agreement with the 11-Myr period 
of local data reported here.

60Fe is produced in massive stars2,24–27 in their late phases, predom-
inantly just before supernova explosions, and then ejected into space. 
(Super)asymptotic-giant-branch stars also produce and eject 60Fe 
through their stellar winds for a period of about 50!kyr, leading to a 
time profile similar to supernovae; however, their contribution to the 
Galactic 60Fe inventory is small28.

Models suggest a travel time of about 200!kyr with a time spread of 
approximately 100–400!kyr (ref. 5) for ejecta from a single supernova 
at a distance from Earth of about 100!pc. Our measured spread of 
about 1.5!Myr is inconsistent with the interpretation in terms of ejecta 
from a single supernova (or asymptotic-giant-branch star) moving 
across the Solar System (Supplementary Fig. 6). It suggests multiple 
supernova and massive-star events within the last ten million years 
or so in Earth’s vicinity and during two distinct periods 1.7–3.2!Myr 
ago and around 6.5–8.7!Myr ago. The recent time profile would be 
compatible with movement across the Solar System of ejecta in a series 
of supernova fronts in short succession within 1.5!Myr.

This would, however, require a high frequency of supernovae 
(around two to three supernovae per million years), since large fluc-
tuations were not observed in the time profile. Alternatively, the 
ejecta containing the 60Fe-bearing grains could have come to rest in 
the ambient ISM and diffused into volumes or clouds that were then 
traversed by the Solar System18.

The Solar System is currently embedded in a flow of ISM material 
with interstellar grains moving parallel to the flow of neutral interstellar 

gas in local ISM clouds, which suggests a common history or driver29. 
Such clouds have been suggested as part of an expanding superbubble 
shell driven by supernovae and winds from massive stars12–14,29.

Assuming the ejecta originate from a distance of 70–100!pc (the 
approximate limit of the Local Bubble) and that 60Fe is equally distrib-
uted into the outer shell of size 30!pc (a distance representing 1.5!Myr 
of travel), that is, assuming a spherical shell of mean radius 70–100!pc 
with a thickness of 30!pc, we deduce a total 60Fe mass trapped in ISM 
dust of (5–11) " 10!5 solar masses (M!) in the shell volume. This 
number represents a lower limit because it reflects the fraction of 60Fe 
condensed into dust without correction for radioactive decay and 
neglects the granularity of clumpy ejecta. Models predict core-col-
lapse and electron-capture supernova nucleosynthesis yields for 60Fe 
to be (0.5–14) " 10!5M! for stars of mass 8M!–25M!, depending 
on the progenitor mass, and with large uncertainties in the nuclear 
physics input2,24–27. (Super)asymptotic-giant-branch stars produce 
(0.003–1) " 10!5 M! 60Fe28. Our observed signals therefore favour 
supernova events. The fraction of 60Fe in dust can be roughly estimated 
by a comparison of our measured 60Fe deposition with nucleosynthesis 
yields. Under these assumptions and assuming reasonable distances 
(20–100!pc) about 0.4% to 9% of 60Fe would have been trapped in 
ISM dust particles (Supplementary Information, Supplementary Figs 
7 and 8).

Comparing our data with a similar work for ISM 244Pu in sediments 
and crust samples6 yields a 244Pu/60Fe atomic ratio of <2–3 " 10!5 (2!) 
during periods of elevated 60Fe deposition over the past ten million 
years, which agrees with the recently reported low 244Pu supernova 
yields6 (Supplementary Information).

This broad and global 60Fe influx on Earth demonstrates recent (within 
the past ten million years) and widespread massive-star ejections in our 
near Galactic neighbourhood (less than 100!pc from Earth), most probably 
from supernova explosions. Interestingly, the older event coincides with a 
strong increase in 3He and temperature change at about 8!Myr ago30, while 
the more recent activity starting about 3!Myr ago occurred at the same 
time as Earth’s temperature started to decrease during the Plio–Pleistocene 
transition.

Table 3 |  Summary of 60Fe deposition at various locations
Deep-sea 
archive Cores Location

Time period 
(Myr)

60Fe detector 
events

60Fe deposition 
(106 atoms cm!2)

Sediment 4 Indian 
Ocean

1.71–3.18 288      35.4 ± 2.6

FeMn Crust-1 2 Paci!c 
Ocean

      0–4.35 97 5.9 ± 0.8

FeMn Crust-1 6.52–8.70 26 3.5 ± 1.4

FeMn Crust-2 1.2–3.1 94 2.2 ± 0.2

FeMn nodules 2 Atlantic 
Ocean

1.8–3.3 13 0.6 ± 0.2

    0–3.3 20 1.4 ± 0.5

FeMn Mona 
Pihoa10

1 Paci!c 
Ocean

    0–5.9 21 # !
+9 6

11‡

FeMn 
237KD11

1 Paci!c 
Ocean

1.74–
2.61*

69 1.5 ± 0.4*

Lunar  
material22

4 Moon Integral † #10

Data were obtained in this work and as given in the literature10,11,22 (no correction for incorpo-
ration e"ciency). Uncertainties are 1!. For Crust-1 and Crust-2 an incorporation e"ciency of 
17% and 7%, respectively, has to be taken into account to calculate the 60Fe #uence from the 
deposition values; similarly 2% and 4% for the nodules.
*Adjusted for revised 60Fe and 10Be half-life values7,8.
†Not listed in ref. 22.
‡Background-corrected, adjusted for revised 60Fe half-life and interpolation between the two layers.   

Figure 1 | Deposition rates for sediment (150-kyr averaged data) and 
incorporation rates for two crust samples. 60Fe concentrations (60Fe 
per gram) for the sediment are given in the inset; they were on average 
6.7 " 104 atoms per gram between 1.7!Myr and 3.2!Myr, but 260 " 104 
atoms per gram of crust and 95 " 104 atoms per gram of nodule,  
reflecting the difference in growth rate and incorporation efficiency  
(see Supplementary Information). The error bars (1! Poisson statistics) 
include all uncertainties and scale with decay correction, so that 
uncertainties and upper limits become larger for older samples. The 
absolute ages for the sediment samples have an uncertainty of 0.1!Myr, 
except for the 5.5-Myr-old sediments, which have an uncertainty of about 
1!Myr. The age of Crust-1 has an uncertainty of 0.3!Myr and the age of 
Crust-2 has an uncertainty of 0.5!Myr.
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refers to the r-residual after subtraction of the main s-
process from the average solar system composition.

Strontium isotope data for SiC grains extracted from
Murchison matrix reveal percent-level deficits in 84Sr/86Sr,
resulting from an enrichment in s-process 86Sr relative to
p-process 84Sr in these presolar grains (Nicolussi et al.,
1998; Podosek et al., 2004). The first evidence for mass-
independent Sr isotope anomalies in material processed
within the solar system was reported for FUN CAIs, which
show deficits of !–8 e84Sr and excesses of !+32 e84Sr
(Papanastassiou and Wasserburg, 1978) after normaliza-
tion to a fixed 88Sr/86Sr ratio. ‘‘Normal” CAIs exhibit
anomalies of about +1.3 in e84Sr (Moynier et al., 2012;
Brennecka et al., 2013; Hans et al., 2013; Paton et al.,
2013; Charlier et al., 2017; Myojo et al., 2018). Nucleosyn-
thetic Sr isotope anomalies at the bulk meteorite scale seem

to be restricted to CC bodies (Moynier et al., 2012; Hans
et al., 2013; Paton et al., 2013; Yokoyama et al., 2015).
At the current level of analytical precision, the Earth,
Moon, Mars, eucrites, angrites, ECs, and OCs have indis-
tinguishable relative abundances of non-radiogenic Sr iso-
topes, while carbonaceous chondrites exhibit slightly
positive anomalies of up to +0.65 e84Sr (Fig. 7b). Note that
for internally normalized Sr isotope data it is impossible to
distinguish p-, s-, and r-process anomalies, because varia-
tions in 87Sr are dominated by 87Rb-decay, such that only
three isotopes are left, two of which are used for internal
normalization. Thus, the apparent variations in e84Sr seen
in leachates, CAIs, and bulk bodies may be due to varia-
tions in either 84Sr, 86Sr, and 88Sr, or a combination thereof.
Double spike or sample-standard bracketing measurements
are of little help because the isotopic anomalies in CAIs and

Fig. 6. Titanium isotope composition of Murchison leachates and various planetary materials in e46Ti, e48Ti, and e50Ti space. Anomalies vary
by three orders of magnitude from presolar grains (panels g, h, i) via hibonites (panels d, e, f) to CAIs, individual chondrules, and bulk
planetary bodies (panels a, b, c). For clarity, error bars of SiC grains were omitted in panels d, e, f.
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signal) corresponds to a 60Fe flux of 98 atoms!cm!2!yr!1 into the 
inner Solar System or integrated over 1.5!Myr to an 60Fe fluence of 
(1.46 ± 0.15) " 108 atoms!cm!2 at Earth orbit; the fluence for the older 
event is (1.2 ± 0.4) " 108 atoms!cm!2. Interstellar grains, filtered by the 
Solar System in size to an average of #0.5 µm, were detected by space 
missions15, suggesting that (6 ± 3)% of the mass of ISM dust reaches  
the inner Solar System6. These grains follow the flow velocity of the ISM.

Assuming that the 60Fe-loaded grains follow the same mass dis-
tribution as determined for ISM grains at Earth orbit, we deduce 
an interstellar 60Fe concentration in dust of (2.8 ± 1.4) " 10!11 60Fe 
atoms!cm!3 for 1.7–3.2!Myr and, integrated over the full period of 
11!Myr, an average concentration of #(5–15) " 10!12 atoms!cm!3. 
Observations of 60Fe decay1,9 and nucleosynthesis models2 suggest 
an average Galaxy concentration of #6 " 10!12 60Fe atoms!cm!3 
(Supplementary Information), in agreement with the 11-Myr period 
of local data reported here.

60Fe is produced in massive stars2,24–27 in their late phases, predom-
inantly just before supernova explosions, and then ejected into space. 
(Super)asymptotic-giant-branch stars also produce and eject 60Fe 
through their stellar winds for a period of about 50!kyr, leading to a 
time profile similar to supernovae; however, their contribution to the 
Galactic 60Fe inventory is small28.

Models suggest a travel time of about 200!kyr with a time spread of 
approximately 100–400!kyr (ref. 5) for ejecta from a single supernova 
at a distance from Earth of about 100!pc. Our measured spread of 
about 1.5!Myr is inconsistent with the interpretation in terms of ejecta 
from a single supernova (or asymptotic-giant-branch star) moving 
across the Solar System (Supplementary Fig. 6). It suggests multiple 
supernova and massive-star events within the last ten million years 
or so in Earth’s vicinity and during two distinct periods 1.7–3.2!Myr 
ago and around 6.5–8.7!Myr ago. The recent time profile would be 
compatible with movement across the Solar System of ejecta in a series 
of supernova fronts in short succession within 1.5!Myr.

This would, however, require a high frequency of supernovae 
(around two to three supernovae per million years), since large fluc-
tuations were not observed in the time profile. Alternatively, the 
ejecta containing the 60Fe-bearing grains could have come to rest in 
the ambient ISM and diffused into volumes or clouds that were then 
traversed by the Solar System18.

The Solar System is currently embedded in a flow of ISM material 
with interstellar grains moving parallel to the flow of neutral interstellar 

gas in local ISM clouds, which suggests a common history or driver29. 
Such clouds have been suggested as part of an expanding superbubble 
shell driven by supernovae and winds from massive stars12–14,29.

Assuming the ejecta originate from a distance of 70–100!pc (the 
approximate limit of the Local Bubble) and that 60Fe is equally distrib-
uted into the outer shell of size 30!pc (a distance representing 1.5!Myr 
of travel), that is, assuming a spherical shell of mean radius 70–100!pc 
with a thickness of 30!pc, we deduce a total 60Fe mass trapped in ISM 
dust of (5–11) " 10!5 solar masses (M!) in the shell volume. This 
number represents a lower limit because it reflects the fraction of 60Fe 
condensed into dust without correction for radioactive decay and 
neglects the granularity of clumpy ejecta. Models predict core-col-
lapse and electron-capture supernova nucleosynthesis yields for 60Fe 
to be (0.5–14) " 10!5M! for stars of mass 8M!–25M!, depending 
on the progenitor mass, and with large uncertainties in the nuclear 
physics input2,24–27. (Super)asymptotic-giant-branch stars produce 
(0.003–1) " 10!5 M! 60Fe28. Our observed signals therefore favour 
supernova events. The fraction of 60Fe in dust can be roughly estimated 
by a comparison of our measured 60Fe deposition with nucleosynthesis 
yields. Under these assumptions and assuming reasonable distances 
(20–100!pc) about 0.4% to 9% of 60Fe would have been trapped in 
ISM dust particles (Supplementary Information, Supplementary Figs 
7 and 8).

Comparing our data with a similar work for ISM 244Pu in sediments 
and crust samples6 yields a 244Pu/60Fe atomic ratio of <2–3 " 10!5 (2!) 
during periods of elevated 60Fe deposition over the past ten million 
years, which agrees with the recently reported low 244Pu supernova 
yields6 (Supplementary Information).

This broad and global 60Fe influx on Earth demonstrates recent (within 
the past ten million years) and widespread massive-star ejections in our 
near Galactic neighbourhood (less than 100!pc from Earth), most probably 
from supernova explosions. Interestingly, the older event coincides with a 
strong increase in 3He and temperature change at about 8!Myr ago30, while 
the more recent activity starting about 3!Myr ago occurred at the same 
time as Earth’s temperature started to decrease during the Plio–Pleistocene 
transition.

Table 3 |  Summary of 60Fe deposition at various locations
Deep-sea 
archive Cores Location

Time period 
(Myr)

60Fe detector 
events

60Fe deposition 
(106 atoms cm!2)

Sediment 4 Indian 
Ocean

1.71–3.18 288      35.4 ± 2.6

FeMn Crust-1 2 Paci!c 
Ocean

      0–4.35 97 5.9 ± 0.8

FeMn Crust-1 6.52–8.70 26 3.5 ± 1.4

FeMn Crust-2 1.2–3.1 94 2.2 ± 0.2

FeMn nodules 2 Atlantic 
Ocean

1.8–3.3 13 0.6 ± 0.2

    0–3.3 20 1.4 ± 0.5

FeMn Mona 
Pihoa10

1 Paci!c 
Ocean

    0–5.9 21 # !
+9 6

11‡

FeMn 
237KD11

1 Paci!c 
Ocean

1.74–
2.61*

69 1.5 ± 0.4*

Lunar  
material22

4 Moon Integral † #10

Data were obtained in this work and as given in the literature10,11,22 (no correction for incorpo-
ration e"ciency). Uncertainties are 1!. For Crust-1 and Crust-2 an incorporation e"ciency of 
17% and 7%, respectively, has to be taken into account to calculate the 60Fe #uence from the 
deposition values; similarly 2% and 4% for the nodules.
*Adjusted for revised 60Fe and 10Be half-life values7,8.
†Not listed in ref. 22.
‡Background-corrected, adjusted for revised 60Fe half-life and interpolation between the two layers.   

Figure 1 | Deposition rates for sediment (150-kyr averaged data) and 
incorporation rates for two crust samples. 60Fe concentrations (60Fe 
per gram) for the sediment are given in the inset; they were on average 
6.7 " 104 atoms per gram between 1.7!Myr and 3.2!Myr, but 260 " 104 
atoms per gram of crust and 95 " 104 atoms per gram of nodule,  
reflecting the difference in growth rate and incorporation efficiency  
(see Supplementary Information). The error bars (1! Poisson statistics) 
include all uncertainties and scale with decay correction, so that 
uncertainties and upper limits become larger for older samples. The 
absolute ages for the sediment samples have an uncertainty of 0.1!Myr, 
except for the 5.5-Myr-old sediments, which have an uncertainty of about 
1!Myr. The age of Crust-1 has an uncertainty of 0.3!Myr and the age of 
Crust-2 has an uncertainty of 0.5!Myr.
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High-precision
meteoritic data:
e = variation in 
parts per 10-4 : 
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significant digit!A core-collapse supernova spaghetti plot by M. Pignatari

Stellar nucleosynthesis models
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Generate an online database of 
example predictions representing 

nuclear astrophysics model predictions 
of correlations between stable/stable 
and radioactive/stable abundances of 

specific isotopes

In practice there will be a code 
developer, and then all of us will 

provide inputs and be users
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Objectives  

We aim to offer the first combined multi-disciplinary training in both the laboratory analyses of 
Solar System materials showing signatures of stellar nucleosynthesis, and the nuclear astrophysics 
modelling necessary to interpret such signatures. We will build 

i) a new generation of scientists who can effectively operate at the interface between 
nuclear astrophysics and laboratory sample analysis and can act as future trainers for 
researcher groups 

ii) the new tools (codes, methods, comprehensive approaches) required for communicating 
and operating at such interface. We will create and strengthen inter-disciplinary 
communities made of individuals with multi-disciplinary experience and communicating 
skills, who can disseminate this knowledge to the wider community. 

 

Description of work  

Due to the completely different methodologies applied in the laboratory analysis of material 
samples and in nuclear astrophysics, the establishment of common tools, approaches, and good 
practices are urgently needed for the community to be able to exploit all research opportunities. 
We plan to provide first examples of such methodologies and the tools to implement them to more 
cases in the future. As both experimental and theoretical training is required to fully develop our 
methodologies, we foresee PhD students and postdocs spending time both at laboratories for 
material analysis (IPGP, UNIVIE, HZDR, ETH Zurich, and associated partners M. Bizzarro 
GLOBE/Copenhagen and J. Gilmour University of Manchester) and at theoretical stellar 
nucleosynthesis institutes (CSIC and UHULL).  

Task 9.1 Computational Algorithms and Relative Documentation 

Martin Bizzarro, meteorites

Jamie Gilmour, meteorites/noble gases

Maria Lugaro, theory

Marco Pignatari, theory
Anton Wallner,
deep crust

Robin Golser, deep crust

Marc Chaussidon, meteorites

Maria Schonbachler, 
meteorites



Within the spirit of INFRA Integrating Activities for Starting Communities:
This is not the whole job, and we will not have full, final  results! 
The objective is to start to make the tools and preparing people 
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