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Earth grew through collisions with Moon-sized to Mars-
sized planetary embryos from the inner Solar System, but it 
also accreted material from greater heliocentric distances1,2, 
including carbonaceous chondrite-like bodies, the likely source 
of Earth’s water and highly volatile species3,4. Understanding 
when and how this material was added to Earth is critical for 
constraining the dynamics of terrestrial planet formation and 
the fundamental processes by which Earth became habitable. 
However, earlier studies inferred very different timescales for 
the delivery of carbonaceous chondrite-like bodies, depend-
ing on assumptions about the nature of Earth’s building mate-
rials5–11. Here we show that the Mo isotopic composition of 
Earth’s primitive mantle falls between those of the non-carbo-
naceous and carbonaceous reservoirs12–15, and that this obser-
vation allows us to quantify the accretion of carbonaceous 
chondrite-like material to Earth independently of assumptions 
about its building blocks. As most of the Mo in the primitive 
mantle was delivered by late-stage impactors10, our data dem-
onstrate that Earth accreted carbonaceous bodies late in its 
growth history, probably through the Moon-forming impact. 
This late delivery of carbonaceous material probably resulted 
from an orbital instability of the gas giant planets, and it dem-
onstrates that Earth’s habitability is strongly tied to the very 
late stages of its growth.

Nucleosynthetic isotope anomalies arise from the heterogeneous 
distribution of isotopically anomalous stellar-derived matter in the 
accretion disk and, as such, are a powerful tool to determine the 
nature and origin of Earth’s building material8,10,16–18. However, cur-
rent models utilizing these isotope anomalies to reconstruct Earth’s 
accretion history and the delivery time of carbonaceous chondrite-
like material are uncertain18, because they rely on the contested8,16,17 
assumption that known meteorites represent Earth’s building mate-
rial8–11. Here, we overcome this inherent uncertainty and present a 
new approach to this problem, which requires no assumptions about 
the isotopic composition of Earth’s building material. Our approach 
uses the nucleosynthetic Mo isotope dichotomy between non-carbo-
naceous (NC) and carbonaceous (CC) meteorites, which represent 
two genetically distinct reservoirs that coexisted in the protoplan-
etary disk for several million years12–15. While the NC reservoir rep-
resents inner Solar System material, the CC reservoir was located at 
greater heliocentric distance, presumably beyond Jupiter’s orbit12,13,18, 
and includes carbonaceous chondrites, the likely source of Earth’s 
water and highly volatile species3,4. Compared with NC meteorites, 
CC meteorites have an excess in nuclides produced in the rapid neu-
tron capture process12,13 (r-process) and possibly also the proton cap-
ture process11,14 (p-process) of stellar nucleosynthesis. Additionally, 
meteorites from both groups exhibit variable abundances of 
Mo produced in the slow neutron capture process (s-process).  
Consequently, in a plot of ε94Mo versus ε95Mo (where εiMo is the 

parts-per-10,000 deviation from a terrestrial Mo standard), NC and 
CC meteorites plot on two distinct s-process mixing lines (the NC 
and CC lines), where their offset reflects the r-process (and possibly 
p-process) excess of the CC reservoir (Fig. 1).

As Mo is a siderophile (iron-loving) element, most of the Mo 
in Earth’s primitive mantle (hereafter referred to as bulk silicate 
Earth (BSE)) derives from the late stages of accretion, because Mo 
from earlier stages was largely removed into Earth’s core10. Thus, if 
Earth received CC material only during early accretion stages, as 
proposed in previous studies10,11, the BSE would plot on the NC line. 
Conversely, if Earth accreted CC material during the latest accre-
tion stages, the BSE would plot off the NC line towards the CC line. 
However, current data11–15 do not define the slope and intercept of 
the NC line or the BSE’s Mo isotopic composition precisely enough 
to determine where the BSE plots.

We obtained Mo isotope data for many previously uninvesti-
gated bulk meteorites, various terrestrial rock samples, and acid 
leachates from two primitive ordinary chondrites (Supplementary 
Table 1). The newly analysed bulk meteorites and the acid leachates 
plot on a single s-process mixing line together with enstatite and 
ordinary chondrites and several iron meteorites. The linear regres-
sion of the combined data is consistent with the NC line observed 
in previous studies11–15 but is now more precisely defined (Fig.  1 
and Supplementary Information). Importantly, the newly defined 
NC-line slope of 0.596 ± 0.008 is identical to the slope of the CC line 
(0.596 ± 0.006), and both are consistent with the slope determined 
from Mo isotope measurements of presolar mainstream SiC grains 
(0.59)19. The fact that the NC and CC lines are parallel indicates 
that the Mo isotopic variability along them comes from heteroge-
neous distribution of the same or similar s-process carrier(s), and 
that the CC reservoir contains a constant r-process excess over the 
NC reservoir. Thus, the processes leading to the s-process variations 
evidently did not affect the r-process material in the two reservoirs, 
suggesting that this r-process material is not contained in individual 
presolar carriers; instead, the constant r-process difference between 
the CC and NC reservoirs reflects a characteristic isotopic differ-
ence between two bulk disk reservoirs20.

It has been proposed that during the Solar System’s first few mil-
lion years, the composition of the inner disk (that is, the NC res-
ervoir) changed continuously by admixture of outer Solar System 
material (that is, CC-derived material)9. If so, then later-formed NC 
bodies (for example, ordinary chondrites) should exhibit an r-pro-
cess excess compared with earlier-formed NC bodies (for example, 
group IC, IIAB, IIIAB, IVA iron meteorites)13. However, all NC 
meteorites plot on the NC line, indicating that they accreted from 
material with identical r-process proportions (Fig. 1). The NC–CC 
dichotomy, therefore, cannot reflect a secular change of inner disk 
composition9, but instead results from efficient spatial separation of 
two genetically distinct source regions12,13.
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The terrestrial rock samples show indistinguishable Mo 
isotopic compositions, averaging at ε94Mo = 0.04 ± 0.06 and 
ε95Mo = 0.10 ± 0.04 (95% CI) relative to the in-house Mo solu-
tion standard (εiMo ≡ 0) (Supplementary Table  1). The small 
offset from zero most probably results from non-exponential  
isotopic fractionation induced during production of the high-
purity standard, as has been observed for other elements21,22. 
As such, the terrestrial rock samples, and not the solution stan-
dards, are used to estimate the BSE’s Mo isotopic composition 
(Supplementary Information).

The BSE’s position among the NC and CC lines (Figs. 1 and 2) 
provides two first-order constraints on the nature of Earth’s accreting 
material and how the provenance of this material evolved over time. 
First, because the BSE plots between the NC and CC lines, Earth 
must have accreted CC material during late stages of its growth; oth-
erwise, the BSE would plot on the NC line. Second, no combination 
of known meteorites yields the BSE’s Mo isotopic composition, indi-
cating that Earth incorporated material that is distinct from known 
meteorites and enriched in s-process Mo. One possibility is that 
this s-process-enriched material derives from the NC reservoir, and 
the BSE’s Mo isotopic composition reflects a mixture between this 
material and known CC material (Fig. 2b). However, the isotopic 
similarity of Earth and enstatite chondrites (EC) for many elements 
suggests that the average isotopic composition of Earth’s accreting 
material was mostly similar to ECs10. As such, it is more likely that 
the s-process-enriched material derives from the CC reservoir, and 
the BSE’s Mo isotopic composition reflects a mixture between this 
material and ECs (Fig.  2a). In this case, Earth’s building material 
largely comprised objects with EC-like isotopic compositions10, and 
isotopically distinct material was only added during late stages of 
accretion. The BSE’s isotopic composition would then naturally 
be EC-like but would deviate preferentially for elements that were 

added late, such as Mo. For elements recording Earth’s full accretion 
history (for example, Cr, Ti), the resulting changes would be small; 
assuming an EC-like isotopic composition for the proto-Earth, the 
addition of CC material during the last ~10% of accretion would 
have changed its ε54Cr and ε50Ti by only ~0.1–0.2, consistent with 
the small, albeit not resolved, difference between ECs and Earth for 
these two elements18.

Regardless of such assumptions about the composition of Earth’s 
building material, the relative contributions of NC and CC bodies 
to the BSE’s Mo can be determined using the intercept theorem. 
As the NC and CC lines are parallel, the BSE composition divides 
any tie line between them into two segments whose ratio to each 
other is constant. Consequently, irrespective of the position of the 
endmembers on the NC and CC lines, the resulting mixing ratio 
between NC and CC material remains the same. Thus, unlike previ-
ous attempts8–11,18, our approach for constraining the accretion of 
CC material to Earth is independent of the absolute isotope anoma-
lies among Earth’s accreting material.

To quantify the amount of CC material contributing to the BSE’s 
Mo, we introduce the Δ95Mo notation:
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Fig. 1 | Mo isotope dichotomy of meteorites in ε95Mo versus ε94Mo 
space.  Carbonaceous (CC, blue) and non-carbonaceous (NC, red) 
meteorites define two parallel lines with identical slopes. Samples from 
both groups show variable s-process deficits relative to the terrestrial 
standard (ε95Mo ≡ 0, ε94Mo ≡ 0), resulting in isotope variations along each 
line. The offset between the two lines results from a constant r-process 
excess in the CC reservoir. The BSE (green) plots between the NC and 
CC lines, demonstrating that the BSE’s Mo derives from both the NC and 
CC reservoirs. Open symbols represent literature data (Supplementary 
Table 4), closed symbols are data from this study. Error envelopes and error 
bars typically represent 95% confidence intervals (95% CI).
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Fig. 2 | Two potential scenarios for reproducing the BSE’s Mo isotopic 
composition. a, Mixing between EC-like material and presumed s-process-
enriched CC material. b, Mixing between presumed s-process-enriched 
NC material and a CC component having a typical composition of 
carbonaceous meteorites (ε94Mo ≈ 1.15; ε95Mo ≈ 0.95). In both scenarios  
an unknown component with an s-process excess is required to  
balance the s-process deficit observed for known meteorites. For clarity, 
only selected meteorite groups are shown (EC, enstatite chondrites;  
OC, ordinary chondrites; IAB, IAB iron meteorites); shaded areas represent 
ranges of bulk meteorites, where the widths of these areas correspond to 
the uncertainties on the CC and NC lines (see Fig. 1). Error bars typically 
represent 95% confidence intervals (95% CI).
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where the slope of 0.596 represents the slope of the NC and CC lines; 
Δ95Mo provides the parts-per-million deviation of any s-process mix-
ing line from the origin and is a measure for the r-process excess relative 
to the composition of the Mo standard. For the NC and CC reservoirs 
we find Δ95MoNC = −9 ± 2 and Δ95MoCC = +26 ± 2 (Supplementary 
Information; Supplementary Fig.  1), which are unique isotope sig-
natures for these two reservoirs, irrespective of the absolute isotope 
anomaly of a given sample. The mass fraction of CC-derived Mo (fCC) 
in the present-day BSE is then given by mass balance:
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From the terrestrial rock samples, we determined 
Δ95MoBSE = +7 ± 5 (Supplementary Information), corresponding to 

a mass fraction of CC-derived Mo in the BSE of 0.46 ± 0.15. Thus, 
~30–60% of the BSE’s Mo derives from the CC reservoir. Note that 
the total fraction of CC material in the bulk Earth is probably much 
smaller, because Mo records only the late stages of Earth’s accretion.

As most of the BSE’s Mo derives from the last 10–20% of accre-
tion10, its isotopic composition should be strongly influenced by 
the Moon-forming impactor, the last large body thought to collide 
with Earth23, and by the late veneer, the material added to Earth’s 
mantle after the giant impact and cessation of core formation24. To 
quantify the contribution of these components, we calculated the 
expected Δ95Mo of the BSE for different assumed compositions of 
the Moon-forming impactor, the proto-Earth’s mantle (Earth’s man-
tle just before the giant impact), and the late veneer using a Monte 
Carlo approach (Supplementary Information). Several scenarios are 
considered in which pure CC, pure NC or mixed NC–CC (that is, 
a BSE-like Δ95Mo of 7 ± 5) compositions are assumed for the three 
components (Fig. 3).
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Fig. 3 | Predicted Δ95Mo of the BSE versus the degree of impactor core re-equilibration during the Moon-forming impact. Grey horizontal bar represents 
the BSE’s Δ95Mo = 7 ± 5; dots represent outcomes of Monte Carlo simulations of the predicted Δ95Mo resulting from mixing between proto-Earth’s mantle 
(pE), the Moon-forming impactor (GI) and the late veneer (LV) of different compositions (Supplementary Information). a–c, A CC component in the 
Moon-forming impactor is assumed, while a pure NC composition is assumed for proto-Earth’s mantle. d–f, A pure NC composition is assumed for the 
Moon-forming impactor, while a CC component is present in the late veneer and/or proto-Earth’s mantle.
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The BSE’s Δ95Mo is reproduced well when the Moon-forming 
impactor contains a significant amount of CC material (Fig. 4a). For 
instance, assuming a pure CC composition for the impactor repro-
duces the BSE’s Δ95Mo in >90% of the cases, provided that more than 
~20% of the impactor core equilibrated with proto-Earth’s mantle. 
For a mixed NC–CC composition of the Moon-forming impactor, 
the BSE’s Δ95Mo is reproduced in <20% of the cases, unless a mixed 
NC–CC composition is also assumed for the late veneer (Fig. 4a). By 
contrast, assuming a pure NC composition for the Moon-forming 
impactor provides the best match only for an impactor core re-equil-
ibration of less than ~10% (Fig. 4b), because then most of the impac-
tor’s Mo is directly removed into Earth’s core without contributing to 
the BSE’s Mo. Although the degree of impactor core re-equilibration 
is poorly known, it was likely larger than ~40%5,25. Thus, there is only 
a small chance that the Moon-forming impactor had a pure NC com-
position; this holds true for all cases except if a pure CC composition 
for the late veneer is assumed (Fig.  4b). However, although Se/Te  
ratios6 and Te isotopic compositions26 suggest that the late veneer 
contained some CC material, the BSE’s Ru and Os isotopic com-
positions are distinct from CC meteorites8,27,28, demonstrating that 
the late veneer did not solely consist of CC bodies. Yet, assuming a 
mixed NC–CC composition for the late veneer does not provide a 
good match to the BSE’s Δ95Mo, even if a mixed NC–CC composi-
tion is also assumed for the proto-Earth’s mantle (Fig.  4b). Thus, 
neither the late veneer nor the proto-Earth’s mantle can be the sole 
source of CC material in the BSE. The CC material, therefore, was 
wholly or partly delivered by the Moon-forming impactor, which 
either had a pure CC or a mixed NC–CC composition.

A CC heritage of the Moon-forming impactor contrasts with 
the isotopic composition of the Moon itself, for which no CC  

signature has yet been found22,29. This implies that the Moon either 
formed from proto-Earth material30,31 or equilibrated with Earth 
after the giant impact32. A CC heritage of the Moon-forming impac-
tor also implies that, against current thinking9,10, this body did not 
form in the inner Solar System but originated farther away, prob-
ably beyond Jupiter’s orbit (that is, the presumed location of the CC 
reservoir12,13). Consistent with this, dynamical models of terrestrial 
planet formation predict that due to the orbital evolution of the gas 
giant planets—either during an early migration33 or a later orbital 
instability34—embryos from beyond ~2.5 au were preferentially 
incorporated into Earth late, often with the final large impactor2.

Assuming that the Moon-forming impactor had a pure CC 
composition and was Mars-sized23, it would have added ~0.1 Earth 
masses of CC material. This amount would be lower if the impac-
tor were smaller31 or if it had a mixed NC–CC composition, which 
may have resulted from previous collisions between smaller NC and 
CC embryos. Nevertheless, although the Moon-forming impactor 
probably was not as volatile rich as CI chondrites, it still likely added 
the equivalent of 0.02 ± 0.01 Earth masses of CI material necessary 
to account for Earth’s budget of water and highly volatile species4.

Methods
Sample preparation and digestion of bulk meteorites and terrestrial samples. 
The meteorite samples investigated in the present study are summarized in 
Supplementary Table 1 and include different carbonaceous (CK, CH, CB) 
and Rumuruti chondrites as well as numerous groups of achondrites, such as 
acapulcoites, angrites, aubrites, brachinites, mesosiderites and ureilites (including 
two ureilitic fragments from the Almahata Sitta meteorite named MS-MU-17 and 
MS-MU-20), as well as the ungrouped achondrites Tafassasset and NWA 1058. For 
almost all of these groups of meteorites no high-precision Mo isotopic data have 
been reported before.

Pieces of these meteorites (~0.3–2 g) were carefully cleaned by polishing with 
SiC as well as sonication in ethanol, and then ground to a fine powder in an agate 
mortar. Since bulk aubrites have very low Mo concentrations (~10 ppb), an ~10.5 g 
piece of Peña Blanca Spring and ~0.5 g of a metal nodule from Norton County were 
used. Bulk meteorite samples as well as terrestrial rock standards were digested in 
Savillex vials on a hotplate using HF–HNO3–HClO4 (2:1:0.01) at 180–200 °C (5 
days), followed by inverse aqua regia (2:1 HNO3–HCl) at 130–150 °C (2 days) and 
repeated dry-downs with 6 M HCl–0.06 M HF.

Leaching procedure for ordinary chondrites. Pieces of the unequilibrated 
ordinary chondrites NWA 2458 (L3.2; 6.48 g) and WSG 95300 (H3.3; 4.35 g) 
were carefully cleaned by polishing with SiC as well as sonication in ethanol, 
and then ground to a fine powder in an agate mortar. Thereafter, these powders 
were subjected to a sequential (six-step) leaching procedure in Savillex vials as 
summarized in Supplementary Table 3, which was modified from ref. 35. Only 
ultrapure water (Milli-Q) and twice-distilled (HCl, HNO3, HF) or ‘suprapur’ (HAc, 
HClO4) acids were used, and a blank was processed through the entire leaching 
procedure together with the two samples. In addition to the acid leachates, a whole 
rock sample of NWA 2458 was also analysed (as described above).

After each leaching step, the samples were centrifuged at 4,400 r.p.m. (~2,900g) 
for 30 min and the supernatant was separated from the precipitate. The precipitate 
was rinsed 4–5 times with 5–10 ml H2O to remove the remaining acid, where 
each rinse step was followed by centrifuging and separating the rinse from the 
precipitate. All rinse steps were combined with the corresponding supernatant to 
the final leachate, and the remaining precipitate was then subjected to the next 
leaching step. Note that after sub-step L6a (HF–HNO3–HClO4), the samples 
were dried down and HClO4 was removed by repeated dry-downs with HNO3 at 
180–200 °C before adding inverse aqua regia (L6b). After sub-step L6b, the samples 
were centrifuged (see above), leaving behind a small amount of insoluble residue 
that was not further investigated.

At this stage, small aliquots (~2%) of all leachates were taken to determine 
Mo contents. The aliquots were dried down, treated with inverse aqua regia to 
attack organics, and dissolved in 0.5 M HNO3–0.01 M HF. Mo contents were then 
measured on a Thermo Scientific XSeries 2 quadrupole inductively coupled plasma 
mass spectrometer (ICP-MS). Depending on the amount of Mo present, 30–90% 
splits of the leachates were used for the Mo isotope composition analyses. These 
were dried down and treated with inverse aqua regia to attack organics, followed by 
repeated dry-downs with 6 M HCl–0.06 M HF.

Chemical separation of Mo. The chemical separation of Mo was accomplished 
following the analytical protocol described in refs. 12,36. First, Mo was separated 
from most of the sample matrix using a two-stage anion exchange chromatography. 
In the first stage, the samples were typically loaded in 75 ml 0.5 M HCl–0.5 M HF 
onto columns filled with 4 ml of pre-cleaned Bio-Rad AG1-X8 anion exchange 
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Fig. 4 | Probability of matching the BSE’s Δ95Mo for different compositions 
of proto-Earth’s mantle (pE), the Moon-forming impactor (GI) and the 
late veneer (LV) as a function of impactor core re-equilibration during 
formation of the Moon. Probabilities calculated using the results from  
the modelling shown in Fig. 3. a, Probabilities for the scenarios in which the 
Moon-forming impactor always contains CC material (Fig. 3a–c).  
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resin (200–400 mesh). Most of the sample matrix was washed off the columns 
with the loading solution and additional 10 ml 0.5 M HCl–0.5 M HF. The high-
field-strength elements (HFSE) and W were then eluted in 15 ml 6 M HCl–1 M 
HF, while Mo largely (~85%) remained on the resin, and was subsequently 
collected using 10 ml 3 M HNO3. To prevent overloading the columns, samples 
of more than ~0.5 g (for example, ureilites, NWA 4931, L1/L2/L6 leachates) were 
dissolved in 150–300 ml 0.5 M HCl–0.5 M HF and then processed consecutively 
in 2–4 splits (equivalent to ~0.5 g sample each) through the first anion exchange 
chromatography (the same column and resin were re-used for all splits of the 
same sample, and both the HFSE and the Mo cuts from the different splits were 
re-combined afterwards). The Peña Blanca Spring sample (~10.5 g) was loaded in 
a total of 1,500 ml 0.5 M HCl–0.5 M HF and processed as described above, albeit 
using several columns (20 splits). Note that this procedure neither affected the 
total yield nor the accuracy of the isotope data, which is demonstrated by the Mo 
isotope composition of the Peña Blanca Spring sample being indistinguishable 
from that of the Norton County metal nodule.

A small fraction (~15%) of the Mo is typically eluted together with the HFSEs. 
This Mo was recovered during the second stage, where all samples were loaded in 
6 ml 0.6 M HF–0.4% H2O2 onto Bio-Rad Poly-Prep columns containing 1 ml of pre-
cleaned AG1-X8 resin (200–400 mesh). The columns were then rinsed with 10 ml 
1 M HCl–2% H2O2, 9 ml 8 M HCl–0.01 M HF, 0.5 ml 6 M HCl–1 M HF, and 8.5 ml 
6 M HCl–1 M HF to quantitatively remove the HFSEs, followed by elution of Mo 
with 5 ml 3 M HNO3.

The Mo cuts from both stages were then combined, and Mo concentrations as 
well as the purity of the samples were determined on small aliquots (equivalent to 
~5 ng Mo) of the combined Mo cuts by quadrupole ICP-MS. At this stage, samples 
with high Fe/Mo (for example, ureilites, L1/L6 leachates), Ru/Mo (L2 leachates) or 
Nb/Mo (JA-2, JG-1, W-2a) were further purified with an additional anion exchange 
chromatography, which was slightly modified from ref. 37. For the clean-up, the 
respective samples were loaded in 7 ml 1 M HF onto Bio-Rad Poly-Prep columns 
containing 2 ml of pre-cleaned AG1-X8 resin (100–200 mesh). The columns were 
then rinsed with 14 ml 1 M HF, 20 ml 6 M HCl–0.06 M HF and 8 ml 6 M HCl–1 M 
HF to quantitatively remove Fe, Ru, and remaining HFSE (particularly Nb) from 
the Mo cuts.

The final purification of Mo was performed using a two-stage ion exchange 
chromatography that was slightly modified from ref. 37. The samples were loaded in 
1 ml 1 M HCl onto columns filled with 1 ml pre-cleaned Eichrom TRU Resin  
(100–150 µm) and, after rinsing with 6 ml 1 M HCl, Mo was eluted in 6 ml 
0.1 M HCl. This chemistry was repeated once, but using 7 M HNO3 and 0.1 M 
HNO3 instead of 1 M HCl and 0.1 M HCl, respectively. The Mo cuts from all ion 
chromatography steps were evaporated with added HNO3 and inverse aqua regia 
to destroy organic compounds. The Mo yield for the entire procedure was typically 
~75%, and total procedural blanks were typically ~2–4 ng Mo and thus negligible. 
Only for the L6 leachates the blank of ~11 ng was significant and required a small 
blank correction of ~1ε on ε92Mo. We note, however, that this blank correction has 
no effect on the interpretation of the Mo isotope data, particularly the  
ε95Mo–ε94Mo systematics.

Mo isotope measurements. The Mo isotope compositions were measured on a 
Thermo Scientific Neptune Plus multicollector inductively coupled plasma mass 
spectrometer (MC-ICP-MS) in the Institut für Planetologie at the University of 
Münster, and followed the measurement protocol described in refs. 12,36. Sample 
solutions were introduced into the mass spectrometer using a self-aspirating 
Savillex C-Flow PFA nebulizer (~50 μl min–1 uptake rate) connected to a Cetac 
Aridus II desolvator. The measurements were performed in low-resolution mode 
using standard Ni sampler and (H) skimmer cones, which yielded total ion 
beam intensities of ~1.1 × 10−10 A for a ~100 ppb Mo solution. Each measurement 
consisted of 40 baseline integrations (on-peak zeros) of 8.4 s each followed by 
100 Mo isotope ratio measurements of 8.4 s each, which consumed ~80 ng of Mo. 
All data were corrected for instrumental mass bias by internal normalization 
to 98Mo/96Mo = 1.453173 using the exponential law, because this normalization 
results in large Mo isotope anomalies and distinctive isotope patterns37. Small 
isobaric interferences of Zr and Ru on Mo masses were corrected by monitoring 
interference-free 91Zr and 99Ru. The final Mo cuts typically had Ru/Mo and  
Zr/Mo of <1 × 10−4, where the interference corrections for Ru (on ε100Mo) and  
Zr (on ε94Mo) were always <2ε, respectively. Note that Zr interference corrections 
of up to ~25ε (Zr/Mo ≈ 1.4 × 10–3) and Ru interference corrections of >20ε  
(Ru/Mo ≈ 2.1 × 10–3) are accurate to within analytical uncertainty12.

The Mo isotope ratios are reported as εiMo values, which represent the parts-
per-10,000 deviation of a sample from the mean of the bracketing runs of the Alfa 
Aesar solution standard, where εiMo = [(iMo/96Mo)sample / (iMo/96Mo)standard – 1] × 104  
(i = 92, 94, 95, 97, 100). For samples analysed multiple times, the reported εiMo 
values represent the mean of pooled solution replicates together with their 
associated external uncertainties. The external reproducibility of the Mo isotope 
measurements ranges from ±0.15 for ε97Mo to ±0.35 for ε92Mo (2s.d.), as defined 
by repeated analyses of the BHVO-2 rock standard, several digestions of which 
were processed through the full analytical procedure and analysed together with 
each set of samples (Supplementary Table 2).

Since some previous studies reported Mo isotope data relative to different 
solution standards, we measured the composition of the NIST SRM 3134  

(for example, ref. 14) and Alfa Aesar Specpure Plasma (for example, refs. 11,15) 
standards relative to the Alfa Aesar solution standard used in the Institut für 
Planetologie at the University of Münster. Repeated analyses of these standards 
during multiple measurement sessions demonstrate that all these solution standards 
have indistinguishable Mo isotopic compositions (Supplementary Table 1). 
Furthermore, to demonstrate the accuracy of our procedure, we processed our Alfa 
Aesar and the NIST SRM 3134 solution standards as well as different digestions of 
the DTS-2b rock standard that were doped with our Alfa Aesar standard (DTS-2b 
is extremely depleted in Mo and thus >90% of the measured mixture is from the 
Alfa Aesar standard) through the full analytical protocol described above. All 
processed solution standards are indistinguishable from the unprocessed solution 
standards (Supplementary Table 1), demonstrating that the chemical separation 
does not induce any resolvable effects on the measured Mo isotope compositions.

Data availability
All data generated during this study are included in this article (and its 
Supplementary Information files).
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