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Nucleosynthetic isotope signatures in meteorites provide key insights into the structure and dynamics 
of the solar protoplanetary disk and the accretion history of the planets. We present high-precision 
Zr isotopic data of a comprehensive suite of non-carbonaceous (NC) and carbonaceous (CC) meteorites, 
and find that various meteorite groups, including enstatite chondrites, exhibit 96Zr enrichments, whereas 
there is no resolved 91Zr and 92Zr variability. These new Zr isotope data reveal the same fundamental NC-
CC dichotomy observed for several other elements, where CC meteorites are more anomalous compared 
to NC meteorites and are shifted towards the isotopic composition of Ca-Al-rich inclusions (CAIs). For 
Zr and other elements, the CC composition is reproduced as a mixture of materials with CAI-like and 
NC-like isotopic compositions in approximately constant proportions, despite these elements exhibiting 
disparate nucleosynthetic origins or different cosmo- and geochemical behaviors. These constant mixing 
proportions are inconsistent with an origin of the dichotomy by thermal processing or selective dust-
sorting in the disk but indicate mixing of isotopically distinct materials with broadly solar chemical 
compositions. This corroborates models in which the NC-CC dichotomy reflects time-varied infall from 
an isotopically heterogeneous molecular cloud. Among NC meteorites, the isotope anomalies in Zr are 
linearly correlated with those of other elements, which likewise reflects primordial mixing. Lastly, the 
new Zr isotope data reinforce the notion that Earth incorporated s-process enriched material from the 
innermost Solar System, which is not represented by known meteorites. By contrast, contributions to 
Earth and Mars from outer Solar System CC-like materials were limited, indicating that these planets did 
not form by pebble accretion, which would have led to high CC fractions.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Nucleosynthetic isotope variations among meteorites and plan-
ets result from the heterogeneous distribution of isotopically 
anomalous presolar material in the solar accretion disk. The exact 
mechanism responsible for establishing this isotopic heterogene-
ity is debated, and selective thermal processing or size-sorting of 
presolar materials in the disk (e.g., Trinquier et al., 2009; Burkhardt 
et al., 2011; Steele et al., 2012), changes in the composition of in-
falling molecular cloud material (Nanne et al., 2019; Burkhardt et 
al., 2019; Jacquet et al., 2019), or a combination thereof (Ek et al., 
2020) have been proposed. Regardless of their cause, nucleosyn-
thetic isotope variations in meteorites have proven highly benefi-
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cial for establishing genetic links among and between meteorites 
and planets. For example, bulk meteorites exhibit a fundamental 
isotopic dichotomy between non-carbonaceous (NC) and carbona-
ceous (CC) meteorites, indicating that meteorite parent bodies 
formed in two spatially separated, but coexisting disk reservoirs. 
Within this framework, the NC reservoir is commonly associated 
with the inner Solar System, whereas the CC reservoir may repre-
sent the outer Solar System beyond the orbit of Jupiter (Warren, 
2011; Kruijer et al., 2017; Morbidelli et al., 2022).

A promising element for further study of the nucleosynthetic 
heterogeneity of the early Solar System is zirconium (Zr). As a re-
fractory lithophile element, Zr is neither affected by volatile loss 
processes nor by core formation, meaning that the entire Zr inven-
tory of a differentiated parent body is present in its silicate mantle. 
Moreover, Zr is almost entirely unaffected by cosmic ray induced 
neutron-capture or spallation processes, rendering any isotopic ef-
fects from irradiation by galactic cosmic rays negligible at the cur-
rent analytical precision (Leya et al., 2003). As such, the Zr isotopic 
le under the CC BY-NC-ND license 
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composition of bulk silicate Earth (BSE), bulk silicate Mars (BSM), 
and the silicate mantles of other Solar System bodies represent an 
integrated average over their entire accretion history and allow for 
determining the nature and origin of a planet’s bulk building ma-
terial. In particular, relating the Zr isotopic signatures of NC and CC 
meteorites to those of the BSE and BSM can provide information 
on the nature and origin of the building blocks and, ultimately, the 
formation mechanism of the terrestrial planets (Dauphas, 2017; 
Burkhardt et al., 2021).

Zirconium consists of five stable isotopes (90Zr, 91Zr, 92Zr, 94Zr, 
and 96Zr). Of those, 91Zr typically shows no or only very small 
anomalies (e.g., Schönbächler et al., 2005; Akram et al., 2015; 
Elfers et al., 2020), and 92Zr can host radiogenic ingrowth from 
92Nb (Iizuka et al., 2016; Haba et al., 2021), such that the anoma-
lies in the neutron-rich 96Zr are the most diagnostic when the 
commonly employed internal normalization to 94Zr/90Zr is used 
(for a more in-depth explanation of Zr nucleosynthesis, we re-
fer to Akram et al., 2013). Zirconium isotope heterogeneity has 
been shown for chemical separates of carbonaceous chondrites 
(Schönbächler et al., 2005; Elfers et al., 2020), Ca-Al-rich inclu-
sions (Akram et al., 2013), and some bulk carbonaceous chondrites 
(Akram et al., 2015). However, unlike the nucleosynthetic isotope 
anomalies for other elements, there does not seem to be a clear 
distinction between NC and CC meteorites in Zr isotopes, and their 
96Zr signatures seem to partially overlap (Akram et al., 2015). 
Moreover, high-precision Zr isotope data are missing for many NC 
meteorites, with the exception of the recently reported anomalies 
in eucrites and angrites (Render and Brennecka, 2021) and Zr iso-
tope data for Mars (Burkhardt et al., 2021). Hence, the collective 
Zr isotope dataset is so far incomplete and systematic Zr isotopic 
anomalies within the suite of NC meteorites have not yet been 
demonstrated. To assess whether NC meteorites exhibit systematic 
Zr isotope anomalies, and how these relate to the composition of 
the CC reservoir, Earth, and Mars, we present new high-precision 
Zr isotope data for a range of NC and CC meteorites, many of them 
not previously measured for Zr isotopes. The new data are used 
to assess whether there is an NC-CC dichotomy for Zr, to unravel 
the origin of Zr isotope variations among meteorites, and to con-
strain the origin and nature of the building blocks of the terrestrial 
planets.

2. Samples and methods

2.1. Samples

The samples of this study include a representative set of chon-
dritic and differentiated meteorites from both the NC and the CC 
suites, most of which have previously been digested and chemi-
cally processed for Mo (Burkhardt et al., 2011; Budde et al., 2019), 
Ru (Hopp et al., 2020), and U (Goldmann et al., 2015) investiga-
tions. As such, one strength of the present dataset is the possibility 
of detailed comparisons of isotopic signatures in different elements 
from the same sample digestions (Table S2 in the supplemen-
tary information lists the elements investigated for each sample 
as well as the associated references). For several meteorite groups 
we report the first Zr isotope data: Rumuruti, Kakangari, CH, and 
CL chondrites, winonaites, acapulcoites, mesosiderites, and main-
group (MG) pallasites, as well as three ungrouped achondrites from 
the NC and CC reservoirs (Table 1). This comprehensive sample set, 
together with the Zr isotope data for angrites, eucrites, and mar-
tian meteorites published previously (Render and Brennecka, 2021; 
Burkhardt et al., 2021), allows for the thorough assessment of any 
Zr isotope variations among NC meteorites and for identifying the 
differences between NC meteorites and Earth.

In addition, we also analyzed acid leachates from a sequential 
dissolution of ∼16.5 g whole-rock powder of the CM2 chondrite 
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Murchison, which have previously been analyzed for Os (Reisberg 
et al., 2009), Mo (Burkhardt et al., 2012a) and W (Burkhardt et al., 
2012b), as well as Sr and Ti isotope anomalies (Burkhardt et al., 
2019). Details of this leaching procedure are given in Reisberg et 
al. (2009) and are briefly summarized in the supplementary infor-
mation (S1).

2.2. Analytical methods

Zirconium was purified from new digestions and from high-
field-strength element (HFSE)-cuts obtained from previous stud-
ies using established methods (Render and Brennecka, 2021; 
Burkhardt et al., 2021). In brief, the Zr-containing cuts were con-
verted into 10 ml 12 M HNO3 for a first purification employing 
TODGA resin cartridges as outlined in Torrano et al. (2019). Af-
ter loading, matrix elements were eluted with an additional 15 ml 
12 M HNO3. Next, Ti and Fe were eluted with 10 ml 6 M HNO3
and 10 ml 3 M HNO3 before Zr was eluted together with Hf in 
20 ml 3 M HNO3 – 0.3 M HF. Following evaporation to dryness, 
samples were treated with concentrated HNO3, dried, and redis-
solved in 3 M HNO3 – 1 wt% H2O2 to be loaded onto PFA shrink 
columns containing LN spec resin (100 – 150 mesh) for further 
separation of Zr from residual Fe, Ti, and Hf (Bast et al., 2015). Fi-
nally, solutions were dried, treated with concentrated HNO3, dried 
again, and redissolved in 0.5 M HNO3 – 0.01 M HF for measure-
ment.

The separation procedure resulted in refined Zr cuts with Mo/Zr 
< 1×10−4, Ru/Zr < 1×10−4, Ti/Zr < 0.1, Fe/Zr < 0.01, Hf/Zr <
0.02, and doping tests were conducted to confirm that these levels 
were substantially below those that can be accurately corrected. 
Predilutions of all samples were checked, and any samples ex-
ceeding acceptable levels for any element were processed through 
the second column again. Yields of the entire separation proce-
dure were consistently >70%, and two procedural blanks processed 
through the same chemical purification procedure contained 150 
pg and 340 pg of Zr, which is negligible given that ∼150 ng of Zr 
are consumed per analysis.

Measurements were performed on a Neptune Plus MC-ICPMS in 
Münster and at Lawrence Livermore National Laboratory (LLNL) in 
combination with a Cetac Aridus II desolvating introduction sys-
tem using a Jet sampler and H skimmer cone setup, as well as 
a Savillex C-Flow nebulizer with an uptake rate of 50 μL/min. 
This setup resulted in intensities for 90Zr between 30 to 40 V 
for measurement solutions of ∼200 ng/g (corresponding to a to-
tal ion beam intensity of 5.5 to 8×10−10 A), while oxide formation 
rates were adjusted to below 1.5% CeO/Ce. Each measurement con-
sisted of a 30 s baseline and 200 cycles of 4.2 s integration time 
with all Zr masses (90, 91, 92, 94, and 96) being monitored us-
ing 1011 � amplifiers, while isobaric interferences from Mo and 
Ru were monitored using 1012 � amplifiers on masses 95 and 
99, respectively. In addition, mass 89 was monitored for potential 
interferences from doubly-charged Hf ions that correspond to Zr 
isotope masses; however, measured signals were always <1×10−3

V and appeared more likely to be related to yttrium instead of 
178Hf++ (the Faraday lineup of the Neptune Plus does not al-
low mass 89.5 to be set up as part of a Zr cup configuration). 
Since our doping tests showed that Hf/Zr ratios up to 0.2 do 
not affect Zr isotope measurement accuracy and all samples had 
Hf/Zr <0.02, we did not apply any corrections related to Hf/Zr. 
Zirconium isotope data were corrected for mass-bias by internal 
normalization to 94Zr/90Zr = 0.3381 using the exponential law. 
Here and throughout the manuscript we employ the μ-notation, 
denoting parts per million deviations relative to terrestrial stan-
dard solutions. In the case of Zr, we use NIST SRM3169 as the 
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Table 1
Zr isotopic compositions of samples investigated in this study.

Sample Type Na μ91Zrb μ92Zrb μ96Zrb

BHVO-2c Basalt 18 1 ± 2 0 ± 2 1 ± 7
BCR-2c Basalt 17 −1 ± 2 −1 ± 2 −4 ± 4
AGV-2 Andesite 52 (n=2) 0 ± 1 1 ± 1 2 ± 3

Terrestrial average 87 0 ± 1 0 ± 1 1 ± 2
External reproducibility ± 6 ± 6 ± 18

Zagamid Shergottite 17 −1 ± 2 −1 ± 2 24 ± 4
ALH77005d Shergottite 10 1 ± 1 −2 ± 2 29 ± 6
EET79001d Shergottite 9 1 ± 3 0 ± 1 27 ± 9
NWA 8159d Augite Basalt 8 −2 ± 4 −4 ± 2 29 ± 5
Tissintd Shergottite 8 −2 ± 3 −4 ± 2 25 ± 4
ALH84001d Orthopyroxenite 13 0 ± 2 −1 ± 2 31 ± 5

Mars average 65 (n=6) 0 ± 1 −2 ± 2 28 ± 3

Non-carbonaceous meteorites
EET 87746 EH4 5 −1 ± 5 1 ± 0 8 ± 12
Abee EH4 6 0 ± 3 −1 ± 4 18 ± 7

EH average 11 0 ± 2 0 ± 2 14 ± 6
Atlanta EL6 8 1 ± 3 −2 ± 2 7 ± 9
ALHA 81021 EL6 4 −5 ± 3 −2 ± 4 10 ± 13
LAP 10014.22 EL6 3 −6 ± 6 −1 ± 6 23 ± 18
Pillistfer EL6 9 −3 ± 1 −7 ± 1 24 ± 4
Khairpur EL6 8 −4 ± 3 −3 ± 3 11 ± 7

EL average 32 (n=5) −3 ± 3 −3 ± 3 15 ± 10
EC average 43 (n=7) −2 ± 2 −2 ± 2 15 ± 7

Plainviewc H5 11 0 ± 2 0 ± 2 34 ± 4
NWA 6299c H5 10 1 ± 3 0 ± 1 30 ± 6
Nuevo Mercurio H5 11 1 ± 2 3 ± 2 41 ± 5

H average 32 1 ± 1 1 ± 1 35 ± 3
Tennasilmc L4 10 −1 ± 3 0 ± 2 23 ± 5
Ausson L5 7 −2 ± 2 0 ± 2 35 ± 5

L average 17 −1 ± 2 0 ± 1 28 ± 5
NWA 5755 LL6 10 4 ± 3 2 ± 2 25 ± 5
NWA 6935 LL5 6 −1 ± 2 −1 ± 2 34 ± 10
St Severin LL6 7 −3 ± 5 0 ± 3 30 ± 9
Tuxtuac LL5 6 −2 ± 5 1 ± 4 34 ± 7

LL average 29 (n=4) 0 ± 5 1 ± 2 31 ± 7
OC average 78 (n=9) 0 ± 2 1 ± 1 32 ± 4

LEW 87232 K 5 −1 ± 4 −8 ± 2 42 ± 7

NWA 053 R4 5 1 ± 3 −1 ± 1 23 ± 7
NWA 753 R3.9 5 0 ± 4 −1 ± 3 27 ± 11
NWA 6145 R5 5 −2 ± 4 −1 ± 5 26 ± 4

Rumuruti average 15 0 ± 2 −1 ± 1 25 ± 3

HaH193 Winonaite 4 2 ± 5 0 ± 7 2 ± 9
Fukang Pallasite 3 1 ± 6 −9 ± 6 43 ± 18
Bishopville Aubrite 6 −1 ± 4 −7 ± 3 20 ± 6
Pena Blanca Spring Aubrite 10 −3 ± 2 −8 ± 3 22 ± 6

Aubrite average 16 −2 ± 2 −8 ± 2 21 ± 4
Acapulco Acapulcoite 7 −1 ± 4 −7 ± 2 35 ± 8
Dho 125 Acapulcoite 6 0 ± 3 −3 ± 2 31 ± 5

Acapulcoite average 13 −1 ± 3 −5 ± 2 33 ± 5
Acfer 063 Mesosiderite 4 1 ± 6 −1 ± 5 32 ± 8
Ilafegh 002 Mesosiderite 5 −1 ± 4 −4 ± 7 41 ± 14
NWA 2538 Mesosiderite 4 −2 ± 7 −2 ± 3 33 ± 17

Mesosiderite average 13 −1 ± 2 −3 ± 2 36 ± 6

Bunburra Rockholec Achondrite-ung. 5 −4 ± 4 −1 ± 5 13 ± 4

Juvinasc Eucrite 6 1 ± 1 −4 ± 2 18 ± 9
Petersburgc Eucrite 7 0 ± 3 −3 ± 3 28 ± 11
Bouvantec Eucrite 7 −1 ± 3 −4 ± 3 38 ± 10
Millbillilliec Eucrite 6 −4 ± 2 −1 ± 3 45 ± 10
Stannernc Eucrite 6 −4 ± 2 −3 ± 2 44 ± 5

Eucrite average 32 (n=5) −2 ± 3 −3 ± 1 34 ± 15

NWA 4590c Angrite 7 3 ± 2 −5 ± 2 54 ± 5
NWA 4801c Angrite 5 −3 ± 5 −10 ± 2 62 ± 7
NWA 6291c Angrite 5 0 ± 3 −6 ± 3 46 ± 7
Angra dos Reisc Angrite 6 −1 ± 3 −7 ± 3 45 ± 6
D’Orbignyc Angrite 6 −2 ± 4 −5 ± 2 45 ± 6
NWA 4931 Angrite 9 −1 ± 2 −8 ± 1 47 ± 6

Angrite average 38 (n=6) −1 ± 2 −7 ± 2 50 ± 7

(continued on next page)
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Table 1 (continued)

Sample Type Na μ91Zrb μ92Zrb μ96Zrb

Carbonaceous meteorites
Orgueil CI 1 2 ± 6 7 ± 6 89 ± 18
NWA 13400 CL 7 −4 ± 4 −3 ± 2 103 ± 7
Murchison CM 7 (n=2) 4 ± 4 3 ± 2 134 ± 6
Allende (‘MS-A’) CV3 9 (n=2) −2 ± 3 −2 ± 2 126 ± 8
DaG 275 CK4/5 7 −1 ± 3 −2 ± 4 123 ± 10
NWA 6604 CK4 5 −2 ± 3 0 ± 1 114 ± 6

CK average 12 −1 ± 2 −1 ± 2 120 ± 6
Kainsaz CO 7 −1 ± 2 −1 ± 4 114 ± 8
GRA 97755 CR 7 −4 ± 3 −3 ± 3 118 ± 9
Acfer 182 CH3 5 0 ± 2 −2 ± 2 111 ± 9
HaH 237 CBb 2 2 ± 6 1 ± 6 121 ± 18

NWA 6926 Achondrite-ung. 6 −3 ± 0 3 ± 1 124 ± 11
NWA 8548 Achondrite-prim. 7 0 ± 1 3 ± 2 127 ± 4

Murchison leachates
L1 CM2 leachate 2 296 ± 6 124 ± 6 4998 ± 18
L2 CM2 leachate 1 109 ± 6 46 ± 6 1889 ± 18
L3 CM2 leachate 1 29 ± 6 16 ± 6 507 ± 18
L4 CM2 leachate 1 −66 ± 6 −26 ± 6 −1031 ± 18
L5 CM2 leachate 1 −82 ± 6 −32 ± 6 −1285 ± 18
L6 CM2 leachate 2 −136 ± 6 −56 ± 6 −2064 ± 18

a Number of overall measurements of a given sample or population, where n represents the number of digestions of a given 
sample or meteorite group.

b Zr isotope data are expressed in the μ-notation (parts-per-million deviation from the NIST SRM 3169 standard) and internally 
normalized to 94Zr/90Zr = 0.3381 using the exponential law. Uncertainties are given as Student’s t-values 95% confidence intervals 
(95% c.i.) for samples analyzed >3 times or as the external reproducibility as defined by 52 analyses of two digestions of the AGV-2 
rock standard (Table S1 in the supplementary information) for samples analyzed ≤3 times. Mean isotopic compositions and associ-
ated uncertainties (95% c.i.) for meteorite groups and classes were calculated as averages combining analyses of all meteorite samples 
assigned to each group and assuming they represent a single population. For meteorite groups with more than 3 separate digestions 
(EL, EC, LL, OC, Mars, eucrites, and angrites), mean isotopic compositions and related uncertainties (95% c.i.) were calculated from 
isotopic compositions of the separate digestions.

c Includes Zr isotope data from Render and Brennecka (2021).
d Includes Zr isotope data from Burkhardt et al. (2021).
bracketing solution standard, resulting in the example formula be-
low:

μiZr = [(iZr/90Zr)sample/(
iZr/90Zr)SRM3169 − 1] × 106

The external reproducibility (2 × standard deviation, 2SD) of 
our methods, as determined by 52 measurements from two diges-
tions of the USGS rock standard AGV-2 processed alongside the 
samples is ±6 μ91Zr, ±6 μ92Zr, and ±18 μ96Zr (Table S1). Indi-
vidual meteorite samples were typically measured between 5-10 
times, and results are reported as mean values of pooled solution 
replicates with their associated 95% confidence intervals.

3. Results

Zirconium isotopic compositions of rock standards and mete-
orite samples relative to NIST SRM3169 are shown in Table 1 and 
Figs. 1 and 2. The isotopic compositions of the terrestrial rock stan-
dards AGV-2 (andesite from Oregon, USA), BHVO-2 (ocean island 
basalt from, Hawaii, USA), and BCR-2 (continental basalt from Ore-
gon, USA) are indistinguishable from one another and from the 
SRM3169 bracketing standard (Table 1). This demonstrates the ac-
curacy of our methods and implies that the Zr isotopic composition 
of the NIST SRM3169 standard is indistinguishable from bulk Earth. 
Similarly, a companion study has shown that martian meteorites 
are isotopically indistinguishable in Zr isotopes, allowing for cal-
culation of a mean isotopic signature for Mars (Burkhardt et al., 
2021).

Meteorite samples analyzed in this and the two aforemen-
tioned companion studies (Burkhardt et al., 2021; Render and 
Brennecka, 2021) generally exhibit μ91Zr and μ92Zr that are in-
distinguishable or very close (<5 ppm in most instances) to ter-
restrial Zr isotopic values, with only LEW 87232 (Kakangari chon-
drite, KC), aubrites, and angrites displaying hints of small deficits 
4

(<10 ppm) in μ92Zr (Fig. 2B). Such μ92Zr heterogeneity could po-
tentially be radiogenic in origin (Haba et al., 2021), complicating 
any interpretation of these small anomalies in terms of nucleosyn-
thetic heterogeneity. Given that Nb/Zr ratios were not obtained 
for all samples and that the μ92Zr variations are not or are only 
barely resolved within the external uncertainty achieved in this 
study, we do not attach significance to these relatively minor ef-
fects.

In contrast, isotopic signatures in 96Zr—the most diagnostic Zr 
isotope—reveal that Solar System materials are isotopically hetero-
geneous. Apart from a single winonaite sample and three indi-
vidual enstatite chondrites, all meteorites investigated here show 
resolved and variable excesses in μ96Zr (Table 1, Fig. 1). The av-
erage μ96Zr values of the NC chondrites are well defined and 
increase in the order EC < RC < OC < KC. The μ96Zr anoma-
lies in the NC achondrites span a range similar to those of NC 
chondrites and increase in the order aubrites < acapulcoites ≤
mesosiderites ≤ eucrites ≤ MG pallasites ≤ angrites. Both CC 
chondrites and achondrites exhibit consistently more anomalous 
μ96Zr compared to their NC counterparts, similar to the higher 
proportions of neutron-rich isotopes in other elements, such as 
50Ti and 54Cr (e.g., Trinquier et al., 2009) or r-process Mo (Budde 
et al., 2016).

The leachates of the Murchison meteorite reveal significantly 
larger isotope variation compared to the bulk meteorites (Table 1). 
The magnitude of the anomalies of a given leachate decrease in the 
order μ96Zr > μ91Zr > μ92Zr. The isotope anomalies are well cor-
related (Fig. 3) and consistently decrease from large excesses in the 
earlier leaching steps (L1 to L3) to depletions in the later leaching 
steps (L4 to L6). These isotope systematics and the corresponding 
slopes in Zr isotope space (Fig. 3) are in excellent agreement with 
previous sequential acid leachate investigations of other carbona-
ceous chondrites (Schönbächler et al., 2005; Elfers et al., 2020).
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Fig. 1. The μ96Zr signatures of terrestrial and meteoritic samples investigated in 
this study. Isotope data for Mars from Burkhardt et al. (2021) and for Eucrites and 
Angrites partially from Render and Brennecka (2021). Shaded areas indicate mean 
compositions for meteorite populations with 95% confidence interval uncertainties. 
Uncertainties are smaller than the symbols when not visible.

4. Discussion

4.1. Comparison to previous studies

The Zr isotope data set presented in this study is the most com-
prehensive to date, including the first Zr isotope data for aubrites, 
acapulcoites, MG pallasites, and winonaites, as well as CL, CH, 
Rumuruti, and Kakangari chondrites. Furthermore, these data are 

Fig. 2. μ91Zr vs. μ96Zr and μ92Zr vs. μ96Zr isotopic compositions of bulk meteorites investigated in this study. Isotope data from Akram et al. (2015) are shown in gray for 
comparison and have been corrected for a small analytical artifact (Elfers et al., 2020). Whereas the Zr isotope data from Akram et al. (2015) appear to show a continuum 
of isotopic compositions, new data presented here reveal that the previously reported dichotomy between NC and CC meteorites also exists in Zr isotopes. Uncertainties are 
smaller than the symbols when not visible.

more precise compared to most previous data, making it possi-
ble to resolve isotope anomalies for most NC meteorites relative 
to the terrestrial standard and one another. Our data are in overall 
good agreement with previously published Zr isotope data for sev-
eral bulk meteorites, but there are also some notable differences, 
namely with regards to the μ96Zr anomalies in carbonaceous 
chondrites and the extent of μ91Zr variations among meteorites. 
Compared to the results of this study, the μ96Zr anomalies of car-
bonaceous chondrites reported by Akram et al. (2015) tend to be 
smaller and partly overlap with the compositions of NC meteorites 
(Fig. 2 and Fig. S1 in the supplementary information). By con-
trast, all carbonaceous chondrites investigated in this study have 
well-resolved μ96Zr excesses of between ∼90 and ∼130 ppm. The 
cause of the disparate results is unclear at present but may be 
related to the higher precision achieved in this study. Moreover, 
the heterogeneous distribution of isotopically anomalous compo-
nents, such as CAIs, could be a significant contributing factor to 
the observed isotopic heterogeneity between different aliquots of 
CC meteorites. For instance, the ∼40 ppm μ96Zr variations among 
the carbonaceous chondrites can be accounted for by the presence 
of up to ∼5 wt.-% CAI, consistent with the observed CAI abundance 
in CV chondrites and the absence of CAIs in CI chondrites (Fig. 4). 
However, given the paucity of CAIs in CI chondrites, the heteroge-
neous distribution of CAIs alone cannot account for the ∼70 ppm 
difference between the μ96Zr values for Orgueil determined by 
Akram et al. (2015) (μ96Zr = 24 ± 22) and this study (μ96Zr =
89 ± 18). We note, however, that the larger 96Zr anomaly obtained 
here is in line with the ubiquitous 96Zr excesses observed among 
carbonaceous chondrites and with the idea that the 96Zr variations 
among carbonaceous chondrites reflect the heterogeneous distribu-
tion of CAIs.

We are also unable to confirm a previously suggested μ91Zr-
μ96Zr correlation for whole-rock meteorites (Akram et al., 2015). 
These authors observed that bulk meteorites plot along a μ91Zr-
μ96Zr trend different than that of acid leachates from primitive 
meteorites; on this basis, they argued that multiple isotopically 
variable sources of s-process matter contributed to the early So-
lar System. In line with Elfers et al. (2020), we find no evidence 
for significant 91Zr isotope heterogeneity, as variability in μ91Zr 
of all meteorites investigated here is limited to <5 ppm, smaller 
than the external reproducibility of the measurements. This is con-
sistent with the suggestion that the previously reported negative 
μ91Zr anomalies of some bulk samples are analytical artifacts re-
sulting from the use of a non-certified solution standard from Alfa 
Aesar (Akram and Schönbächler, 2016; Elfers et al., 2020). To this 
5



J. Render, G.A. Brennecka, C. Burkhardt et al. Earth and Planetary Science Letters 595 (2022) 117748

Fig. 3. Plots of (A) μ91Zr vs. μ96Zr and (B) μ92Zr vs. μ96Zr of acid leachates of the Murchison carbonaceous chondrite, revealing well-correlated isotope anomalies in all 
three Zr isotopes. Linear regressions and MSWDs were calculated using Isoplot 4.14. Uncertainties are smaller than the symbols when not visible.
end, we find resolved isotopic differences (μ91Zr = −2.5, μ92Zr 
= −2.7, μ96Zr = 8.2) between an Alfa Aesar ICP solution and the 
NIST SRM3169 bracketing standard used here (supplementary in-
formation S2), supporting the suggestion that different synthetic 
solution standards may have distinct Zr isotope compositions.

The lack of resolvable μ91Zr variation among bulk meteorites 
is consistent with the Zr isotope variations in the Murchison acid 
leachates investigated here: Using the slope and the negative in-
tercept obtained from the linear regression in μ91Zr vs. μ96Zr of 
the leachate data (Fig. 3A), we find that for μ96Zr ≈ 130 (i.e., the 
largest anomaly measured in this study) a μ91Zr value of only ∼2 
ppm is expected. This is well within the uncertainty of our Zr iso-
tope measurements and corresponds with the lack of significant 
μ91Zr variation among the samples of this study (Fig. 2A).

4.2. Zr isotope dichotomy between NC and CC meteorites

A key observation from the new Zr isotope data is that NC 
and CC meteorites have systematically different μ96Zr signatures. 
Unlike in previous work, where NC and CC meteorites showed a 
continuum of compositions and partly overlapped in μ96Zr (Akram 
et al., 2015), the new data of this study reveal that CC meteorites 
are characterized by ubiquitous μ96Zr excesses of >90 ppm, while 
NC meteorites all have μ96Zr anomalies of <50 ppm (Fig. 1, 2). 
As such, Zr isotopes conform to the fundamental NC-CC dichotomy 
observed for several other elements (see summary in Kleine et al., 
2020). Analogous to observations for other elements, the new Zr 
isotope data show that CCs are offset from NCs towards the iso-
topic composition of CV3 CAIs, corroborating that the CC reservoir 
is systematically offset from the NC reservoir in the direction of 
CAIs (Fig. 6, see also Fig. S2 in the supplementary information). On 
this basis, it has been suggested that the accretion disk initially 
had a CAI-like isotopic composition (termed ‘IC’ for inclusion-like 
chondritic reservoir), and late-infalling material with an NC-like 
isotopic composition caused the observed isotope dichotomy be-
tween the inner and outer Solar System by being preferentially 
added to the inner regions of the protoplanetary disk (Nanne et 
al., 2019; Burkhardt et al., 2019).

Since in this model the isotopic composition of the CC reservoir 
results from mixing between two bulk disk reservoirs having dis-
tinct isotopic compositions, the fraction of NC material in the CC 
reservoir should be similar for all elements, irrespective of the geo-
and cosmochemical character of these elements. Thus, the new Zr 
isotope data of this study, and the observation that bulk meteorites 
display an NC-CC dichotomy for μ96Zr, can be used to test this pre-
6

diction. The fraction of NC material in the CC reservoir, fNC , can be 
calculated by mass balance as follows:

fNC = μi
CC − μi

IC

μi
NC − μi

IC

where μi
CC, μi

NC, and μi
IC represent the isotopic anomalies in the 

CC, NC, and IC reservoirs in a given isotope i. For refractory el-
ements (Ca, Ti, Zr, . . . ) the isotopic composition of different me-
teorite groups within the CC reservoir is strongly affected by the 
admixture of CAIs (Fig. 4). To take this into account, the fraction 
of NC material in the CC reservoir is most appropriately calcu-
lated by substituting μi

CC with a CAI-free carbonaceous chondrite 
isotopic composition, which—given their paucity in CAIs—is best 
represented by CI chondrites (i.e., μi

CI). For the isotopic composi-
tion of the NC reservoir (i.e., μi

NC) we chose the average isotopic 
composition of NC meteorites for a given element with the un-
certainty covering the entire isotopic range of the NC reservoir. 
However, the particular choice of μi

NC in these calculations has 
little effect on the calculated fNC values; for instance, using the 
isotopic composition of ureilites, which have the most pronounced 
anomalies among NC meteorites, for μi

NC leads to essentially the 
same results (Table S4). Lastly, the IC (‘Inclusion-like Chondritic’) 
reservoir is defined by the average isotopic composition of CV3 
CAIs (see Table S4 for a summary of all isotope values used in 
the calculations).

As displayed on Fig. 5, the fraction of NC material in the CC 
reservoir calculated in this manner for several elements is gen-
erally between ∼0.5 and ∼0.7, suggesting that the CC reservoir 
contains 65 ± 11% (95% conf.) NC material. This average includes 
lithophile (Ti, Zr) and siderophile (Mo, Ni) as well as refractory 
(Ti, Ca, Zr) and main-group elements (Cr, Ni). Similarly, the ele-
ments involved are of different nucleosynthetic origins, such as the 
Fe-group (Ca, Ti, Cr, Ni) and heavier elements (Zr, Mo, Ru). The ap-
proximately constant fraction of NC material in the CC reservoir 
for such a diverse range of elements indicates that the NC-CC di-
chotomy is unlikely to result from thermal processing of specific 
presolar carrier phases or the heterogeneous distribution of iso-
topically anomalous and chemically fractionated components such 
as CAIs. Instead, to a first order, this constant value is readily ac-
counted for by mixing between two disk reservoirs with similar 
bulk chemical but distinct isotopic compositions. This observation 
reinforces earlier proposals that the NC-CC dichotomy results from 
a combination of disk-wide mixing (with cessation from Jupiter’s 
formation or another drift barrier in the disk), accompanied by 
time-varied infall from an isotopically heterogeneous molecular 



J. Render, G.A. Brennecka, C. Burkhardt et al. Earth and Planetary Science Letters 595 (2022) 117748

Fig. 4. μ96Zr vs. Zr concentration for bulk carbonaceous chondrites. Solid line is a mixing line between CI chondrites and average CV3 CAIs. CM chondrites appear to plot 
above this mixing trajectory, possibly a result of incorporation of hibonite-rich CAIs in these meteorites (Kööp et al., 2016), whereas CL chondrites plot below the trend, 
consistent with the interpretation that CL chondrites contain a refractory component that is not characterized by large isotope anomalies (Metzler et al., 2021). Values and 
references for Zr concentrations and Zr isotope data for CAIs and CCs are summarized in Table S3 in the supplementary information.
cloud core (Nanne et al., 2019; Burkhardt et al., 2019; Jacquet et 
al., 2019).

Although isotopic anomalies among meteorites and CAIs have 
been reported for μ54Fe (e.g., Shollenberger et al., 2019; Schiller 
et al., 2020) and μ84Sr (e.g., Moynier et al., 2012; Fukai and 
Yokoyama, 2019; Charlier et al., 2021), our model currently does 
not include Fe and Sr isotope data. This is because the μ54Fe val-
ues of CC meteorites (μ54Fe range from ∼+20 to ∼+40, excluding 
CI chondrites; Hopp et al., 2022) overlap with the average Fe iso-
topic composition of CAIs (μ54Fe = 43 ± 17, Shollenberger et al., 
2019), and so calculating the fraction of NC material in the CC 
reservoir based on Fe isotopes is inconclusive. The lack of clearly 
resolved Fe isotope anomalies in CAI compared to their host chon-
drites likely reflects secondary alteration on the meteorite parent 
bodies, meaning that the original μ54Fe of the CAIs were likely 
larger (Hopp et al., 2022). For Sr, the fraction of NC material in 
the CC reservoir cannot be calculated because presently available 
data do not show resolved μ84Sr differences between NC and CC 
meteorites (Fukai and Yokoyama, 2019).

In summary, isotope anomalies for elements of different geo-
and cosmochemical character and distinct nucleosynthetic origin 
consistently show that the characteristic isotopic composition of 
the CC reservoir can be reproduced by admixture of ∼65% NC 
material to a pre-existing disk having a CAI-like isotopic compo-
sition (the IC reservoir). For a refractory element like Zr, additional 

Fig. 5. Fraction of NC material in the CC reservoir calculated by mass balance (see 
section 4.2) for several elements, including Zr from this study. An average of these 
seven elements suggests the CC reservoir to consist of roughly two thirds NC ma-
terial. Isotopic compositions used for these calculations are given in Table S4 in the 
supplementary information.
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isotopic variations among CC chondrites may result from variable 
abundances of CAI. Interestingly, the two ungrouped carbonaceous 
achondrites investigated here show similar μ96Zr signatures com-
pared to CAI-bearing carbonaceous chondrites. As differentiated 
meteorites, they likely derive from parent bodies that accreted 
prior to the carbonaceous chondrite parent bodies. Thus, their el-
evated μ96Zr either point to an early local enrichment of CAI or 
indicate that these achondrite parent bodies accreted in a region 
of the CC reservoir with a higher fraction of IC material.

4.3. Isotope heterogeneity within the NC suite of meteorites

Combining the new Zr isotope data with isotopic signatures 
of other elements reveals significant isotope heterogeneity within 
meteorites of the NC group, forming well-defined linear correla-
tions of nucleosynthetic anomalies (red solid lines in Fig. 6). These 
general features of the NC correlations have been described previ-
ously (Spitzer et al., 2020; Burkhardt et al., 2021), but so far, the 
correlations involving Zr were poorly defined, or not defined at all. 
For instance, the μ54Cr vs. μ96Zr and μ94Mo vs. μ96Zr regressions 
for NC meteorites in Burkhardt et al. (2021) returned R2 values 
of 0.47 and 0.65, respectively, and no regression was possible for 
μ62Ni vs. μ96Zr. With our new Zr isotope data, the R2 values for 
μ54Cr vs. μ96Zr and μ94Mo vs. μ96Zr are improved to 0.83 and 
0.80, respectively, and our μ64Ni vs. μ96Zr regression yields an R2

of 0.86.
Importantly, the isotopes used in Fig. 6 (μ48Ca, μ50Ti, μ54Cr, 

μ64Ni, μ94Mo, μ96Zr, and μ100Ru) belong to elements with vari-
able condensation temperatures, and include lithophile (Ca, Ti, Cr, 
Zr) and siderophile (Ni, Mo, Ru) as well as Fe-peak (Ca, Ti, Cr, Ni) 
and higher-mass elements (Zr, Mo, Ru), making it highly unlikely 
for these elements to be hosted in roughly similar proportions 
in the same presolar carrier phases or dust components. Thus, 
the selective removal (or addition) of a single presolar phase—for 
instance, by thermal processing in the inner disk—and selective 
dust-sorting are unlikely explanations for the isotope heterogene-
ity in the NC region, as they would not be expected to result in the 
observed linear trends in multi-element isotope space. As such, al-
though individual presolar grains such as mainstream SiC are an 
attractive candidate phase that could be responsible for some of 
the observed isotope variations (e.g., in Zr), the heterogeneous dis-
tribution of such components is unlikely to be the main driver of 
isotope variations among NC meteorites. Instead, the linear corre-
lations in elements of variable geo- and cosmochemical nature or 
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Fig. 6. Multi-element nucleosynthetic isotope variations in bulk meteorites and terrestrial planets. Nucleosynthetic isotope anomalies in μ96Zr are correlated with those of 
other elements within the suite of non-carbonaceous meteorites, however, these trends do not systematically point toward the CC reservoir or CAIs [the anomalous Mo 
isotopic composition for Murchison from Burkhardt et al. (2011) was excluded from panel E]. A version of this figure including mixing trajectories between the NC and CAI 
isotopic compositions can be found in the supplementary information (Figure S2). Concentration and isotope data for Ca, Ti, Cr, Ni, Mo, and Ru were taken from Burkhardt et 
al. (2019) and Spitzer et al. (2020). Linear regressions were calculated using Isoplot 4.14.
stellar origin are most easily accounted for by mixing two chemi-
cally similar—but isotopically different—components.

Although both the NC-CC dichotomy as well as the isotope vari-
ations within the NC reservoir were likely generated by mixing 
between isotopically distinct bulk disk reservoirs, the mixing com-
ponents involved must have been different. This is because the NC 
regressions shown in Fig. 6 point toward the CAI-like isotopic com-
position only in Zr, Mo, and Ru isotope space (panels E, F), whereas 
for plots of Fe-group elements vs. Zr (or Mo, Ru), the NC trends are 
almost perpendicular to the NC-CAI offset (panels A-D). This sug-
8

gests that the origin of isotope heterogeneity among NC meteorites 
cannot be related to the admixture of CAIs or CAI-like matter, as 
is the case for carbonaceous chondrites, but must have a distinct 
or additional cause. Nevertheless, when only the Fe-group ele-
ments are considered, the NC trend points toward the composition 
measured for CAIs, suggesting that the NC trend may have been 
produced by the same mixing processes that also established the 
NC-CC dichotomy. These seemingly contradictory observations can 
be reconciled if one endmember producing the NC trend had CAI-
like excesses in the neutron-rich isotopes of Fe-peak elements (i.e., 
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high μ48Ca, μ50Ti, μ54Cr, μ62Ni) but was enriched in s-process 
nuclides (i.e., low μ96Zr and μ94Mo and high μ100Ru), unlike most 
measured CAIs. This putative component has been termed ‘s-IC’ for 
s-enriched inclusion-like component (Spitzer et al., 2020); how-
ever, the origin of this component and how it relates to CAIs and 
the early disk reservoir having a CAI-like isotopic composition re-
mains elusive. More work is needed to assess whether evidence for 
such an s-process-enriched component exists among the compo-
nents of primitive chondrites. The results of this study show that 
Zr isotope measurements are a promising tool to search for this 
material, as Zr is abundant in various chondrite components and 
can readily be used to identify s-process enriched matter.

4.4. Spatial vs. temporal isotope heterogeneity in the early Solar System

The isotopic variations among NC meteorites could be either 
temporal or spatial in nature, or a combination thereof. For ex-
ample, Schiller et al. (2018) and Frossard et al. (2021) argue for 
a temporal evolution in the isotopic composition of the proto-
planetary disk during planetesimal accretion, based on Ca and Nd 
isotopes, respectively. Other studies have instead highlighted rela-
tionships between nucleosynthetic isotope anomalies in several el-
ements (including Mo, Ru, and Nd) and heliocentric formation dis-
tance (e.g., Trinquier et al., 2007; Yamakawa et al., 2010; Burkhardt 
et al., 2011; Fischer–Gödde and Kleine, 2017; Render and Bren-
necka, 2021). Zirconium isotopes represent a powerful tool to po-
tentially distinguish between these two options, as nucleosynthetic 
anomalies of lithophile elements in the silicate mantles of plane-
tary materials are unlikely to have been overprinted by late-stage 
impacts, as could be the case for the siderophile elements Mo and 
Ru. To distinguish between a temporal and spatial isotopic hetero-
geneity, we first review available parent body accretion ages for 
NC meteorites analyzed for Zr isotopes in this study, and then as-
sess whether systematic isotopic differences exist between samples 
from early- and late-formed parent bodies, which would be ex-
pected if the NC trend reflects temporal variations.

The parent bodies of differentiated meteorites are thought to 
have formed very early in Solar System history, when the short-
lived radionuclide 26Al was still sufficiently abundant to have fa-
cilitated partial melting and planetary differentiation (Hevey and 
Sanders, 2006). This is consistent with parent body accretion ages 
of <1 Ma after CAI formation determined for differentiated mete-
orites such as iron meteorites, angrites, and eucrites (see summary 
in Spitzer et al., 2020 and references therein). For other differen-
tiated meteorites, including the aubrites, mesosiderites, and MG 
pallasites, parent body accretion ages are less well known. Based 
on thermal modeling the accretion age of the aubrite parent body 
has been estimated to be <1.5 Ma after CAI formation (Sugiura and 
Fujiya, 2014). Mesosiderites and pallasites likely formed by colli-
sional mixing of metal and silicate from different bodies, and so 
it is reasonable to assume that the accretion ages of these pro-
genitor bodies were similar to those of other differentiated mete-
orites, i.e., <1 Ma after CAI formation. Another important group of 
meteorites are primitive achondrites—such as the acapulcoites/lo-
dranites and winonaites—which are thought to derive from parent 
bodies that underwent only partial differentiation. On the basis of 
thermochronological data and thermal modeling, the accretion age 
of the acapulcoite-lodranite parent body has been estimated to be 
1.7±0.3 Ma after CAI formation (Touboul et al., 2009; Neumann et 
al., 2019), suggesting that this object formed later than the parent 
bodies of fully differentiated meteorites. The accretion age of the 
winonaite parent body is less well known, but based on the un-
differentiated nature of winonaites and the only small degree of 
incipient melting an accretion age of ∼1.8 Ma after CAI has been 
estimated, with no uncertainty given on this estimate (Hunt et al., 
2017). Finally, accretion ages for NC chondrite parent bodies have 
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been constrained either through ages of chondrules or the combi-
nation of thermochronological data and thermal modeling. For in-
stance, the chondrule ages from the most primitive ordinary chon-
drites suggest a parent body accretion age of 1.8±0.1 Ma after CAI 
formation (Pape et al., 2019), consistent with thermochronological 
data (e.g., Edwards and Blackburn, 2020) and thermal modeling 
(e.g., Henke et al., 2012). For enstatite chondrites no chondrule 
ages are available, but thermochronological data suggest an accre-
tion age of 1.95±0.15 Ma after CAI formation (Trieloff et al., 2022). 
For Rumuruti and Kakangari chondrites no chronological data are 
available to evaluate parent body accretion ages, but given their 
undifferentiated nature it is reasonable to assume that they, like 
the enstatite and ordinary chondrites, formed at about 2 Ma after 
CAI formation, when the abundance of 26Al was too low to cause 
melting.

If temporal changes were mainly responsible for isotopic het-
erogeneity within the suite of NC meteorites, one would expect 
to see a trend between μ96Zr and formation age, with a gradual 
change in μ96Zr values from early-formed differentiated samples, 
followed by partially differentiated (i.e., primitive) achondrites, 
and then later-formed chondritic samples. However, in contrast 
to these expectations, we here find that differentiated meteorites 
like aubrites and angrites collectively span a range from 15 to 50 
in μ96Zr, which is indistinguishable from that occupied by en-
statite, ordinary, Rumuruti, and Kakangari chondrites that formed 
later in Solar System history (Fig. 7). Winonaites and acapulcoites-
lodranites, which both derive from parent bodies that accreted 
later than those of the fully differentiated achondrites but prob-
ably slightly earlier than the chondrite parent bodies, also exhibit 
a similar range in μ96Zr from 2 to 33 (Fig. 7). Hence, it seems 
unlikely that temporal changes (alone) are responsible for the iso-
tope heterogeneity observed among NC meteorites. Instead, the 
data presented in this work support the interpretation that the 
heterogeneous distribution of isotopically anomalous matter in the 
protoplanetary disk primarily occurred on a spatial level. Never-
theless, isotopic variations among the early-formed parent bodies 
of differentiated NC meteorites may still reflect temporal changes 
related to a rapidly changing composition of the disk during infall 
(Spitzer et al., 2020; Morbidelli et al., 2022). This hypothesis is dif-
ficult to test, however, because the inferred parent body accretion 

Fig. 7. μ96Zr isotope signatures plotted against accretion time after Solar System 
formation, indicating no systematic changes in the isotopic composition of the pro-
toplanetary disk over time. Accretion ages of various Solar System materials are 
given in the main text. Labels correspond to: Pall.-Main group pallasites; Mes.-
Mesosiderites; Acapulc.-Acapulcoites; EC-enstatite chondrites; OC-ordinary chon-
drites; R-Rumuruti chondrites; K-Kakangari chondrites.
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ages of these objects are all <1 Ma after CAI formation and their 
accretion ages are not resolved from each other.

4.5. The role of meteorite parent bodies in constructing the terrestrial 
planets

Nucleosynthetic isotope anomalies provide a powerful tool for 
reconstructing the origin and nature of the terrestrial planets’ 
building materials, which in turn is key for constraining the dy-
namic processes by which planets formed. In the classic accretion 
model, the terrestrial planets grow by the collisions among Moon-
to Mars-sized planetary embryos and planetesimals from the in-
ner Solar System, with only little contribution from outer Solar 
System objects scattered into the inner disk during the growth 
and migration of the giant planets (e.g., Chambers and Wetherill, 
1998; Raymond and Izidoro, 2017). Previous work has shown that 
this formation model is consistent with the isotopic composition 
of Earth and Mars, which can be reproduced by a combination of 
inner Solar System bodies with only minor contribution of CC bod-
ies from the outer Solar System (Dauphas, 2017; Burkhardt et al., 
2021). However, an alternative model has been proposed, in which 
the terrestrial planets grow by accreting large amounts of pebbles 
from the outer Solar System which drift sunward through the disk 
because of gas drag (e.g., Ormel and Klahr, 2010). By looking at 
just a subset of elements, namely Ca and Fe, it has been suggested 
that this model is consistent with nucleosynthetic isotope signa-
tures (Johansen et al., 2021), because the isotope compositions of 
these elements may be interpreted to indicate a large fraction of 
CC material (∼40 % by mass) in Earth and Mars (Schiller et al., 
2018, 2020). Other work has shown, however, that a large fraction 
of CC material in Earth and Mars is inconsistent with the isotopic 
signatures of other Fe-group elements such as Ni and Cr (Hopp 
et al., 2022). Moreover, by simultaneously considering all elements 
for which nucleosynthetic isotope heterogeneity exists at the bulk 
scale, Burkhardt et al. (2021) showed that Earth and Mars incor-
porated only a small fraction of CC material, which is inconsistent 
with a pebble accretion origin for these planets.

The disparate conclusions drawn from nucleosynthetic isotope 
signatures highlight a fundamental problem when using isotope 
anomalies to reconstruct terrestrial planet formation, namely the 
issue of whether meteorites are representative of the material that 
built the planets. Previous work has shown that Earth is enriched 
in s-process matter relative to most meteorites, which is most 
clearly seen for Mo (Burkhardt et al., 2011; Budde et al., 2019) but 
also for Nd (Burkhardt et al., 2016) and Ru (Fischer–Gödde and 
Kleine, 2017). Unlike the siderophile elements Mo and Ru, which 
record the late stages of terrestrial planet growth (Dauphas, 2017), 
Zr, as a lithophile element, provides information on the heritage 
of all the material accreted by Earth over its entire growth his-
tory. This makes Zr ideally suited to assess the origin and nature 
of the bulk building material of the terrestrial planets. As previous 
Zr isotope studies found no resolvable variations among NC me-
teorites, or between Earth and enstatite chondrites (Akram et al., 
2015), Zr isotopes had been of limited use for characterizing the 
building material of Earth. However, with our increased precision, 
we not only find Zr isotope variations among NC meteorites but 
also show that enstatite chondrites are characterized by s-process 
deficits compared to Earth, in good agreement with isotope studies 
of other elements (e.g., Burkhardt et al., 2016; Fischer–Gödde and 
Kleine, 2017; Render et al., 2017). At the current analytical pre-
cision, only winonaites appear to exhibit Zr isotopic compositions 
indistinguishable from the BSE, but given their isotope anomalies 
in other elements (e.g., Schiller et al., 2015), winonaites are an un-
suitable match as the primary potential terrestrial building blocks. 
Thus, the terrestrial Zr isotope signature demonstrates that the 
average building material of Earth as a whole, and not only its late-
10
stage building blocks, was enriched in s-process matter compared 
to meteorites. Considering the previously highlighted relationship 
between nucleosynthetic isotope anomalies and (presumed) helio-
centric distance (Yamakawa et al., 2010; Burkhardt et al., 2011; 
Fischer–Gödde and Kleine, 2017; Render and Brennecka, 2021), 
this s-process-enriched building material most likely is from the 
innermost Solar System (Burkhardt et al., 2021).

A corollary of this observation is that meteorites alone cannot 
be used to identify Earth’s building material, even for elements for 
which the terrestrial isotopic composition lies within the range of 
meteorite compositions. For instance, it has been suggested that 
Earth consists of ∼40% CC material because the BSE’s isotopic 
composition for the Fe-peak elements (48Ca, 50Ti, 54Cr. . . ) is in-
termediate between NC and CC meteorites (Schiller et al., 2018, 
2020). However, as demonstrated in Fig. 6, in each of the multi-
elemental panels the BSE occupies an endmember isotopic compo-
sition on the NC trend, exhibiting not only the most neutron-rich 
(for Fe-peak elements) but also the most s-enriched (for higher-
mass elements) composition within the NC reservoir. Consequently, 
the BSE’s isotopic signature for Fe-group elements (i.e., more ele-
vated μ48Ca, μ50Ti, μ54Cr etc. compared to NC meteorites) does 
not reflect the addition of CC material from the outer Solar Sys-
tem, but a larger contribution of the s-process-enriched building 
material from the inner Solar System. This example highlights the 
severe limitations that may result from only considering isotope 
anomalies for Fe-group elements to identify the nature and origin 
of Earth’s building material.

The overall s-process-enriched nature of Earth makes elements 
exhibiting s-process variations particularly important for recon-
structing Earth’s accretion history. With the new Zr isotope data 
of this study, there is now a comprehensive data set for three ele-
ments (Zr, Mo, Ru), which not only are characterized by s-process 
variations among Solar System materials, but also exhibit distinct 
geochemical behavior. As such, these three elements record dif-
ferent stages of Earth’s accretion, where Zr provides an integrated 
signature of Earth’s entire accretion while Mo records the last 10-
20% and Ru the last ∼0.5% (i.e., the late veneer) (Dauphas, 2017). 
Thus, the observation that BSE plots within uncertainty of the NC 
trends in Mo-Zr and Ru-Zr isotope space indicates that the prove-
nance of Earth’s building material has not changed significantly as 
accretion proceeded. This and the observation that BSE is not off-
set from the NC trends towards the CC reservoir demonstrates that 
CC meteorites cannot have contributed significantly to the growth 
of the terrestrial planets. This is consistent with previous sugges-
tions of only ∼4% by mass of CC material in bulk Earth and is also 
consistent with a similarly low fraction of CC materials inferred of 
Mars (Burkhardt et al., 2021). Recently published Zn isotope data 
appear to confirm such limited CC fractions and indicate that outer 
Solar System contributions likely happened late in Earth’s accretion 
history (Savage et al., 2022; Steller et al., 2022). Collectively, the 
currently available inventory of isotope data in all elements there-
fore precludes a pebble accretion scenario for the formation of the 
terrestrial planets.

5. Conclusions

New Zr isotope data for a broad set of differentiated and un-
differentiated meteorites of both NC and CC pedigree reveal that 
nearly all samples—including enstatite chondrites—exhibit resolv-
able excesses in 96Zr relative to terrestrial Zr. Meteorites from 
the CC reservoir are consistently more anomalous compared to 
NC meteorites, demonstrating that the NC-CC isotope dichotomy 
previously described for other elements also includes Zr isotopes. 
Furthermore, meteorites within the NC suite exhibit μ96Zr varia-
tion that is correlated with isotope anomalies in other elements. 
Given the differences in nucleosynthetic provenance, as well as 
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geo- and cosmochemical character of the elements involved, this 
argues against thermal processing and selective dust-sorting in the 
disk as the main responsible cause for generating this planetary-
scale isotope heterogeneity, both for the formation of the NC-CC 
dichotomy and the correlated isotope variations among NC mete-
orites. Instead, this isotope heterogeneity is readily explained as 
the result of mixing isotopically distinct reservoirs with (near-) so-
lar chemical compositions, where this mixing likely occurred dur-
ing infall from an isotopically heterogeneous molecular cloud core 
during the early stages of disk building. Within this framework, the 
isotopic composition of the CC reservoir can be accounted for by 
late-stage infall of NC-like material onto a pre-existing disk hav-
ing a CAI-like isotopic composition, with mass balance calculations 
suggesting that the fraction of NC material in the CC reservoir 
is ∼0.65, for Zr and all other elements exhibiting the NC-CC di-
chotomy. The correlated isotope variations among NC meteorites 
may likewise reflect mixing during infall, but the origin of the mix-
ing endmembers involved is less well understood.

The consistent excesses of μ96Zr throughout all studied me-
teorite groups imply that Earth is overall enriched in s-process 
isotopes compared to known meteorites and that our meteorite 
collections are lacking a substantial component of the terrestrial 
building material. Meteorites of CC pedigree appear to have not 
been involved in the accretion histories of the terrestrial planets 
to a significant degree, which indicates formation of the terrestrial 
planets from material of the inner Solar System and argues against 
formation by pebble accretion.
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