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Chondrules and Ca-Al-rich inclusions (CAIs) are high-
temperature components of meteorites that formed during
transient heating events in the early Solar System. A major
unresolved issue is the relative timing of CAI and chondrule
formation1–4. From the presence of chondrule fragments in an
igneous CAI, it was concluded that some chondrules formed
before CAIs (ref. 5). This conclusion is contrary to the presence of
relict CAIs inside chondrules6–10, as well as to the higher abun-
dance of 26Al in CAIs11; both observations indicate that CAIs pre-
date chondrules by 1–3 million years (Myr). Here we report that
relict chondrule material in the Allende meteorite, composed of
olivine and low-calcium pyroxene, occurs in the outer portions of
two CAIs and is 16O-poor (D17O < 21‰ to 25‰). Spinel and
diopside in the CAI cores are 16O-rich (D17O up to 220‰),
whereas diopside in their outer zones, as well as melilite and
anorthite, are 16O-depleted (D17O 5 28‰ to 2‰). Both chon-
drule-bearing CAIs are 26Al-poor with initial 26Al/27Al ratios of

(4.7 6 1.4) 3 1026 and <1.2 3 1026. We conclude that these
CAIs had chondrule material added to them during a re-melting
episode ,2 Myr after formation of CAIs with the canonical
26Al/27Al ratio of 5 3 1025.

Mineralogical, chemical and isotopic data suggest that refrac-
tory inclusions formed in an 16O-rich gaseous reservoir
(D17OSMOW < 220‰) at high ambient temperatures (near or
above the condensation temperatures of forsterite; ,1,375 K at a
total pressure of 1024 bar), and were subsequently isolated
(physically or kinetically) from reactions with the high tempera-
ture solar nebula gas1. (Here D17O ¼ d17O 2 0.52 £ d18O;
d17,18O ¼ [(17,18O/16O)sample /(17,18O/16O)SMOW 2 1] £ 1,000,
where SMOW is Standard Mean Ocean Water.) Evaporation and
condensation are believed to have been the dominant processes
during formation of refractory inclusions1. Subsequently, some
CAIs (called ‘igneous’) experienced extensive melting accompanied
by evaporation12. Both igneous and non-igneous CAIs are sur-
rounded by 16O-rich multilayered rims (called ‘Wark–Lovering’
rims), with the outermost layers, composed of Al-diopside and
forsterite, probably formed by condensation13. In contrast, most
chondrules originated in a 16O-poor (D17O . 25‰) gaseous
reservoir at low (,1,000 K) ambient temperatures and higher
total pressure or dust/gas ratios than CAIs2,14–16. Melting of pre-
existing solids accompanied by evaporation-recondensation is
believed to have been the dominant process during chondrule
formation2,14–16.

Most CAIs show large 26Mg excesses (26Mg*), produced by the
in situ decay of 26Al (half-life t 1/2 ¼ 0.73 Myr), corresponding to an
initial 26Al/27Al ratio, (26Al/27Al)0, of ,5 £ 1025 (called ‘canoni-
cal’), whereas most chondrules have smaller 26Mg* corresponding
to (26Al/27Al)0 ratios of #1.2 £ 1025 (ref. 11 and references
therein). On the basis of these observations and the assumption
that 26Al was uniformly distributed in the solar nebula, it is generally
inferred that CAIs formed at least 1–1.5 Myr before chondrules11.
This conclusion has recently been questioned17 on the basis
of the new lead4 and magnesium17 isotopic measurements.
The 207Pb–206Pb ages of a group of Allende chondrules
(4,566.7 ^ 1.0 Myr)4 cannot be distinguished from those of CV
CAIs (4,567.2 ^ 0.6 Myr)2. Bizzarro et al.17 reported high precision
Mg isotope analyses of micro-drilled Allende chondrules. Data for
15 chondrules show model isochrons with initial 26Al/27Al ratios
ranging from (1.4 ^ 0.5) £ 1025 to (5.7 ^ 0.8) £ 1025, system-
atically higher than ion probe data for Allende chondrules. At face
value, these results suggest that chondrule formation began con-
temporaneously with the formation of CAIs, and continued for at
least 1.5 Myr. We note, however, that the (26Al/27Al)0 ratios inferred
from bulk Mg isotope measurements of chondrules17 may date the
time for the formation of chondrule precursor materials, not the
time of chondrule melting; the latter requires Mg isotope measure-
ments of mineral separates or individual mineral grains, which have
not been completed yet. In addition, spatial heterogeneity in 26Al
distribution in the solar nebula cannot be ruled out. On the other
hand, the relative timing of CAI and chondrule formation can be
resolved by studying compound objects composed of chondrule
and CAI, because both constituents of such objects were affected by
the same heating episode. With one exception, all CAI-chondrule
compound objects consist of relict CAIs inside chondrules,
suggesting that the host chondrules formed by melting of solid
precursors containing pre-existing CAIs6–10. The only exception is
the chondrule-bearing CAI A5 from the Yamato-81020 chondrite
that has been interpreted as providing evidence for chondrule
formation pre-dating the formation of CAIs5. Here we report new
observations of the mineralogy, petrography and oxygen and
magnesium isotopic compositions of two chondrule-bearing CAIs
(ABC and TS26) from Allende, which provide important con-
straints on the relative chronology of CAI and chondrule formation.
Although the mineralogy and petrology of both CAIs were
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described previously18,19, the presence of relict chondrule material
inside them remained unnoticed.

ABC is a coarse-grained, igneous, anorthite-rich (type C) CAI
fragment composed of lath-shaped anorthite (99 mole% anorthite;
An99) and Cr-poor Al-Ti-diopside, both poikilitically enclosing
spinel grains, and interstitial, åkermanite-rich (Åk74) melilite

(Fig. 1a, b; Supplementary Table 1). A coarse fragment of forsteritic
olivine (5 mole% fayalite; Fa5) intergrown with low-Ca pyroxene
(1 mole% ferrosilite, 4 mole% wollastonite; Fs1Wo4) occurs in the
CAI portion containing Cr-rich, Al-Ti-poor diopside (Fig. 1a, c;
Supplementary Table 1). The olivine-pyroxene fragment is corroded
by the diopside and surrounded by a halo of high-Ca pyroxene
(Fs0.2–0.6Wo30–40; Fig. 1c). Olivine and low-Ca pyroxene have
16O-poor compositions; spinel and Al-Ti-diopside are moderately
16O-enriched, whereas Cr-spinel, Al-Ti-poor diopside, high-Ca

Figure 1 Type C CAI fragment ABC from Allende. a, Combined elemental map in Mg (red),

Ca (green) and Al Ka (blue) X-rays. b, c, Backscattered electron images. Regions outlined

in a are shown in detail in b and c. The CAI consists of coarse-grained, anorthite laths

partly replaced by sodalite and nepheline, coarse-grained Al-Ti-diopside enclosing spinel

grains, and interstitial material composed of fine-grained Al-diopside and melilite

replaced by grossular, monticellite and wollastonite. A relict olivine-low-Ca pyroxene

fragment occurs in the right portion of the CAI in the boxed area; it is surrounded by a halo

of high-Ca pyroxene. A–B (in c) and C–D (in a) indicate locations of compositional profiles

shown in Supplementary Fig. 1. Abbreviations: an, anorthite; cpx, high-Ca pyroxene;

di, Al-Ti-diopside; grs, grossular; mcl, monticellite; mel, melilite; nph, nepheline;

ol, olivine; opx, low-Ca pyroxene; sod, sodalite; sf, Fe,Ni-sulphide; sp, spinel;

wol, wollastonite.

Figure 2 Oxygen isotopic compositions of chondrule-bearing CAIs from Allende.

a, Chondrule-bearing CAI ABC. Relict olivine and low-Ca pyroxene grains have 16O-poor

compositions. Spinel and Al-Ti-diopside of the host CAI are 16O-enriched, whereas

Cr-spinel, Al-Ti-poor diopside, high-Ca pyroxene, anorthite and melilite are 16O-depleted

to various degrees. b, Chondrule-bearing CAI TS26. Relict olivine and high-Ca pyroxene

halo around it have 16O-poor compositions. Spinel of the CAI core is 16O-rich, whereas

Al-Ti-diopside and anorthite are 16O-depleted to various degrees. The Al-Ti-diopside

grains in the core are less 16O-depleted than those in the mantle. Abbreviations: Al-Ti-di,

Al-Ti-diopside; an, anorthite; chd, chondrule; di, Al-Ti-poor diopside; px, a mixture of

high-Ca pyroxene (,70%) and low-Ca pyroxene (,30%); CCAM, carbonaceous

chondrite anhydrous mineral line. Other abbreviations as Fig. 1. Terrestrial fractionation

line and CCAM line are shown for reference. Error bars are 2j.
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pyroxene, anorthite and melilite are 16O-depleted to varying degrees
(Fig. 2a). The CAI shows a resolvable 26Mg* corresponding to a
(26Al/27Al)0 ratio of (4.7 ^ 1.4) £ 1026 (Fig. 3).

TS26 is an irregularly-shaped type C CAI that shows a well-
defined core-mantle structure (Fig. 4a; Supplementary Fig. 2), but
lacks the Wark–Lovering rim layers observed around most coarse-
grained CAIs from Allende13. It has a coarse-grained core composed
of lath-shaped anorthite (An99) and sector-zoned Al-Ti-diopside,
both poikilitically enclosing spinel grains, and interstitial åkermanite-
rich (Åk72) melilite. The finer-grained mantle is composed of Al-Ti-
diopside, lath-shaped anorthite, and abundant coarse grains of
forsteritic olivine (Fa8–17) and low-Ca pyroxene (Fs1Wo1–4). The
olivine and low-Ca pyroxene grains are corroded by the diopside
and surrounded by haloes of high-Ca pyroxene (Fs0.4–0.6Wo35–42;
Fig. 4c). Olivine and high-Ca pyroxene have 16O-poor compo-
sitions; spinel is 16O-rich, whereas Al-Ti-diopside and anorthite are
16O-depleted to varying degrees (Fig. 2b). The coarse Al-Ti-
diopside grains in the core are less 16O-depleted compared to
those in the finer-grained mantle. The CAI anorthite, spinel and
Al-Ti-diopside show no resolvable 26Mg*; the inferred (26Al/27Al)0

ratio is ,1.2 £ 1026 (Fig. 3).
The corroded appearance of olivine-pyroxene fragments in ABC

and TS26 and the presence of high-Ca pyroxene haloes suggest that
these grains were present inside the host CAIs during final solidi-
fication and were partly dissolved in the CAI melt. The relict origin
of the olivine-pyroxene fragments is consistent with their dissolu-
tion textures and with the absence of olivine and low-Ca pyroxene
in the crystallization sequence (spinel ! anorthite ! Al-Ti-
diopside ! melilite) predicted for a melt having ABC- or TS26-
like bulk composition (see Supplementary Fig. 3). The coarse-
grained nature of relict forsteritic olivine associated with low-Ca
pyroxene and their 16O-poor compositions suggest that these grains
are probably fragments of ferromagnesian chondrules. Although
coarse olivine grains occasionally associated with low-Ca pyroxene
are also found in amoeboid olivine aggregates and in forsterite-rich
accretionary rims around CAIs, these olivines and pyroxenes have
characteristic 16O-rich compositions20,21.

Most coarse-grained igneous CAIs in Allende, including
TS26 and ABC, show oxygen isotopic heterogeneity: spinel and
Al-Ti-diopside are typically 16O-rich (D17O < 220‰), whereas
melilite and anorthite are 16O-depleted (D17O up to 5‰)22–24. This
heterogeneity has recently been attributed to oxygen isotopic

exchange between an 16O-poor nebular gas and initially uniformly
16O-rich CAIs during incomplete melting23,24. In addition, TS26 and
ABC show significant 16O-depletion in Al-diopside; the degree of
depletion increases towards the relict chondrule fragments and the
CAI peripheries. On the basis of these observations, we infer that
ABC and TS26 experienced incomplete oxygen isotopic exchange
and dilution with 16O-poor relict chondrule materials during their

Figure 3 Al-Mg evolution diagram for the type C CAIs ABC and TS26. Error bars are 2j.

 

Figure 4 Type C CAI TS26 from Allende. a, Combined elemental map in Mg (red), Ca

(green) and Al Ka (blue) X-rays. b, c, Backscattered electron images. Region outlined in a

is shown in detail in c. The entire inclusion is shown in Supplementary Fig. 2. Region

shown in b is outlined in Supplementary Fig. 2b. The CAI has a coarse-grained core

composed of anorthite laths partly replaced by sodalite, Al-Ti-diopside enclosing spinel

grains, and interstitial melilite replaced by grossular, monticellite, wollastonite, sodalite

and ferrous olivine. The core is surrounded by a thick Al-diopside mantle containing

abundant relict fragments of olivine and low-Ca pyroxene which are surrounded by haloes

of high-Ca pyroxene. The mantle is separated from the core by a discontinuous layer of

Fe-Ni-sulphides. The CAI is surrounded by a fine-grained rim largely composed of ferrous

olivine. Abbreviations: fa, ferrous olivine; fgr, fine-grained rim. Other abbreviations as

Fig. 1.
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last melting in an 16O-poor gas, probably in the chondrule-forming
region.

The observed differences in grain size between the core and the
mantle of TS26 (see Supplementary Fig. 2a) suggests that melting
was incomplete and was followed by relatively fast cooling. The
absence of Wark–Lovering rim layers around TS26 could also be due
to the inferred melting episode. The high abundance of relict
chondrule-like material in the outer portion of TS26 (see Sup-
plementary Fig. 2b) suggests there was a high abundance of dust in
the region where melting occurred, consistent with the dusty
environment inferred for chondrule formation2. The low
(26Al/27Al)0 ratios observed in ABC and TS26 may have recorded
their late-stage re-melting during incorporation of the chondrule
fragments. We note, however, that because Allende experienced
thermal metamorphism that may have disturbed the 26Al-26Mg
systematics in CAIs and chondrules25, the exact age difference
between the formation of CAIs ABC and TS26 and their re-melting
should be considered with caution.

The proposed multi-stage formation history of ABC and TS26 is
consistent with the extended (,2 Myr) formation time of several
other igneous CAI from CV chondrites inferred from a range of the
(26Al/27Al)0 ratios within a single inclusion and petrographic
observations26,27. The late-stage melting and oxygen isotopic
exchange of ABC and TS26 are also consistent with the recently
proposed model for the global evolution of the oxygen isotope
composition of the inner solar nebula gas from 16O-rich to 16O-
poor with time28,29. The fact that many CAIs show no evidence for
being affected by chondrule heating suggests that the chondrule-
forming events were highly localized. A
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The analytical technique of nuclear magnetic resonance (NMR1,2)
is based on coherent quantum mechanical superposition of
nuclear spin states. Recently, NMR has received considerable
renewed interest in the context of quantum computation and
information processing3–11, which require controlled coherent
qubit operations. However, standard NMR is not suitable for the
implementation of realistic scalable devices, which would require
all-electrical control and the means to detect microscopic quan-
tities of coherent nuclear spins. Here we present a self-contained
NMR semiconductor device that can control nuclear spins in a
nanometre-scale region. Our approach enables the direct detec-
tion of (otherwise invisible) multiple quantum coherences
between levels separated by more than one quantum of spin
angular momentum. This microscopic high sensitivity NMR
technique is especially suitable for probing materials whose
nuclei contain multiple spin levels, and may form the basis of a
versatile multiple qubit device.

Nuclei often possess total spin I greater than a half. Under static
magnetic field B 0, therefore, 2I þ 1 states jml equally spaced in
energy by the Zeeman energy "q0 are formed according to the
Zeeman effect (Fig. 1e). Here, " is the reduced Planck’s constant
such that q0 would be the resonant angular frequency of NMR
between any pair of adjacent states. After appropriate polarization,
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