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(58/42) proportions corresponding to a slight bias
in favor of one station. Upon titrating 1⊃9with an
acid, the smaller NMR signals disappear without
any measurable delay during the measurement of
a 1H NMR spectrum (~2 min), and only one set
of signals remains after adding excess acid (Fig.
3, D and E). This is consistent with the trapping
of 1 on a single station of 9, as it is repelled by the
ammonium function of the other station. Adding
a base instantly reverses the process. Again, the
time scale of this controlledmotion ismuch faster
than the rates of unfolding and refolding of
1 around 9, implying that motion is mediated by
the rapid sliding of 1 along 9.

Using helices longer than 1 should expectedly
result in slower sliding but also in much slower
helix-rod dissociation. Combining rodswithmul-
tiple distinct stations with mixtures of helices of
different lengths should thus allow several con-
trolled motions to proceed at different rates with-
in a single supramolecular construct.
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Oxygen Isotope Variations at the
Margin of a CAI Records Circulation
Within the Solar Nebula
Justin I. Simon,1,2* Ian D. Hutcheon,3 Steven B. Simon,4 Jennifer E. P. Matzel,3 Erick C. Ramon,3

Peter K. Weber,3 Lawrence Grossman,4 Donald J. DePaolo2

Micrometer-scale analyses of a calcium-, aluminum-rich inclusion (CAI) and the characteristic mineral
bands mantling the CAI reveal that the outer parts of this primitive object have a large range of
oxygen isotope compositions. The variations are systematic; the relative abundance of 16O first
decreases toward the CAI margin, approaching a planetary-like isotopic composition, then shifts to
extremely 16O-rich compositions through the surrounding rim. The variability implies that CAIs probably
formed from several oxygen reservoirs. The observations support early and short-lived fluctuations of
the environment in which CAIs formed, either because of transport of the CAIs themselves to distinct
regions of the solar nebula or because of varying gas composition near the proto-Sun.

Calcium-, aluminum-rich inclusions (CAIs)
are understood to have formed very early in
the evolution of the solar system and in

contact with nebular gas, either as solid condensates
or as molten droplets. In general, CAIs are 16O-rich
relative to planetary materials and are believed to
record the D17O (1) composition of solar nebular
gas inwhich theygrew (2).D17Omaybe amarker of
radial position within the solar nebula. Less prim-

itive nebular materials (such as iron-, magnesium-
rich chondrules) typically have planetary-like
values (D17O = 0) and may have formed further
out in the protoplanetary disk from where CAIs
formed (3). Previous oxygen isotopic studies doc-
ument substantial variation in the D17O of CAIs
(2, 4), but because of their lower spatial res-
olution (≥10 mm) have not been able to probe the
isotopic stratigraphy of the outer parts of CAIs
with enough resolution to detect the continuous
range of isotopic variations observed here. Be-
cause models suggest that radial transport of prim-
itive matter may have played an important role in
the evolution of protoplanetary disks (5–7), evi-
dence within individual CAIs for transfer among
distinct regions in the solar nebula, such as sys-
tematic D17O variations, is of critical importance.

To further investigate intra-CAI oxygen iso-
topic variations, a component of the CV3 carbo-
naceous chondrite Allende (the CAI called A37),
its surrounding concentric rim, and a micro-CAI
enclosed within this rim were measured with
NanoSIMS, an ion microprobe with nanometer-
scale spatial resolution. Measurements were ob-
tained as ~2-mm spot analyses spaced every 7 to
10 mm across the rim and the outer ~150 mm of
the interior (Fig. 1) (8). At the resolution that is
accessible with NanoSIMS, both A37 and its rim
exhibit more than 20 per mil (‰) variation in
D17O, a range that is close to the full range thought
to exist among solids formed in the solar system.
Mass-dependent physicochemical processes cannot
produce variations in D17O. These data imply that
A37 was transported among several different
nebular oxygen isotopic reservoirs (4), potentially
as it passed through and/or into various regions of
the protoplanetary disk.

Concentric multi-mineralic rim sequences
[so-called Wark-Lovering (WL) rims (9)] are a
widespread feature that indicates that many CAIs
shared a similar evolution history to each other
and possibly to less primitive materials, despite
the compositional andmineralogical diversity of their
interiors. These ubiquitous WL rims formed late—
although still relatively early in solar systemhistory
according to evidence that they initially contained a
canonical abundance of the short-lived nuclide 26Al
(10). The preservation of their primitive age attests
to the fact that they have experienced minimal sub-
sequent disturbance either in the nebula or on the
chondrite parent body. The mineralogy and com-
position of the WL rims surrounding CAIs suggest
that late in their evolution, theCAIswere in a nebular
environment distinct from that where they origi-
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nated and closer in composition to the environment
in which the building materials of the terrestrial
planets formed (10).

The CAI studied here (A37) is a ~7- by 4-mm
compact Type A inclusion. A37 is composed pri-
marily of the minerals melilite [Åk20-40 (11)], 20-
to 70-mm-sized spinel, anhedral perovskite and rare
fassaite that mainly occurs between the melilite
grains (Fig. 1) (12). The surrounding WL rim is
~50 to 100 mm thick and is made up of a typical
layered mineral sequence. Both the interior and
WL rim data exhibit large variations in D17O
(Figs. 2 and 3). Heterogeneity in D17O has been
explained by isotopic mixing between an 16O-rich
reservoir composed of refractory materials and a
second reservoir (probably nebular gas) with a
more “planetary-like” isotopic composition (13).
On an oxygen three-isotope plot, the data for A37
scatter about and along the carbonaceous chon-
drite anhydrous mineral (CCAM) line (Fig. 2).
Linear regression of the CAI interior data and
WL rim data yields slopes of 0.89 T 0.06 (2s)
and 0.96 T 0.05 (2s), respectively. A majority of
the spinel T hibonite spots in the WL rim have
D17O values less than –20‰, which is compara-
ble with spinel in the interior of other Allende
CAIs (14) and equal to or lower than the melilite
in the interior of A37, spinel in the micro-CAI,
and the composition of many other unequili-
brated inclusions (3).

The oxygen isotope zoning, from 16O-rich
values (D17O ≈ –20‰) in the interior to near
planetary-like values (=0‰) at the edge (Fig. 3),
cannot be explained by igneous processes and is
mostly likely secondary in origin. The inferred
pre-rim history therefore involves the CAI first
solidifying with a uniform enrichment of 16O and
then partially exchanging its oxygen with a sec-
ond reservoir, most likely a nebular gas of plan-
etary isotopic composition (15, 16). The detailed
melilite oxygen-zoning profiles (Fig. 3) (8) pro-
vide support for this model in that they exhibit
the same range ofD17O and nearly identical D17O
boundary-layer thicknesses.

We modeled solid-gas exchange of oxygen
isotopes in A37 to investigate the possibility that
the D17O isotope profiles developed after crys-
tallization and after the CAI was transferred from
its place of origin to a distinct gaseous nebular
reservoir (Fig. 4). For this, we obtained numerical
solutions to the time-dependent diffusion equa-
tion in radial coordinates. Oxygen was assumed
to diffuse within the solid in response to a change
in the isotopic composition of oxygen in surround-
ing gas. The equation used is

∂Ci;cond

∂t
¼ Di

∂Ci;cond

∂r2
þ 2

r

∂Ci;cond

∂r

� �
ð1Þ

where Ci,cond is the concentration of species i in
the inclusion, Di is the diffusivity of the isotope
of interest in the inclusion (16), r is the radius of
the inclusion, and t is time. The zoning in the
model comes from solving the diffusion equation
subject to constant concentrations of 16O, 17O,

and 18O at the gas-solid interface and assigning a
uniform low-D17O initial value to the CAI inte-
rior. The boundary condition at the CAI surface
corresponds to a constant partial pressure of oxygen
with a fixed (planetary-like) D17O isotopic com-
position. The planetary D17O value of the low-
sodium melilite at the interface with hibonite/
spinel, which is believed to be related to growth
of the WL rims (fig. S2), is used to define the
near-zero D17O value at the hypothesized gas-
CAI boundary. The D17O value common to the
CAI interior is used to estimate the enriched
abundance of 16O of the CAI before exchange
with gas. The oxygen concentration of the gas is

based on a solar bulk composition at 10−3 bar
total pressure (17, 18), and the concentration of
oxygen in melilite is estimated by stoichiometry
from electron probe analyses (8).

The systematic 16O depletion in the outer mar-
gin of A37 can be fit with solid-state diffusional
relaxation after an instantaneous change in the
isotopic composition of the gas surrounding the
CAIs (Fig. 4). Oxygen isotope exchange through
self-diffusion is inferred to be the dominant mech-
anism in the development of the isotopic zoning
profiles; the process is one involving only ex-
change of oxygen atoms between the CAI and
the gas, with no other coupled chemical diffu-

Fig. 1. Compositional
x-ray image of the rim
and margin of A37, a
typical Type A CAI with-
in the Allende meteor-
ite. Oxygen isotope data
were measured along tra-
verses 1, 2, and 3 (by
NanoSIMS), and compo-
sitional data were ob-
tained from traverse 4
(by electron microprobe).

Fig. 2. Oxygen isotopic com-
position of refractory inclu-
sion (A37) and rim. Data fall
along the slope ~0.94 CCAM
line. Terrestrial mass fraction-
ation (TMF) line (slope = 0.52)
and primordial mixing line
(slope = 1.00) are shown for
reference. Error ellipse repre-
sents 2s external reproduc-
ibility of measurements.
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sion. The time necessary to develop the radial
16O depletions represented by traverses 1, 2, and
3 depends on the assumed temperature because of

the strong dependence of D0 on temperature. The
time scale is ~150 years at temperatures near the
liquidus (~1700 K), but much longer (~530,000

years) at 1200 K. Calculations (16) place an upper
limit of 1600 K (and thus a lower limit of ~500
years) for the integrated reaction period of diffusive
exchange on the basis of the fact that spinels within
the interior of CAIs are commonly 16O-rich (have
exchanged <5% of their original 16O-excesses)
despite their small size (~50mm). Isotopic exchange
could have occurred by reheating in numerous
short (hours to days) events (19)—for example, as
the result of time (102 to 103 years) within 16O-poor
gas subjected to shockwaves (20), which is similar
to the environment envisioned for chondrule
formation (21, 22). Temperatures of ≤1000 K, the
maximum obtained within undifferentiated planet-
esimals, require unreasonable heating times (>100
million years) to fit the data, given both the thermal
histories of chondrite parent bodies (23) and the
primitive age of the surroundingWL rims (10). The
flat sodium profile across the outer margin of the
melilite interior (Fig. 4) is inconsistent with trans-
port of sodium inward after the rim formed. Thus,
there is no evidence that the oxygen isotope
profiles are related to fluid-assisted alteration
processes on the chondrite parent body (14).

A simple model in which CAI minerals ex-
change with a planetary-like oxygen reservoir
(15, 16) would suffice if the WL rims had uni-
form oxygen isotopic compositions similar to that
of the CAI margin—that is, close to the terrestrial
planets. This scenario is complicated by the 16O-
enriched composition of most of the WL rim
mineral bands. Because the WL rim data scatter
nearly continuously along the CCAM line, as the
rim grew A37 probably experienced isotopic ex-
change with a planetary-like gas reservoir that
was not on the primordial slope = 1.00 mixing
line. Detailed textural and mineralogical inves-
tigations at the CAI-rim interface reveal a ~1- to
5-mm-thick, discontinuous zone ofmelilite between
the gehlenitic interior and the spinel T hibonite of
the rim that is åkermanite-rich and relatively
sodium-poor (fig. S2). This relatively 16O-poor
zone may reflect new growth of magnesium-rich
melilite or metamorphism of existingmelilite that
occurred concurrently with oxygen exchange and
seems to mark a transition between growth from
16O-rich to growth from 16O-poor gas. This mel-
ilite possibly reflects the beginning of WL rim
formation and implies that, initially, the rim grew
from a 16O-poor, planetary-like reservoir.

The transition from the åkermanite-rich mel-
ilite layer to the spinel T hibonite layer (a dis-
tance of no more than 10 mm) records the change
in oxygen isotope composition from planetary-
like back to the most 16O-enriched reservoir
recognized in the solar system. Conceivably, the
CAI andWL rim could have formed from a 16O-
rich gas followed by immersion in a 16O-poor one.
However, the large variability in D17O, specifi-
cally the inward-increasing trends within spinel
(and other rim minerals), implies that late-stage
mineral-specific, diffusion-driven oxygen isotope
exchange with a single external reservoir is un-
likely to explain the rim record (4). The pyroxene
and olivine rim data within each traverse show

Fig.4.Oxygen self-diffusion
model compared with the
isotope zoningof A37. Elec-
tronmicroprobedata show
representative composi-
tional [Åk (11) and so-
dium] zoning profiles
(traverse 4) across the
outer margin of melilite.
Typical errors are shown
for Na2O. Black andwhite
scale bars, 10 mm per in-
crement. Backscattered
electron imaging (gray
scale) and x-ray mapping
(mineral color-coding as
in other figures) accom-
pany the electron probe
data.

Fig. 3. Oxygen isotope
zoning across the WL rim
and outer margin typi-
cal of A37, defined by
ion microprobe traverses.
Black and white scale
bars, 10 mm per incre-
ment. Horizontal band
D17O = –15 to –20 is
representative of inte-
rior. Colors correspond to
different phases as in
Fig. 1.
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some individual and some shared zoning behav-
ior (for example, early pyroxene appears to have
grown from a more planetary-like gas) but in
general imply growth from relatively 16O-rich
gas. Varying isotopic composition in the pyrox-
ene layer is consistent with the range of Ti3+/Ti4+

ratios reported for rim pyroxene (10, 24), possi-
bly reflecting formation in more 16O-poor (likely
oxidizing) and 16O-rich (likely reducing) envi-
ronments (10). Given the large variations in D17O
that exist within theWL rim and the outer margin
of the melilite interior of A37, the data require
exposure of the inclusion to several (at least two)
distinct nebular oxygen reservoirs in addition to
the one fromwhich it formed.We believe that the
inclusion condensed from an 16O-rich gas and
was subsequently exposed to 16O-poor and then
16O-rich reservoirs. Collectively, this isotopic and
petrologic record provides our best account of the
transfer of CAIs among distinct nebular settings
within the protoplanetary disk.

Young protoplanetary disks evolve through
viscous accretion to the star coupled with out-
ward transport of angular momentum. The evi-
dence reported here supports expectations that
radial transport of solid matter—perhaps in both
directions—is a basic consequence of protoplan-
etary disk evolution (5, 25, 26). Large-scale
radial circulation of nebular solids is also con-
sistent with the reports of crystalline material
located in the outer reaches of our solar system
(27, 28) and in the outer, cool regions of distant
stars (29, 30). The variable but largely 16O-rich

composition of the WL rim suggests that after
transport out of the inner solar system, CAIs
either continued to form within a region in the
outer solar system that varied in composition or
that they were returned back to the inner solar
system. Whether CAIs shared any common his-
tory with other nebular materials, such as early
forming chondrules, is uncertain.
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Dietary Change and Evolution
of Horses in North America
Matthew C. Mihlbachler,1,2* Florent Rivals,3 Nikos Solounias,1,2 Gina M. Semprebon4

The evolution of high-crowned molars among horses (Family Equidae) is thought to be an
adaptation for abrasive diets associated with the spread of grasslands. The sharpness and relief
of the worn cusp apices of teeth (mesowear) are a measure of dietary abrasion. We collected
mesowear data for North American Equidae for the past 55.5 million years to test the association
of molar height and dietary abrasion. Mesowear trends in horses are reflective of global cooling
and associated vegetation changes. There is a strong correlation between mesowear and
crown height in horses; however, most horse paleopopulations had highly variable amounts of
dietary abrasion, suggesting that selective pressures for crown height may have been weak much
of the time. However, instances of higher abrasion were observed in some paleopopulations,
suggesting intervals of stronger selection for the evolution of dentitions, including the early
Miocene shortly before the first appearance of Equinae, the horse subfamily in which high-crowned
dentitions evolved.

The evolution of high-crowned molars
(hypsodonty) in horses and other mam-
mal herbivores is a classic hypothesis of

adaptation (1–3), thought to have evolved as a
response to increased dental wear associated
with changes in habitat structure that caused a
higher degree of dietary abrasion, such as the
spread of phytolith-bearing grasslands and the
increased consumption of dust in increasingly
arid environments (4–10). The earliest horses

from ~55.5 million years ago (Ma) had short-
crowned (brachydont) molars with poorly devel-
oped shearing crests, suggesting a frugivorous
diet. During the Eocene and Oligocene, horses
acquired shearing lophs on their molars, suggest-
ing a shift toward leafy browsing. The subfamily
Equinae, which includes living horses, appeared in
the early Miocene (~18 Ma). These horses show
increased crown height, increased occlusal surface
complexity, and thickened cementum. The appear-

ance of Equinae suggests a shift toward grazing
(grass-eating) diets; however, paleosols and fossil
phytolith assemblages suggest that grassy habitats
were present in the North American Great Plains
millions of years earlier (11–14). The earliest Equi-
nae had intermediate crown heights (mesodont),
whereas high-crowned (hypsodont) horses ap-
peared millions of years later. Explanations for
the delayed evolution of hypsodonty are that se-
lection was weak or episodic, or that phylogenetic
constraints caused horses to resist feeding in
open grasslands for several million years (13).

To further understand the coevolution of horses
and their paleodiets, we examined mesowear
patterns in the molars of North American fossil
horses from their first appearance (~55.5 Ma) to
their extinction in North America (~0.01 Ma)
(15). Their geographic coverage includes nearly
all of the fossiliferous regions of North America;
the greatest concentration of data is from the
Great Plains. Mesowear is a macroscopic dietary
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