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Introduction: Chondritic meteorites contain a di-
versity of particle components, i.e., chondrules and cal-
cium-, aluminum-rich refractory inclusions (CAlIs), that
have survived since the formation of the Solar System.
The chemical and isotopic compositions of these mate-
rials provide a record of the conditions present in the
protoplanetary disk where they formed and can aid our
understanding of the processes and reservoirs in which
solids formed in the solar nebula, an important step
leading to the accretion of planetesimals.

Isotopic anomalies associated with nucleosynthetic
processes are observed in these discrete materials, and
can be compared to astronomical observations and as-
trophysical formation models of stars and more recently
proplyds, e.g., [1]. The existence and size of these iso-
topic anomalies (e.g., [2]) are typically thought to reflect
a significant state of isotopic heterogeneity in the earli-
est Solar System, likely left over from molecular cloud
heterogeneities on the grain scale [3], but some could
also be due to late stellar injection (e.g., [4]). The ho-
mogenization of these isotopic anomalies towards plan-
etary values can be used to track the efficiency and time-
scales of disk wide mixing, e.g., [5-7].

Mass-dependent fractionation recorded by the iso-
topic compositions of early formed solids is primarily
controlled by chemical volatility. Evaporation/sublima-
tion are well understood through both theory and exper-
imental work, but until recently we’ve only had a qual-
itative understanding about the fractionation effects of
condensation (see [8, 9]).

I will present several “case studies” that emphasize
the useful insights that can be had, and the complexity
of the stable isotope records contained in early formed
astromaterials. These isotopic records reflect the tem-
peratures, pressures, and gas compositions in which
early formed solids originated, as well as, the timing in
which these particles exchanged with different nebular
gas reservoirs. In combination with theoretical models
of isotopic fractionation, these results can be used to
critically test assumptions and input parameters (i.e.,
temperature, pressure, nebular gas composition, and
timescale) of contrasting astrophysical models of pro-
toplanetary disk evolution.

Analytical Background: Many current isotopic dis-
coveries are possible because of improvements in ana-
lytical methods. These either reflect advancements in
precision (e.g., calcium, [9]), spatial resolution (e.g., 0x-
ygen [10]), or a bit of both (e.g., magnesium [11]). It is

common for these measurements to be made in conjunc-
tion with radiogenic dating methods (see Wadhwa, this
workshop) and we strive to integrate all of these isotopic
measurements into their petrological context.

Theoretical Background: The anomalous distribu-
tion of oxygen isotopes among planetary materials is a
fundamental chemical feature of the Solar System [12].
Mass independent variations in '°0 relative to '"O and
"0 (expressed as deviations from the terrestrial mass-
fractionation line, A'’0) is commonly ascribed to pho-
tochemical self shielding by CO, which produces '°O-
depleted H,O, and because this H,O gas readily ex-
changes with silicate minerals. The isotopic signature of
CO self shielding is likely a function of position and
time in the protoSolar disk [13]. It can be argued that
heterogeneities in early formed solids reflect their evo-
lutionary history in the nebula, although later parent
body alteration can certainly obscure this history.

Theoretical and experimental studies imply that
evaporative residues must have been heated at low pres-
sures for appreciable mass dependent isotopic fraction-
ation to be preserved [14-22], e.g., the heavy Mg isotope
enrichments of many CAls imply that they experienced
evaporation at low pressures (<10 bar), conditions that
are thought to be typical near the protoSun.

The isotopic consequences of condensation from a
nebular gas can be considered in terms of the kinetics of
condensation, the degree of undercooling, and potential
reservoir effects [8, 9]. The magnitude of fractionation
is controlled mainly by the transformation from vapor
to solid with the exact identity of the solid phase(s) be-
ing of less importance. Ultimately, the relative im-
portance of equilibrium versus the potentially much
larger kinetic effects in the isotope fractionation de-
pends on the degree of “overstepping” thermodynamic
equilibrium, which can be equated with a temperature
difference (i.e., undercooling).

Oxygen isotopes: In general, CAls are understood
to start '®0-rich relative to chondrules and other “more”
planetary materials and to record the isotope composi-
tion of solar nebular gas from which they grew. Recent
high spatial resolution oxygen isotope measurements af-
forded by ion microprobe analysis across the margins
and rims of CAls reveal systematic variations in A'’O,
which suggests formation from a diversity of nebular
environments [10, 23]. The variability implies that CAls
probably formed from several oxygen isotopic reser-
voirs. The observations support early and short-lived
fluctuations of the environment in which CAIs formed,



either because of transport of the CAls themselves to
different regions of the solar nebula or because of vary-
ing gas composition near the protoSun.

Recently, NanoSIMS oxygen isotopic imaging of a
primitive spinel-rich CAI spherule (27-2) from the MIL
090019 CO3 chondrite has confirmed the existence of
outward enrichment of '°O [24], indicating that at least
some CAls exchanged with '°O-poor nebular gas fol-
lowed by a more '°O-rich gaseous reservoir. Likewise,
the observed radial oxygen isotopic heterogeneity
among multiple occurrences of the same mineral in this
inclusion strongly supports interpretations of interac-
tions with distinct nebular oxygen reservoirs.

Magnesium (and Silicon) isotopes: Significant ad-
vances in measuring moderately volatile Mg (and Si)
have been made by coupling a short-pulsed laser with a
MC-ICPMS. In particular, this in situ approach affords
the measurement of detailed intra-particle isotope zon-
ing profiles across the margins of inclusions and rims
that make up the outer portion of most CAls [11]. Be-
cause Mg isotope zoning across melilite at the margins
of CAls can be decoupled from the chemical zoning of
the melilite (typically dropping from the relatively
heavy Mg isotopic enrichments indicative of the cores
to normal Mg isotopes at the margins), the Mg isotope
zoning profiles are interpreted to reflect solid-state dif-
fusive exchange with the gas attending growth of their
rims [25]. Furthermore, the near normal Mg isotopic
compositions observed in the rims indicate that these
mineral layers are in part condensates that formed at rel-
atively high gas pressures (P, and/or Py) while the
heavy Mg isotopic enrichments of the interiors of igne-
ous CAls (once molten in space) show that they are
evaporative residues formed at lower gas pressures
(Pr2) [11].

Fractionation of Mg isotopic compositions in rims,
e.g. [11], has not been quantified. These rims can have
lower Mg isotopic compositions than typical of plane-
tary materials and are not convincingly explained by
parent body processes. Using a new fractionation theory
for condensation [9] it can be shown that these rims
likely formed by small (0.5-1.0 °C) degrees of non-equi-
librium condensation (i.e., undercooling) from a gas
with a “normal” planetary Mg isotopic composition.

Because silicon is also a moderately volatile ele-
ment, the comparison of Mg with Si isotope measure-
ments to models for the chemical and isotopic effects of
evaporation of molten CAls can be used to produce a
univariant relationship between pressure (Py) and time
during melting [20]. These results show that igneous
CAls were molten for short periods of time (hours to
days). In some cases, subsolidus heating sufficient to
produce diffusion-limited heavy isotope enrichment at

the margin is required [20, 25]. The cumulative time-
scale for the sublimation history is longer, years to 100’s
years, but not as long as the 10° to 10 years required for
the inward diffusive exchange computed by modeling
the “normal” Mg isotopic zoning and O isotopic zoning
commonly seen in other CAls [23, 25].

Calcium and Titanium isotopes: Using isotopic
compositions of the refractory elements Ca and Ti to un-
derstand the isotopic effect of condensation allow us to
more accurately assess the initial isotopic ratios of the
more volatile Mg and Si potentially overprinted by later
evaporation events. Furthermore, these results allow us
to assess whether a given CAI is a primary condensate
from a homogeneous solar gas or instead represents a
mixture of materials from a variety of early reservoirs.

Although substantial work remains, it is clear that
many “normal” CAls, and/or their precursor materials,
record a multi-step/source condensation history [2, 9].
The extreme depletions of Ca isotopes and slight enrich-
ments of Ti isotope effects measured in a fine-grained
CAI exemplify the complicated condensation history of
early formed solids. Such fine-grained textures are often
assumed to signify a primitive nature for nebular mate-
rials, but they may in fact reflect condensation from rel-
atively evolved (fractionated) nebular gas. An origin as
primordial condensates might be incorrect. Addition-
ally, the discovery of Ca isotopic zoning [9] in a Type
B1 igneous CALI likely involves condensation from an
evolving gaseous reservoir, presumably after now ex-
tinct Al was added to the Solar System, but before its
moderately volatile element isotopic signatures were
set. Thus, the existence of Ca isotopic zoning in this in-
clusion implies that a majority of its Mg isotope record
pertains to a later, likely subsolidus, nebular history.

References: [1] Smith, R.L., et al. (2015) The Astrophys.
Journal 813, 16p., [2] Niederer, F.R. and D.A. Papanastassiou (1984)
GCA 48, 1279-1293, [3] Young, E.D. (2016) The Astrophys. Journal
826, 6p., [4] Dauphas, N., et al. (2010) The Astrophys. Journal 720,
1577-1591, [5] Simon, J.1., et al. (2009) The Astrophys. Journal 702,
707-715, [6] Moynier, F., et al. (2010) The Astrophys. Journal 718,
L7-L13, [7] Jordan, M.K_, et al. (2017) in 48" LPSC, Abs. #3032, [8]
Simon, J.I. and D.J. DePaolo (2010) EPSL 289, 457-466, [9] Simon,
J.L, et al. (in press) EPSL, [10] Simon, J.L, et al. (2011) Science 331,
1175-1178, [11] Simon, J.I, et al. (2005) EPSL 238, 272-283, [12]
Clayton, R.N., et al (1973) Science 182, 485-488, [13] Young, E.D.
(2007) EPSL 262, 468-483, [14] Davis, A.M., et al. (1990) Nature
347, 655-658, [15] Esat, T.M., et al. (1986) Nature 319, 576-578, [16]
Grossman, L., et al. (2000) GCA4 64, 2879-2894, [17] Nagahara, H.
and K. Ozawa (2000) Chemical Geology 169, 45-68, [18] Yamada,
M., et al. (2006) Planet. and Space Sc. 54, 1096-1106, [19] Young,
E.D. and S.S. Russell (1998) Science 282, 452-455, [20] Shahar, A.
and E.D. Young (2007) EPSL 257, 497-510, [21] Knight, K.B., et al.
(2009) GCA 73, 6390-6401, [22] Zhang, J., et al. (2014) GCA 140,
365-380, [23] Simon, 1.1, et al. (2016) GCA 186, 242-276, [24]
Simon, I.L, et al. (2017) in 80™ MetSoc, Abs. #6123, [25] Simon, I.L.
and E.D. Young, EPSL 304, 468-482.



