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Measured and modeled Ca and Ti isotopic fractionation effects in a diverse suite of refractory inclusions
are used to understand processes of condensation in the solar protoplanetary disk where they and
their precursor materials formed. This coordinated approach reveals largely decoupled isotopic signatures
and implies that few, if any, of the studied inclusions can be considered primary condensates. All
studied inclusions are enriched in light Ca isotopes (~—0.2 to —2.8%o/amu), but only two show
correspondingly light Ti isotopes. Studied inclusions exhibit both heavy and light Ti isotope enrichments
(~0.3 to —0.4%o/amu). These refractory element isotopic signatures, therefore, suggest admixture and
reprocessing of earlier formed materials with distinct condensation histories. Along with coordinated
measurements of *°Ti isotopic anomalies, which span a range from ~0 to ~40 epsilon-unit excesses, the
comparison of measured and modeled fractionation of Ca and Ti isotopes provides a powerful approach
to understanding primitive nebular processes and environments in the protoplanetary disk. Remarkable
evidence for Ca isotopic zoning within a typical Type B1 inclusion exemplifies the potential record of the
earliest solar nebula that is likely lost and/or overprinted in the isotopic compositions of more volatile

elements (e.g., Mg, Si, and O) by later modification processes.
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/).
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the heavy isotopes that are often exhibited by the moderately
refractory elements Mg and Si (e.g., Young et al., 2002), less is un-
derstood about the effects of condensation. Because the isotopic
effects of condensation are likely to be complicated (e.g., Niederer
and Papanastassiou, 1984 and Uyeda et al., 1991), it is unknown
if any CAI is a primary condensate that retains evidence of its pri-
mordial formation history.

The approach of this study is to compare the isotopic signa-
tures of the refractory elements Ca and Ti to each other and to
moderately refractory elements more generally, and to evaluate
the results in the context of a theoretical condensation model.
Many existing CAI studies target the isotopic composition of an
individual element, which upon comparison to the record of other
elements often reveal conflicting interpretations. Along with mea-
sured °°Ti anomalies, these divergent signatures may indicate real
differences in their formation and/or may reflect artifacts produced
by comparing the compositions of early formed solids with un-
related histories. This uncertainty can be critically addressed by
our coordinated multi-isotopic approach of a common suite of

1. Introduction

Calcium-, aluminum-rich refractory inclusions (CAls) are among
the oldest surviving solids in the Solar System. Their chemical and
isotopic compositions provide a record of the conditions present
in the protoplanetary disk where they formed and guide our un-
derstanding of how solids formed in the solar nebula, an im-
portant step in the eventual process of planet building. Thermal
events that drove evaporation and condensation in the solar neb-
ula resulted in significant mass-dependent isotopic variations in
CAls (e.g., Clayton and Mayeda, 1977; Wasserburg et al., 1977;
Niederer and Papanastassiou, 1984; Niederer et al., 1985; Davis
et al, 1990; Nagahara and Ozawa, 2000; Richter et al., 2002;
Shahar and Young, 2007; Yamada et al., 2006; Young et al., 1998).
The magnitudes of these effects are primarily controlled by chemi-
cal volatility. While evaporation/sublimation is well explained by
both theory and experimental work to produce enrichments in
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CAls, which builds on the pioneering work of Niederer and Pa-
panastassiou (1984), Niederer et al. (1985), and Papanastassiou
and Brigham (1989). Additionally, our novel theoretical approach
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Fig. 1. (A) False color (RGB = Mg-Ca-Al) X-ray scanning electron microscope image of nearly intact coarse-grain Type A inclusion EK5-2-1R. Primary melilite (Mel), fassaite
(Fs), Spinel (Sp) £ hibonite (Hib) are shown. Secondary sodalite and nepheline located at the outer margin of the melilite interior. Wark-Lovering (WL) rim surrounds interior.
Some olivine-rich host material outside of rim seen. Arrows indicate “mélange” of accessory hibonite, perovskite, and spinel grains concentrated towards the inclusion core.
(B) Back-scattered electron (BSE) image showing representative refractory mineral mélange within melilite interior.

to the condensation problem affords a self-consistent model for
Ca and Ti (as well as Mg and Si) that allows a direct comparison
to the measured isotopic compositions of the studied CAls. This
comparison helps us evaluate the effects of condensation and the
overall formation history of these objects. In particular, using Ca
and Ti to understand the isotopic effect of condensation will al-
low us to more accurately assess the initial isotopic ratios of the
more volatile Mg and Si potentially overprinted by later evapora-
tion events. Furthermore, these results allow us to assess whether
a given CAl is a primary condensate from a homogeneous solar gas
or instead represents a mixture of materials from a variety of early
reservoirs. Thus, these results can be used to understand key neb-
ular processes and environments in the protoplanetary disk that
CAI compositions recorded as they formed.

2. Samples

A diverse group of 6 inclusions from two CV3 meteorites were
studied. The suite of samples included: a Type A CAI (EK5-2-1R), a
Type B1 CAI (AL4884), two fine-grained inclusions (3B3 and 461 B),
and a forsterite-bearing Type B CAI SJ101 from Allende, and a “re-
worked” Type B CAI (Crucible) from Northwest Africa (NWA 2364).
Ca isotope measurements were also performed on a range of plan-
etary materials for reference, including an Allende chondrule, ter-
restrial basalts and minerals (melilite and augite), and lunar basalts
(Apollo samples 12051, 15555, 70035, 70215, 74205, 75015, and
75075). The Smithsonian mineral standards were prepared from
rock fragments that were gently crushed, hand-picked, and imaged
by SEM, to avoid mixed mineral phases, prior to subsequently be-
ing hand powdered and dissolved. The fine-grained 3B3 and 461
B, coarse-grained Type A EK5-2-1R, and chondrule all come from
slabs cut from a single sample of Allende.

In general, the studied CAls exhibit textures and mineralogy
that are typical for their sub-type classifications. Exceptions in-
clude apparent “mélanges” of accessory refractory hibonite and
perovskite (+spinel) within the melilite interior of Type A CAI
EK5-2-1R (Fig. 1) and the potentially reworked nature of Type
B CAI Crucible (Friedrich et al., 2005). Similar to other coarse-

grained Allende CAls, EK5-2-1R exhibits some secondary sodalite
and nepheline at the outer edge of its melilite interior. In Fig. 1,
EK5-2-1R appears to be about 3 x 3 mm, but this sample is a
non-diametric slice of a previously much larger (~10 x 10 mm)
inclusion (Harper et al., 1990). Crucible, 18 mm in its largest ap-
parent diameter, is cup shaped (hence it has been called “the Cru-
cible”) and envelops a portion of the host chondrite (Friedrich et
al., 2005). Crucible contains coarsely grained melilite, fassaite, and
primary anorthite, with abundant euhedral spinel heterogeneously
disturbed throughout. Some anorthite has been altered to sec-
ondary melilite (Friedrich et al., 2005). AL4884 is an ~6 x 10 mm
CAI with a heavily microfaulted surface that has been studied ex-
tensively by Bullock et al. (2013). The core of AL4884 contains the
typical abundant coarse-grained melilite, fassaite, and anorthite of
Type B1 inclusions. Its melilite mantle is ~250-500 pm thick and
consists mainly of gehlenitic melilite and minor spinel (Bullock et
al.,, 2013). The microfractures across AL4884 are filled with sec-
ondary alteration and there are patchy areas of alteration within
the CAI consistent with at least one previous secondary mineral-
ization event. AL4884 was selected for this work in part because
of its large size and in part because its pyroxene is particularly
Ti-rich (~5-17 wt.% TiO;, Bullock et al., 2013). SJ101 is a very
large ~15 x 25 mm sized, forsterite-bearing Type B CAI described
in detailed by Petaev and Jacobsen (2009). It consists of coarse-
grained grossular, melilite, anorthite, and clinopyroxene crystals
separated by sinuous finer-grained forsterite-, clinopyroxene-rich
bands. Small spinel grains enclosed in the silicates are distributed
homogeneously throughout the inclusion. Minimal amounts of an-
dradite and nepheline are observed in cavities and at the edge of
the inclusion. The image shown of the fine-grain inclusion 3B3
in Fig. 2 is a fragment of a large CAI that was originally at least
~10 x 10 mm in size. It is comprised of ~5-10 pm sized spinel,
hibonite, and alkali-rich melilite. The fine-grained CAls lack obvi-
ous Wark-Lovering rims (Wark and Lovering, 1977). Fine-grained
CAI 461 B is relatively small, only about ~250 x 500 um in size.
Its hibonite ‘mantle’ is ~100 pm thick. It contains spinel and hi-
bonite grains within its aggregate interior.
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3. Methods
3.1. Theoretical mass-dependent fractionation models

We considered the isotopic consequences of condensation from
a nebular gas in terms of the kinetics of condensation, the degree
of undercooling, and potential reservoir effects. While it is possi-
ble to directly measure fractionation factors for evaporation (tevap)
in the laboratory, this is not the case for condensation fraction-
ation factors (cong). Instead, a condensation model is needed to
indirectly obtain ®conq. Invoking the law of mass action, we make
use of the relationship aeq = gm Equilibrium fractionation fac-

evap

tors (aeq) can be calculated, allowing us to solve for o/ ond. This
model considers the possibility for near-equilibrium insertion of
condensing atoms and molecules where undercooling is minimal.

Kinetic fractionation during condensation depends upon the
relative roles of collisional frequency (between molecular species
and the grain surface), compared to the ability of a molecule to
incorporate into the condensed phase structure (Simon and De-
Paolo, 2010). Partition of the lighter isotopes into the condensates
is favored when collisional frequency is the dominant controlling
effect.

Ultimately, the relative importance of equilibrium versus the
potentially much larger kinetic effects in the isotope fractionation
depends on the degree of “overstepping” thermodynamic equi-
librium as measured by the saturation index S;j = Pj/Pjeq With
Si > 1 implying condensation. S; can be equated with a tempera-
ture difference (i.e., undercooling) from the equilibrium condensa-
tion temperature using the Van't Hoff equation and the enthalpy
for the condensation reaction (Simon and DePaolo, 2010). Combin-
ing these we arrive at a model for fractionation during condensa-
tion:

Oleqlkin Si
Qcond = — ¢ v (1)
aeq(si — 1) + Qin
where
m;
Okin = (evapleq W (2)

i
with m; being the mass of the lighter isotopic species of interest
and m;} being the mass of the heavier isotopic species.

3.2. Analytical approaches

3.2.1. Caisotope analysis by thermal ionization mass spectrometry
Mass dependent Ca isotopic compositions are measured by a
42Ca-*8Ca double spike method on a Thermo Fisher Scientific Tri-
ton thermal ionization multi-collector mass spectrometer (TIMS)
housed in the Center for Isotope Cosmochemistry and Geochronol-
ogy at NASA Johnson Space Center (Fig. 3). The specific procedures
including sample loading and analysis methodologies are similar,
but improved on those described by Simon and DePaolo (2010).
Using a parafilm “dam” about 3 pg of purified calcium is loaded
in nitrate form with H3PO4 on an outgassed Re filament. The cal-
cium is ionized in a typical double filament configuration. A multi-
step cup configuration sequence is used in order to obtain 4°Ca,
42(Ca, 43Ca, *4Ca, and “8Ca ion beams using Faraday collectors with
10! Q resistors and to obtain potential mass interferences us-
ing electron multipliers. The magnitudes of potential interferences
from 4°K and 48Ti (determined by measuring 3°K and “°Ti, respec-
tively) are found to be insignificant; no corrections were applied.
Each analysis consists of 200 cycle measurements. Instrumental
mass discrimination corrections based on the difference between
the sample subtracted #2Ca/*3Ca ratio and the double tracer com-
position are calculated offline for each cycle to account for possi-
ble changes in the mass discrimination in the spectrometer over

Allende 3B3

Ti laser spots O

Fig. 2. False color (RGB = Mg-Ca-Al) X-ray scanning electron microscope image of
fragment of fine-grain alkali-rich Allende inclusion 3B3. Spinel (Sp, purple), hibonite
(Hib, blue), melilite (Mel, green) dominate mineral assemblage. Red material at bot-
tom indicative of olivine-rich host material. The image is of a fragment of a large
inclusion (~10 x 10 mm). (For interpretation of the references to color in this fig-
ure, the reader is referred to the web version of this article.)

the duration of each ~3 hour analysis. An exponential law is
used for the instrumental mass discrimination corrections. Given
that the magnitude of Ca isotopic anomalies in common Types
A and B inclusions are small (Niederer and Papanastassiou, 1984;
Simon et al., 2009; Shiller et al., 2015) we assume that their Ca
compositions are normal, except for the mass fractionation effects.
This study follows the approach of Simon and DePaolo (2010) who
report sample measurements relative to the normal value of most
planetary materials (igneous materials from Earth, Moon, Mars,
and differentiated achondrites). After accounting for the spike and
mass discrimination, the “absolute” 49Ca/*4Ca in the sample is nor-
malized so that 42Ca/44Ca = 0.31221 (Russell et al, 1978) and
expressed in delta notation where:

(44Ca/ 40 Ca)sample

s%ca/ca= [—
(44Ca/*0Ca) pormal

- 1] x 1000. (3)
In this notation, positive values indicate enrichments in the heavier
Ca isotopes and negative values indicate enrichments in the lighter
isotopes. Measured seawater, BCR-1 & 2, and SRM915a & b stan-
dards, as well as, melilite and augite terrestrial minerals (from the
Smithsonian Institute) yielded their expected values (Table 1). All
samples were replicated and yielded internal precisions similar to
the ~0.04 to 0.06%c 2 standard errors (SE) of the rock standards.
The weighted averages of replicate measurements and their 2 SE
are included in Table 1.

3.2.2. Tiisotope analysis by laser ablation multiple-collector inductively
coupled plasma-source mass spectrometry

Titanium isotope analyses were conducted using the LA-MC-
ICPMS (Thermo Fisher Scientific Neptune™) housed at UCLA. Most



Table 1
Summary of Ca and Ti isotope data.
Sample Description Sample wt.  §*Ca/*Ca 5% Ca/*Ca 5% Ca/*Ca 2SD 2 SEY  sTiYTi 2SE  e(°OTi/*"Ti) 2SE  Spots e(5OTi/4Ti) 2 SE
(mg) (seawater (chondritic (SRM915a (laser) (laser) (laser) (TIMS®)
scale) scale) scale)
461 3B3 fine-grained Type A 1.19 -12.11 —-11.31 -10.34 0.03 0.64 0.11 6.2 17 n=10 13.2 12
EK5-2-1R coarse-grained Type A 28.34 —1.89 -1.09 —0.12 0.12 —0.10 0.37 1.0 0.8 n=6 0.0 1.0
fassiate —0.43 0.28 1.5 0.5 n=3
hibonite/per- 0.23 0.42 0.4 11 n=3
ovskite/spinel
461, 13, 2 slab B fine-grained Type A, 0.23 —1.61 —0.81 0.16 0.03 —0.73 042 41.6 5.2 n=7
hibonite-rich mantle
NWA 2364 avg. reworked 1.15 —-1.41 —0.61 0.36 0.16 0.08 0.15 013 6.5 2.4 n=1
“Crucible” coarse-grained Type B
core 0.56 —-1.37 —0.57 0.40 0.02
margin 0.41 —1.46 —0.66 0.31 0.14
AL4884 coarse-grained Type B1, 0.58 —2.46 —1.66 —0.69 0.08 0.15 0.13 8.8 1.7 n==6
core
coarse-grained Type B1, 0.19 —2.30 —1.50 —0.53 0.03
outer core
coarse-grained Type B1, 0.27 —-1.77 —-0.97 0.00 0.07
mel mantle
SJj101? Fo-bearing ? —3.50 -2.70 -1.73 0.05 0.05 0.11 11.0 1.5 n=>5
Other data
461, 13, 2slab_D complex chondrule 0.40 —0.80 0.00 0.97 0.06
BCR-2 basalt —0.90 —0.10 0.87 0.08 0.06
BCR-1° basalt —0.89 —0.09 0.88 0.05 0.03
Allende carbonaceous —-1.22 —0.42 0.55 0.11
chondrite, bulk
103140 akermanite mineral —0.86 —0.06 0.91 0.15
(terrestrial) separate
164905 augite mineral separate —0.83 —0.03 0.94 0.06
(terrestrial)
lunar (7 samples) basalt, high and low Ti —0.78 0.02 0.99 0.14 0.03
SRM915a (n = 9°) carbonate -1.76 —0.96 0.01 0.13 0.04
SRM915b (n =10) carbonate —0.96 —0.16 0.81 0.18 0.06
Seawater (n = 3) IAPSO standard —0.01 0.79 1.76 0.16
USNM 83191 rutile —0.12 033 -2.1 34 n=3
P10 synthetic glass —0.30 0.14 1.4 14 n==6

08¢

887222 (2102) 22 S1o1197 20ud1s AID3auD]d pup yiupg / v 32 uowsss f

4 Ca isotope data for CAI SJ101 from Huang et al. (2012), Harvard.

b Ca isotope data for BCR-1 from Simon and DePaolo (2010), UC Berkeley.

¢ Ti isotope data for 3B3 and EK5-2-1 from Harper et al. (1990), NASA JSC.

4 All unknowns and terrestrial materials replicated.

€ SRM915a internal standard ran in 2015, 3 analyses during instrument use for this study.

f Sample weights for 42-48 Ca isotope TIMS analyses; rock and mineral standard and reference materials were approximately 25 mg.
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Fig. 3. Plot shows double spike TIMS measurements of mass dependent calcium isotope compositions of CAls and other planetary materials. Reported uncertainties are 2 SE
and often less than the symbol size. Standard reference materials show 2 SD external reproducibility. Open symbol CAI data come from Niederer and Papanastassiou (1984)
(NP84). Black CAI and SJ101 (green diamond) data come from Huang et al. (2012) (H12). Measured terrestrial minerals, lunar basalts, and chondrule (this study) lie within
the range of planetary materials reported by Simon and DePaolo (2010). For reference, FUN inclusions range from —27 to +15%o and the range (+0.5%o) delineated by the
horizontal dashed lines reflects the stated confidence interval of individual measurements in NP84. (For interpretation of the references to color in this figure, the reader is

referred to the web version of this article.)

analyses in the CAls are dominated by the Ti-bearing pyroxene
phase. Some measurements also include perovskite and minor hi-
bonite as well. All mass-dependent 4°Ti/4’Ti isotope ratios mea-
sured in this study are reported in per mil deviations (§*°Ti/4"Ti)
from a terrestrial rutile reference material (USNM 83191).

849Ti/47Ti . |:(49Ti/47Ti)sample
(49Ti/47Ti)normal

It is generally agreed that in common Types A and B inclu-
sions #°Ti/*’Ti is effectively free from nuclear anomalies at the
0.1%o level or greater (Zhang et al., 2011) and we have demon-
strated that we can measure #°Ti/*’Ti (Fig. 4) free from matrix
effects within our analytical precision of ~0.3%o (2 SE). Ru and
Mo doubly-charged interferences are well below detection and
have no influence. The lack of matrix effects is illustrated here
by comparing our UCLA Glass #5 (P10) standard (fassaite compo-
sition, previously measured for Ti isotopes by Chen et al., 2009)
with pure TiO, (Fig. 4); there is limited fractionation among ter-
restrial materials in general (<0.1%o, e.g., Zhang et al, 20171;
Zhu et al, 2002) and we see no spurious fractionation between
this fassaite glass and pure TiO,.

There is a rich history of measurements of °°Ti isotope ef-
fects in CAls, including some recently reported results using laser
ablation (Niederer et al, 1980, 1981, 1985; Papanastassiou and
Brigham, 1989; Niemeyer, 1988; Chen et al., 2009; Leya et al.,
2009; Trinquier et al., 2009; Zhang et al., 2012; Williams et al.,
2016). These studies find that mass-fractionation-corrected >°Ti
anomalies, expressed as g°°Ti (parts per 10,000) in common Types
A and B inclusions are generally between +2 and +15 with the
most typical values near +10. Although laser ablation sampling of
30Tj excesses has been reported (Williams et al., 2012) there are
still no systematic in situ studies of potential correlations between

- 1} x 1000. (4)

mass-fractionation effects and the large £°°Ti in CAls. In order to
measure *°Ti/*’Ti excesses we peak strip interferences from 0Cr
and *°V by monitoring *2Cr and >'V during each analysis and
correcting for instrumental fractionation in the usual way (B ex-
ponents characterizing instrumental fractionation). The validity of
this stripping approach can be seen by the accuracy and repro-
ducibility of a range of standard materials, Fig. 5.

Ion currents for 47Tit, 49Tit, 20Tit, >1v+, and 52Crt were mea-
sured for each laser run on Faraday collectors with 10!1 Q resis-
tors. Each measurement comprises 10 cycles of 4s integrations. The
mass resolving power (m/Am) was 7000 or greater for these anal-
yses. The effects of instrumental fractionation were corrected for
by sample-standard bracketing. An instrumental mass fractionation
factor, ains;, Was also calculated by comparing measured 49Ti/4’Ti
to a nominal ratio of 0.74500. This instrumental fractionation fac-
tor was used to derive an exponent 3 for the general fractionation
law (otjnse = (M /m1)#) that was then used for both V and Cr with
the relationship 8 = In(ajnst)/ In(mgg/m47) where m; refers to the
atomic mass of interest. Typical values for o, and g for the oper-
ating conditions used in this study are 1.083 and 1.91, respectively.
We find that these values pertain for Fe as well as for Ti and
are characteristic of instrumental conditions at UCLA for transi-
tion metals in this mass range. The Ti-derived fractionation law
was applied to the measured >Vt and 52Crt to derive °V*t and
0Cr* jon currents interfering with that for *°Ti*. These interfer-
ences were subtracted from the mass/charge = 50 ion current to
obtain the *°Tit ion current.

An excimer laser with 193 nm wavelength and ~4 ns pulse
length (Photon-Machines, Analyte.193) was operated at fluences of
~28 JJem? for ablation. For this study the laser was operated at
pulse repetition rates of between 1 and 6 Hz using spot sizes of 28
to 172 pm (typical ablation pit depths are ~25 to 30 pm), with the



282 J.I. Simon et al. / Earth and Planetary Science Letters 472 (2017) 277-288

1.6
I 3B3 ( IEK-S-LR ) T
L : “relict” phases i
1.2 (fine-grained) 023 i0p42%0 USNM 83191
| 0.64 £0.11%0 . . (rutile Std) i
0.8 L ALA4884 / -0.12 +0.33%e |
I 0.15 +0.13%o | P10 1
[
04 L 1 (glass std)
’ T -0.03 +0.149
O 0 Voo
.E
.;
© n
045 0.152£0.13% | SJ101 Y L
a 0.05+0.11% ?,’ ]
0.8 |15 - -
. EK-5-1R (major minerals)
I L -0.43 £0.28%o 461 B |
1.2 (fine-grained)
L -0.73 £0.42%0
-1.6 | i
2.0 Fas .. . 7
4 “Ti intensity (V)
I -2.00.0 0.1 . 0.2 0.3 . . 0.5 . 0.6 . 0.7 |
2.4

Fig. 4. Plot of laser ablation MC-ICPMS spot analyses of mass dependent titanium isotope compositions for studied refractory inclusions. Symbols as in Fig. 3. IntraCAl
heterogeneity in fine-grained CAls (3B3 and 461 B) and in EK-5-1R (relict phases are heavy and major minerals light) exist. Inset shows that isotope effects are independent
of measured “°Ti intensity. Uncertainty of individual measurements are 2 SE internal precision. Standard materials shown for comparison.

combination of pulse rate and spot size depending on the concen-
tration of Ti. Tests of the effects of pulse rate and spot size showed
no correlations with measured isotope ratios. The laser ablation
sample chamber is flushed with He (0.29 L/min) and mixed with
Ar (0.69 L/min) and N, (8 ml/min) in a mixing cell just prior to
introduction into the plasma.

4. Analytical results

All studied CAls have §%**Ca/4%Ca values less than “normal”
planetary-like compositions (~0%), similar to the isotopically
“light” values reported in the early studies of Russell et al. (1978)
and Niederer and Papanastassiou (1984) and more recently by
Huang et al. (2012). These signatures are also consistent with the
enriched light isotopic compositions in Eu, Sr, and Ba reported
by Moynier et al. (2006, 2010, 2015). None of the objects stud-
ied in this work yield positive §4Ca/%0Ca values (cf. Niederer
and Papanastassiou, 1984; the Type C inclusion of Huang et al.,
2012). Measured CAI §44Ca/*°Ca values range from approximately
—0.6 to —11.3%¢ (a majority yielded values between —0.6 to
—1.7%0) that are clearly resolved from measured planetary sil-
icate materials including the Allende chondrule (0.00 4 0.06%q,
2 SE), terrestrial basalts (—0.10 & 0.06%o, 2 SE), terrestrial melilite
(—0.06 & 0.15%0, 2 SE), terrestrial augite (—0.03 & 0.06%o, 2 SE),
and lunar basalts (0.02 4-0.03%o, 2 SE). The value measured for the
second carbonate standard SRM915b was slightly less than plan-
etary (—0.16 £ 0.06%o, 2 SE) and IAPSO seawater standard was
higher (0.79 & 0.16%, 2 SE) as is expected. The CAls exhibit val-
ues lower than the value measured herein for bulk Allende powder

(—0.42 £ 0.11%q, 2 SE) reported previously by Simon and DePaolo
(2010);Valdes et al. (2014) (Fig. 3, Table 1).

Due to their relatively large size, subsamples of Type B in-
clusions Crucible and AL4884 were obtained by micromilling. No
resolvable difference was observed between the core and outer
edge of Crucible, §**Ca/4°Ca = —0.57 + 0.02%0 (2 SE) and —0.66 +
0.14%0 (2 SE), respectively. However, a clear difference can be seen
across AL4884, with the core yielding §44Ca/4°Ca = —1.6640.08%
(2 SE), outer core yielding —1.50 4= 0.03%o (2 SE), and the melilite
mantle yielding §**Ca/4%Ca = —0.97 4 0.07%0 (2 SE; Fig. 6). To our
knowledge no evidence of intraCAl mass dependent Ca isotopic
heterogeneity has been reported previously in any nebular mate-
rial.

In contrast to the “light” §**Ca/*°Ca values measured, most
measured §*°Ti/47Ti ratios in the studied CAls have “normal” com-
positions, although small mass dependent Ti isotope effects exist.
The Ti isotopic compositions of Crucible, AL4884, and SJ101 (i.e.,
5%9Ti/47Ti = 0.06 to 0.15%0), are unresolvable from a planetary
value, see Fig. 4. A similar value was measured for the accessory
hibonite/perovskite/spinel mélange in EK5-2-1R (0.23 =+ 0.32%q,
2 SE). The primary phases within the interiors of EK5-2-1R and
461 B appear to exhibit slightly lower §*°Ti/4’Ti values of about
—0.40 and —0.70%, respectively. The fine-grained CAI 3B3 has
a slightly positive 84°Ti/4’Ti value (0.64 + 0.10%0, 2 SE) that is
resolvable from the normal planetary composition. It should be
noted that measurements of Ti isotope mass fractionation in CAls
date back to the early 1980’s. Niederer et al. (1985) found CAls to
be between +0.2 to +1.0%c per amu among both normal and FUN
CAls. However, reports at conferences of wider ranges in 4°Ti/*’Ti
of —2.7 to +4.0 exist (Zhang et al., 2012).
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subsample locations and compositional zoning in melilite from Bullock et al. (2013).

Anomalous *°Ti/*’Ti isotope effects (¢°°Ti) were also measured
by laser ablation MC-ICPMS (UCLA). Most measured >°Ti excesses
were found to be ~6 to 13 epsilon units in the studied CAls
(Fig. 5). The measured £°°Ti = 11.3 + 3.0 (2 SE) for SJ101 and
the unpublished TIMS analysis measured at NASA ]SC, i.e., Harper

et al. (1990) of the fine-grained CAI 3B3 of &°0Ti = 13.2 4+ 1.2
(2 SE) represent typical values of the studied samples. These anal-
yses are similar to those previously reported (see Fig. 7). The first
exception is EK5-2-1R that appears to show little to no £°°Ti ef-
fect (1.0 £ 0.8, 2 SE), which is consistent with the &°°Ti value of
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whole rock = black diamond, lunar basalt = black triangle, terrestrial basalt = black
circle, Allende chondrules = green circles shown. Mass dependent isotope composi-
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0.0+1.0 (2 SE) measured by TIMS. It is noteworthy that an average
of just the spots dominated by major minerals appears to exhibit a
resolvable excess (1.5 + 0.5, 2 SE), as they also appear isotopically
“light” (see above). The second exception is 461 B that exhibits a
large £°°Ti excess (41.6 + 5.2, 2 SE), which also exhibits a nega-
tive 849Ti/47Ti value (Fig. 7). This isotopic anomaly is the largest
excess observed for common Types A and B CAls, as opposed to
spinel-hibonite inclusions (SHIBs), platy hibonite crystals (PLACs),
and those that exhibit Fractionated and Unidentified Nuclear (FUN)
isotopic properties (Wasserburg et al., 1977). Although extensive
tests were made to demonstrate the validity of our peak-stripping
and mass bias correction method, other investigations that em-
ployed a calibration curve to correct for interferences (Williams et
al., 2016) have found that a high Ca/Ti ratio like that measured in
461 B (Fig. 5, inset) can artificially enhance the *°Ti/4’Ti ratio of up
to ~10 epsilon units. Unlike Williams et al. (2016), the peak strip-
ping method appears to work for us because we find that the mass
bias characteristic of instrumental conditions at UCLA for transition
metals in this mass range are similar (see section 3.2.2). The effect
in question is also much larger than 10 epsilon units and does not
follow the expected linear relationship that an interference would
produce.

5. Discussion
5.1. Condensation model for isotope fractionation
In order to calculate the isotope fractionation factors (®cond =

Rcond/Rvapor) needed to construct theoretical condensation model
curves that can account for non-equilibrium conditions, one must
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consider multiple processes contributing to the fractionation. As
outlined in Section 3.1, acopg is a function of equilibrium frac-
tionation factors (aeq), fractionation associated with evaporation
(ctevap) through the law of mass action, and fractionation related to
gas phase transport (Crans = +/(m/m’)). Equilibrium fractionation
factors (oeq) can be determined by thermodynamic considerations
(e.g., Simon and DePaolo, 2010). Values for aeq between solid and
vapor can be estimated from reduced partition function ratios (f),
following the approach of Schauble (2011). The magnitude of frac-
tionation is controlled mainly by the transformation from vapor to
solid with the exact identity of the solid phase(s) being of less im-
portance. For calcium models, we assume an aeq for the simple
reaction where Ca vapor condenses to silicate (i.e., diopside). At
1600 K, the Ca aeq equates to 1.000477. This is justified because
at realistic nebular temperatures and pressures Ca > CaO (Zhang
et al., 2014). For titanium models, we assume equilibrium between
TiO and TiO; in the vapor phase and rutile. This leads to a Ti aeq at
1600 K that is less than unity (0.999995). The relative abundances
of the titanium gas species (TiO ~0.8 and TiO, ~0.2) are based on
the equilibrium condensation calculations of the type described in
Ebel and Grossman (2000). The o values empirically determined
for evaporation (oteyvap) for Ca (~0.9562) and Ti (~0.9880) come
from Zhang et al. (2014). The « values associated with vapor trans-
port (¢rans) assume collision frequency ratios for the vapor phase
species involving the atomic masses in the case of calcium vapor
(i.e., Ca oirans = 0.953499) and the oxides TiO and TiO, for tita-
nium vapor (i.e., Ti ®¢rans = 0.985246).

5.2. Isotopic reservoir effects related to distillation of nebular gas

Calculations combining equations (1)-(3) afford ocong values
that can be used to model the magnitude of Ca and Ti isotopic
fractionation effects produced by condensation of nebular gas. Al-
though these likely oversimplify the condensation process(es) that
occurred in the early Solar System, they are illustrative. Using
Ocond (e.g., from section 5.1), the magnitude of isotope fractiona-
tion that occurs as the result of the Rayleigh distillation process
expected during condensation leads to the model curves shown in
Figs. 8, 9 and 11. For the sake of completion both bulk and in-
stantaneous (in section 5.3) condensation models are considered.
Substitution of ocong into the typical bulk Rayleigh equation:

(] — Facond)>

(1—F) )

8= (60 + 1000)(
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where F is the fraction of gas remaining shows the effects of con-
densation where early formed nebular materials are expected to
record an increased degree of light isotopic enrichment due to the
depletion of the heavy isotopes by prior vapor-gas fractionation
(Fig. 8). The computed relatively light Ca isotopic signatures are
consistent with those measured in CAls by Niederer and Papanas-
tassiou (1984), Huang et al. (2012), and this study.

During equilibrium condensation (i.e., ~no undercooling), how-
ever, the Ca fractionation model calculations show that small pos-
itive mass dependent isotope effects of up to ~ 0.5%¢ can be
produced. Under equilibrium conditions there is a slight deple-
tion of light isotopes induced by vapor-gas fractionation leading
to a heavy isotope enriched gas reservoir (Fig. 8, left panel). In the
case of Ca this is an especially robust result as Ca bonded to other
atoms will always favor the heavy isotopes relative to the atomic
Ca (i.e., logarithms of the reduced partition functions are greater
than zero). In the case of the Ti isotope fractionation models there
is effectively no aeq contribution (aeq = 0.999995) because Ti is
bonded to oxygen in the dominant gas species, limiting differences
in reduced partition function ratios. As a result, there are no heavy
isotope enrichments in the condensates at equilibrium as there are
for Ca (Fig. 8, left panel). Comparison of the Ca and Ti condensa-
tion models in Fig. 8 show that the magnitudes, and in some cases
the signs, of isotopic fractionations between chemically similar el-
ements can be non-intuitive.

5.3. Comparison of measurements to condensation models

A comparison of the coeval Ca and Ti isotope ratios to the
condensation models is shown in Fig. 9. The model curve for con-
densation in Fig. 9 is based on an assumption that the degree
of saturation for Ca and Ti should be similar given their broadly
similar condensation temperatures (Fig. 10) (i.e.,, Sca = Stj). The
measured Ca and Ti isotopic fractionation effects in most of the
CAls of this study do not follow the Sc, = St; curve, suggesting
a decoupling of the Ca and Ti systems in terms of saturation.
Type B inclusions AL4884, Crucible, and forsterite-bearing SJ101
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Fig. 10. Predicted enrichments of major rock forming elements as a function of con-
densation temperature (thermodynamic condensation model curves from D. Ebel).
Possible decoupled history of Ca and Ti condensation of Solar gas shown that can
explain the normal Ti and “light” Ca isotope effects measured in the studied refrac-
tory inclusions (see text).

(Huang et al., 2012) exhibit fractionated Ca isotopes with corre-
spondingly little Ti isotope fractionation and dramatically lie off
the theoretical Ca-Ti-condensation curve (Fig. 9).

The shallow (negative?) “trend” of the CAI data in Fig. 9 im-
plies that Ti experienced limited fractionation in comparison to
expectations from the large heavy isotope depletions observed in
Ca. One explanation is that the Ti and Ca are inherited from
distinct reservoirs, as the pervasive and sometimes variable >°Ti
anomalies imply (Fig. 7, Table 1). In this case, the CAls can be
regarded as processed (e.g., melted) aggregates of pre-existing ma-
terials as opposed to condensates from a well-mixed gas. This hy-
pothesis is supported by the textural relationships seen in Type
A CAl EK5-2-1R (Fig. 1) that suggest localized partial resorb-
tion +overgrowth of refractory minerals, possibly indicating that
coarse-grained inclusions grow in part by the consumption of
earlier-formed refractory spinel-hibonite inclusions (SHIBs), a class
of CAls that often have large positive and negative °°Ti anomalies
(e.g., Ireland, 1988, 1990; Koop et al., 2016a, 2016b; Sahijpal et
al.,, 2000). On the other hand, the measurements from a couple of
the inclusions (major phases in EK5-2-1R and 461 B) do follow the
theoretical fractionation model curve and thus can be explained by
small (<2 °C) degrees of non-equilibrium condensation (i.e., under-
cooling).

Alternatively, the shallow slope defined by the data in Fig. 9
may indicate condensation from a well-mixed gas, but where Ca
and Ti condensed in response to different degrees of undercool-
ing (i.e., Sca # Sti). This is possible because in detail Ti has a
higher Teq than Ca by ~50°C at their respective 50% condensa-
tion temperatures (at nebular pressures of 10~ bar, Fig. 10 (Ebel
and Grossman, 2000). In this case, a difference in undercooling of
~2 degrees is all that is required to produce these decoupled sig-
natures (Figs. 8 and 11). The implication would be that the cooling
rate during Ti condensation was slower than that when Ca con-
densed.

It can also be shown that the evidently uncorrelated Ca and
Ti isotope records could be explained by a single condensation
process, if the isotopic records reflect condensation of a localized
‘droplet’ and/or extremely fractionated nebular reservoir. This can
be seen in Fig. 11 that shows the effects of instantaneous conden-
sation where:

8 = (80 + 1000) (ctcong F¥eon) (6)
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Fig. 11. Evolution of instantaneous isotopic composition of Ca and Ti during Rayleigh
distillation. Ca and Ti isotopic signatures are typically enriched in heavy isotopes
during non-equilibrium condensation (undercooling) until about F = 0.35 and then
become enriched in the light isotopes. At equilibrium, significant heavy Ca isotopic
depletions can be produced after significant fractionation (F < 0.1) (left).

We believe that models computed for instantaneous, rather than
bulk condensation, are more representative of the processes dictat-
ing isotope fractionation recorded by the earliest formed conden-
sates in the solar nebula. In general, all of the coarse-grained CAls
can be modeled by similar degrees of undercooling (e.g., ~1-2
degrees) by instantaneous condensation. Likewise, the relatively
extreme values measured in fine-grained CAI 3B3 can be explained
by the endmember case of this scenario. The curves in Fig. 11 show
that near-equilibrium condensation at more than ~95% depletion
of the gas reservoir in both Ca and Ti can explain the isotope ra-
tios in both systems. If the model is taken at face value, i.e., the
gaseous reservoir from which 3B3 condensed is the nebula and not
an isolated portion of nebular gas, then fine-grained inclusions like
3B3 would have formed extremely late after >95% of the Ca in the
nebula had condensed. At thermodynamic equilibrium the temper-
ature interval over which this would have occurred was ~1525
to 1450 K (e.g., Ebel and Grossman, 2000). It is noteworthy that
only about 5% or less of the Mg in the gas would have condensed
through this temperature interval. Even if it condensed from a lo-
calized gas reservoir, this suggests that 3B3, a fine-grained CAl,
actually represents a late or relatively late nebular condensation
event and not condensation of a primordial solid. Future compar-
isons between additional measurements and these self-consistent
theoretical models for Mg, Si, Ca, and Ti isotope ratios will allow
us to more fully understand the effects of condensation and the
formation history of these objects.

5.4. Anomalous *°Ti effects track reservoir mixing in the early Solar
System

The existence and size of isotopic anomalies (e.g., Niederer and
Papanastassiou, 1984) are typically thought to reflect a significant
state of isotopic heterogeneity in the earliest Solar System, perhaps
left over from molecular cloud heterogeneities on the grain scale
(Young, 2016) or late stellar injection (e.g., Dauphas et al., 2010).
The relative dilution of these isotopic anomalies has been used
to track how less primitive solids and bulk planetary precursor
materials were admixed and homogenized in the protoplanetary
disk (Dauphas et al., 2014; Liu et al., 2009; Moynier et al., 2010a,
2010b; Simon et al., 2009; Trinquier et al., 2008).

A number of recent studies report °°Ti isotope anomalies in
early formed solids (e.g., Leya et al, 2009; Koop et al., 2016a,
2016b; Williams et al., 2016). The >°Ti effects measured in spinel-
hibonite inclusions (i.e., SHIBs), platy hibonite crystals (PLACs),

and related hibonite-rich inclusions are extreme, ranging from
large excesses to large depletions relative to the ~1%. level (i.e.,
10 e-units) effects typically reported for common Types A and
B inclusions (e.g., Williams et al, 2016 and references therein),
Fig. 7. Positive £°°Ti generally correlates with smaller Ni, Cr, and
Zr isotopic anomalies as well as smaller Ca isotope anomalies.
FUN inclusions are the exceptions as they usually exhibit strongly
negative €°°Ti values (Niederer et al., 1985; Papanastassiou and
Brigham, 1989; Loss et al., 1994; Williams et al., 2012, 2016).

Given the consistency between measured and modeled Ca and
Ti isotope effects, a relatively simple non-equilibrium condensation
scenario could explain 461 B. It likely condensed by ~1-2 degrees
of undercooling from a rather primitive gas reservoir with £°°Ti
excess. Its refractory isotopic signatures indicate that it did not
later equilibrate in a planetary-like reservoir. In light of the textural
and petrologic evidence that EK5-2-1R contains “exotic” refractory
phases, it is interesting that the Ti laser spot analyses of EK5-2-1R
that contain the greatest proportion of spinel-hibonite “mélange”
on average exhibit the most “normal” £°°Ti value and normal mass
dependent §4°Ti/4’Ti, whereas on average the spot analyses of
EK5-2-1R dominated by major minerals exhibit a slightly higher
£%0Ti value and more negative §4°Ti/4’Ti value, sharing a trend
with 461 B (Fig. 9). The “relict” refractory minerals could actually
have positive §4°Ti/4”Ti values, like 3B3, or possibly even higher, if
one considers the fact that the range of spot analyses (see Figs. 4
and 7) all contain variable amounts of their coarse-grained host
that exhibits negative §4°Ti/4’Ti. Nevertheless, they have mass de-
pendent Ti isotope effects that appear decoupled from the Ca iso-
topic composition, whereas it appears that the melt that partially
enveloped them recorded a signature of non-equilibrium conden-
sation, as would be theoretically predicted by its corresponding Ca
isotopic composition. In order for the apparent mass-dependent Ti
isotopic heterogeneity of the CAI to have persisted, its history must
either reflect: (1) condensation on the precursor mélange of re-
fractory phases that was later partial remelted, and evolved as an
open system isotopically, or (2) that the mélange of refractory pre-
cursors was enveloped/partially consumed by a protoCAI droplet
of remelted condensates. In either scenario, a second reservoir is
required to impart the £°°Ti excess observed in the host phase.

It is commonly assumed that the carriers of the neutron-rich
anomalous isotope effects were added significantly before the now
extinct 2°Al (t1/2 = 0.7 Ma) was added to the protosolar disk
(Sahijpal and Goswami, 1998). An alternative explanation is that
the concentrations of the neutron-rich isotopes and the 26Al in
the early Solar System are averages inherited from the cloud ma-
terial from which the Sun formed. In the latter scenario, canoni-
cal 26A1/27Aly represents the homogenization of grains with much
lower and much higher 26A1/27 Aly values that are averaged by pro-
cessing in the solar protoplanetary disk (Young, 2016). EK-5-1R
may represent a relatively primordial snapshot of this homogeniza-
tion process in progress.

5.5. Implications of intra-CAI calcium isotopic zoning

The in-situ evidence for Ca isotopic zoning across the interior
of AL4884 reported here is a novel discovery and only measur-
able because of the combined developments in our micromilling
and mass spectrometry techniques. Systematic stable isotope mea-
surements across CAI margins have been performed for various
elements on an individual element basis, but multiple comple-
mentary isotope profiles, such as for Ca together with Mg, have
rarely been made for the same object (cf. Bullock et al., 2013;
Knight et al., 2009; Shahar and Young, 2007). A previous hint of
intra-CAI mass-dependent Ca isotopic heterogeneity exists in the
early work of Niederer and Papanastassiou (1984) who reported
resolvable effects among Al-Ti-pyroxene separates from a single
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inclusion. The intra-CAI Ca isotopic zoning in AL4884 confirms that
a refractory element can be isotopically fractionated at the scale
of an inclusion. The systematic zoning profile (Fig. 6) implies that
AL4884 condensed with isotopically light Ca compared to plane-
tary materials and experienced later evaporation and/or a changing
environment that significantly affected the Ca isotopic composition
of its melilite mantle. The zoning could be due to a compositional
change of the surrounding gas or could be related to changing
conditions (e.g., less undercooling) that govern formation of the
melilite mantle. It is unclear why zoning was not also observed in
Crucible, or for that matter, how pervasive intra-CAI Ca isotopic
zoning is among different CAls. Yet, the more refractory nature
of Ca and relative superposition of core and edge, respectively,
suggest that the events that led to Ca isotopic zoning in AL4884
occurred prior to the history inferred by the isotopic signatures
recorded by moderately volatile elements Mg and Si in CAls and
their Wark-Lovering rims (e.g., Simon et al., 2005).

Theoretical and experimental studies imply that evaporative
residues must have been heated at low pressures for apprecia-
ble mass-dependent isotopic fractionation to be preserved (Davis
et al., 1990; Nagahara and Ozawa, 2000; Yamada et al., 2006;
Zhang et al., 2014). As such, the relatively heavy Ca isotope enrich-
ment measured in the melilite margin of AL4884 and the heavy
Mg isotope enrichments of many CAls imply that they experi-
enced evaporation at low pressures (<10~* bar), conditions that
are thought to be typical near the proto-Sun. It is noteworthy that
little to no Mg could remain in the condensed phase at conditions
hot enough to enrich heavy Ca by evaporation (Simon and DePaolo,
2010). Moreover, the normal Mg isotopic compositions reported in
the margins and WL rims for several CAls (Bullock et al., 2013;
Simon et al., 2005) and for chondrules (Alexander et al., 2008;
Galy et al., 2000) indicate that these materials formed from high
local partial pressures and/or dust-rich regions of the solar nebula
distinct from the hot inner solar nebula.

The recent comparison of isotopic data for CAls (Niederer and
Papanastassiou, 1984) and numerical models of Simon and DePaolo
(2010) quantified the discrepancy between Ca and Mg isotope ef-
fects. The difference is likely due to their significantly different
volatilities. As such, the measured Ca isotopic zoning profile of
AL4884 indicate that analogous Mg isotopic zoning profiles likely
reflect a later process(es), i.e.,, Simon and Young (2011). In fact,
the sense of Ca isotopic zoning in AL4884 reported in this study
is opposite that of its Mg isotopic zoning profile that decreases
from “heavy” in the interior to relatively “normal” planetary val-
ues at the edge (Bullock et al., 2013). Later coeval condensation
from a reservoir with distinct planetary-like Ca and Mg, related to
formation of the melilite mantle of AL4884, could potentially ex-
plain the apparently converging profiles. But in such a scenario an
additional solid-state diffusive exchange event that produces the
isotopic zoning, of the type reported by Simon et al. (2005); Young
et al. (2005), would also be required. Additionally, not all CAls ex-
hibit normal Mg isotope compositions at the edge, e.g., Simon and
Young (2011) and the only other inclusion for which comparable
in-situ Ca isotopic measurements are available, i.e., Crucible, ap-
pears homogeneous (this study). It follows that the sense of Ca
zoning in AL4884 that is inconsistent with most reported Mg iso-
topic zoning profiles in CAls that decrease from “heavy” in the
interior to “normal” values at the edge implies that Mg isotopic
signatures in CAls in general may be susceptible to later modifi-
cation in the solid-state, cf. MacPherson et al. (2012). Evidence for
apparently conflicting Ca and Mg isotopic zoning profiles therefore
opens up the possibility that similar Mg isotopic records measured
in a number of other CAls could also be related to a late isotopic
exchange event. Although more corroborating evidence is required
to confirm the interpretation for later isotopic exchange, the new

Ca data are difficult to reconcile with conventional interpretations
for the canonical Al-Mg initial value of AL4884.

6. Conclusions

Here we report coordinated measurements of Ca and Ti isotopes
in refractory inclusions. When compared to our latest condensation
model calculations for isotopic fractionation it is clear that most, if
not all, of the studied “normal” CAls, and/or their precursor mate-
rials, record a multi-step/source condensation history. The extreme
Ca and Ti isotope effects measured in the fine-grained CAI 3B3
exemplify the complicated condensation history of early formed
solids. Such textures, that are often assumed to signify the prim-
itive nature of nebular materials, may in fact reflect condensation
from relatively evolved (i.e., fractionated) nebular gas rather than
representing primordial condensates. The discovery of Ca isotopic
zoning in Type B CAI AL4884 likely involves condensation from an
evolving gaseous reservoir, presumably after 26Al was added to the
Solar System, but before its moderately volatile element isotopic
signatures were preserved. Thus, the existence of Ca isotopic zon-
ing in AL4884 implies that its Mg isotope record pertains to a later,
likely subsolidus, nebular history.
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