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Abstract

Isotopic variations usually follow mass-dependent fractionation, meaning
that the relative variations in isotopic ratios scale with the difference in
mass of the isotopes involved (e.g., 87O =~ 0.5 x §'30). In detail, how-
ever, the mass dependence of isotopic variations is not always the same,
and different natural processes can define distinct slopes in three-isotope
diagrams. These variations are subtle, but improvements in analytical capa-
bilities now allow precise measurement of these effects and make it possi-
ble to draw inferences about the natural processes that caused them (e.g.,
reaction kinetics versus equilibrium isotope exchange). Some elements, in
some sample types, do not conform to the regularities of mass-dependent
fractionation. Oxygen and sulfur display a rich phenomenology of mass-
independent fractionation, documented in the laboratory, in the rock record,
and in the modern atmosphere. Oxygen in meteorites shows isotopic vari-
ations that follow a slope-one line (570 ~ 5'#0) whose origin may be as-
sociated with CO photodissociation. Sulfur mass-independent fractionation
in ancient sediments provides the tightest constraint on the oxygen par-
tial pressure in the Archean and the timing of Earth’s surface oxygenation.
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Heavier elements also show departures from mass fractionation that can be ascribed to exotic
effects associated with chemical reactions such as magnetic effects (e.g., Hg) or the nuclear field
shift effect (e.g., U or T1). Some isotopic variations in meteorites and their constituents cannot be
related to the terrestrial composition by any known process, including radiogenic, nucleogenic,
and cosmogenic effects. Those variations have a nucleosynthetic origin, reflecting the fact that the
products of stellar nucleosynthesis were not fully homogenized when the Solar System formed.
Those anomalies are found at all scales, from nanometer-sized presolar grains to bulk terrestrial
planets. They can be used to learn about stellar nucleosynthesis, mixing in the solar nebula, and
genetic relationships between planetary bodies (e.g., the origin of the Moon). They can also con-
found interpretations based on dating techniques (e.g., "**Sm-!*Nd) when they are misidentified
as isotopic variations of radiogenic origin. To summarize, there is a world to explore outside of
mass-dependent fractionation whose impact is promised to expand as analytical capabilities to
measure ever-subtler isotopic anomalies on ever-smaller samples continue to improve.

1. INTRODUCTION

In natural systems, isotopic variations can arise from a variety of processes such as phase equi-
librium, unidirectional reactions, radioactive decay, and nuclear transmutations induced by par-
ticle irradiation. The study of these variations is the basis of isotope geochemistry, spanning an
ever-expanding range of applications, from biochemistry to nuclear astrophysics. Most isotopic
variations in Solar System materials follow clear sets of rules. Phase equilibrium and unidirectional
reactions are most often associated with mass-dependent variations, meaning that the degree of
isotopic fractionation scales with the difference in mass of the isotopes involved. Radioactive decay
produces variations in the abundances of the daughter isotopes that scale with parent-to-daughter
ratios. Nuclear transmutations by particle irradiation, coming either from space (cosmogenic) or
from surrounding rocks by decay of radioactive nuclides (nucleogenic), only affect certain isotopes
in specific settings.

In some cases, isotopic variations are found that depart from those rules and are categorized as
anomalies. Isotopic anomalies were discovered when Black & Pepin (1969) measured the isotopic
composition of neon released during stepwise heating of carbonaceous chondrites. They identified
a component extremely rich in Ne, labeled Ne-E (letters A to D were already taken), that could
not be related to neon in air by any of the processes discussed above. Years later, it was shown
that this component has a nucleosynthetic origin, meaning that it is hosted in presolar grains of
silicon carbide (Ming & Anders 1988) and graphite (Amari et al. 1990). Developments in mass
spectrometry and accompanying improvements in precision of isotope ratio analyses revealed that
isotopic anomalies were widespread in planetary materials (Clayton 1978, Huss & Lewis 1995,
Birck 2004).

The divide between mass-dependent fractionation and isotopic anomalies is not clear-cut.
The reason is that mass-dependent fractionation is not uniquely defined and can be described
using various laws that depend on the cause for the fractionation (Maréchal et al. 1999, Young
etal. 2002). Often, isotopic variations are small, so mass-dependent fractionation cannot be easily
distinguished from bona fide isotopic anomalies. This contribution therefore starts (Section 2) with
a discussion of the theory of mass-dependent fractionation and reviews emerging applications of
mass fractionation laws in Earth and planetary sciences.

Isotopic anomalies are departures from mass-dependent fractionation and can be divided into
clearly distinct categories: Some were produced in the Solar System by nebular, planetary, or
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geological processes, whereas others were inherited from stellar nucleosynthesis. Oxygen and sul-
fur present a very rich phenomenology of isotopic anomalies in meteorites, planetary atmospheres,
sediments, and igneous rocks. Although there is a near consensus on the general causes of some
of these anomalies, important disagreements remain. The uncertainties have not prevented their
use as geochemical tracers, however, and these are reviewed in Section 3. This section cannot
give justice to the considerable amount of work done on this topic, and the reader is referred to
relevant reviews (Clayton 1993, 2003; Farquhar & Wing 2003; Thiemens 2006).

The best-documented reactions that produce oxygen and sulfur isotopic anomalies involve gas
phase chemistry. Heavy elements that do not form volatile compounds can also display mass-
independent fractionation caused by at least two chemical processes (the field shift effect and
a probable magnetic isotope effect). Of these processes, the field shift effect is relatively well
understood. In heavy elements, the nucleus can influence the strength of the chemical bonds
that are formed, which can induce a fractionation that is not strictly mass dependent and is often
characterized by an odd-even modulation of the isotope variations (Bigeleisen 1996a, Fujii et al.
1989). This phenomenon and examples drawn from nature and experiments are presented in
Section 4.

Early work on noble gases revealed the presence of material extraneous to the Solar System
that was characterized by very large isotopic anomalies relative to terrestrial composition (Black
& Pepin 1969). The search for the carriers of these anomalies led to the identification of presolar
grains, which formed in the outflows of stars that lived and died before the Solar System was
formed (Bernatowicz et al. 1987, Lewis et al. 1987). By analyzing the compositions of those
grains in a laboratory setting, one can study the compositions of stars with a precision level
that is unachievable by remote astronomical observations (Section 5). Some anomalies, albeit
of smaller magnitude, are manifested at larger scales, ranging from millimeter-sized grains to
planets.

In presolar grains, isotopic variations are very large, so precision in isotopic analyses is often
less of an issue than spatial resolution and isobaric interferences. At the other end of the size
spectrum, bulk planetary bodies display isotopic anomalies that are very subtle and call for highly
precise and accurate measurements (Clayton et al. 1973, Dauphas et al. 2002b). Such planetary-
scale anomalies provide a means to (#) study stellar nucleosynthesis of elements that cannot be
easily measured in presolar grains using in situ techniques, (b) trace genetic relationships between
planetary bodies, and (c) understand how dust was size sorted, vaporized, and condensed in the
solar nebula (Section 6). Isotopic anomalies are also potential pitfalls as they can be mistaken for
variations arising from radioactive decay in dating planetary differentiation and early Solar System
events (Section 7).

2. MASS FRACTIONATION LAWS

For most elements, the dominant naturally occurring chemical processes that act to separate iso-
topes from each other depend ultimately on differences in mass. Isotope masses affect the velocities
and diffusivities of atoms and molecules. Mass differences also affect vibrational and rotational fre-
quencies, altering spectral features (and photochemical cross sections), as well as thermodynamic
energies (and thus equilibria and activation energies of reactions). Each of these mass-related effects
can cause different isotopes to react at different rates and partition unequally between reactants
and products. As a result, the separation of isotopes typically scales in proportion to differences
in isotopic mass. For example, the 170/!°O ratio usually changes by roughly half as much as the
180/'Q ratio because the mass difference between 7O and 'O (1.0042 amu) is roughly half as
large as the mass difference between *O and '°O (2.0042 amu). Isotope fractionations that are
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observed to follow this proportionality are called mass-dependent fractionations; fractionations
that depart markedly are termed mass-independent fractionations. These names are potentially
misleading, however, because the distinction is empirical rather than mechanistic. It is possible
for differences in isotopic mass to drive isotope separations that are wildly disproportionate, for
instance, in the self-shielding photochemical fractionation proposed to explain mass-independent
fractionation in sulfur isotopes from Archean rocks and oxygen isotopes in meteorites (Farquhar
etal. 2001, Clayton 2002). Mass-dependent physical and chemical processes (e.g., equilibrium par-
titioning versus diffusion) also impart a (typically small) range of mass fractionation relationships.
Conversely, the nuclear field shift effect, dependent on the shape and volume of space occupied
by nuclei rather than their mass (Bigeleisen 1996a), generates isotope fractionations of the major
even-numbered isotopes of mercury (\**Hg, *°“Hg, 22 Hg, and ***Hg) (Ghosh et al. 2008) that
appear mass dependent even though the odd isotopes '’Hg and **' Hg often show strong mass-
independent fractionation effects (Bergquist & Blum 2007). The field shift effect is also expected
to generate nearly proportionate isotope fractionations for all of the major isotopes of tungsten
and platinum (Schauble 2013a) despite the lack of any mechanistic dependence on mass differences
in the field shift effect.

Interest in slight differences in relationships between fractionation and mass, depending on the
types of reactions and isotopes studied, has intensified as measurement precision has improved
and potential uses of measured differences have been proposed (e.g., Eiler et al. 2014). It should
be noted, however, that the study of the variability in mass fractionation laws includes a number
of early investigations of the relationships between D/H and T/H fractionation of the hydro-
gen isotopes (e.g., Grilly 1951, Bigeleisen 1962, Bron et al. 1973, Pyper & Christensen 1975).
Hulston & Thode (1965) and Matsuhisa et al. (1978) were among the first to theoretically inves-
tigate variability in mass fractionation laws applied to the isotopes of heavier elements. Matsuhisa
et al. (1978) calculated the relationship between 7O/!O and '80/!O fractionation in CO, rel-
ative to H,O vapor, as a function of temperature, in order to better understand experimental
isotope exchange equilibrations between isotopically labeled phases. Hulston & Thode (1965)
made analogous calculations on sulfur isotope fractionation in simple molecules, to provide a
frame of reference for understanding meteoritic measurements. Their work, along with roughly
contemporary investigation of the importance of mass fractionation laws for correcting mass frac-
tionation induced by mass spectrometers in the measurement of calcium isotopes (Russell et al.
1978), provided a foundation for the study of mass fractionation relationships in multiple-isotope
systems. In this section, the concepts of theoretical estimation of mass fractionation laws are re-
viewed for mass-dependent equilibrium and kinetic isotope effects. Young et al. (2002) provided
a useful starting point, as they gave compact descriptions of mass fractionation laws for several
processes. Deviations from these type cases in geochemical and cosmochemical environments are
discussed.

2.1. Terminology and Notation

For the sake of clarity, we will slightly adapt the notation of Mook (2000), which is widely used
in theoretical discussions of mass fractionation laws (e.g., Farquhar et al. 2003, Cao & Liu 2011).
The theoretical study of mass fractionation laws by Young et al. (2002) used a somewhat different
system of symbols, superscripts, and subscripts, which have been adopted mainly among planetary
scientists and high-temperature geochemists. In both cases, mass laws for isotope fractionation are
described in terms of fractionation factors (ct), equal to isotope abundance ratios in one substance
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relative to another:

x .

Xi
i2/il _ ( “)ﬂ 1
Ky-p = - . ( )
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Here 2 and b are the substances of interest, and (X;,/X1), and (X;,/X1); are the abundance ratios
of isotopes i2 and 71 in each substance. For a third isotope in the same system, an analogous

>

expression describes 73/i1 fractionation:
@

It is useful to consider the relationship between these fractionation factors in terms of the ratio of
their natural logarithms:

iLi2idg In(*/" ;)

)

Logarithms are often used in isotope geochemistry because In X ~ X — 1 for X close to 1, so
d ~ & with 6 =1,000(R/Rsndsra — 1) and & =1,000 In(R/Ryandara)- An equivalent expression to
Equation 3 is

i2/i1aﬂ_b _ (is/n%_b)il-fweﬂ_,,' @)

Measurements of deviations from a reference mass fractionation law are typically presented in
per mil A notation, or the logarithmic analog A, so it is useful to express the relationship between
A’ and the exponent 0:

iZ/ilA;—h (%0) = 103(1'1,1'2‘1’36”_[] — iz ercfcrcncc) ln”/il Xg=b s (5)

where /! A’ is the deviation of the 12/i1 ratio in substance # relative to what the 72/i1 ratio would be
if the 72/i1 and 73/i1 ratios in substance » were fractionated by a reference mass fractionation law to
reproduce the 73/71 ratio in substance #, in logarithmic & units. Note that it is common to exclude
the denominator isotope 71 from expressions for «, 8, and A, but we have included it explicitly
to avoid ambiguity. This equation suggests that deviations from an expected mass fractionation
exponent will scale with the magnitude of fractionation, and with differences in fractionation
exponents—below, we show that these two quantities are not independent, particularly in the case
of equilibrium fractionation. Young et al. (2002) adopted the symbol (3 rather than 6 to describe
this mass law exponent. However, the use of  may cause confusion when discussing reduced
partition function ratios in the context of equilibrium isotope fractionation, which are typically

labeled B factors.

2.2. Mass Fractionation Laws for Equilibrium Isotope Exchange

The mass-dependent partitioning of isotopes at equilibrium is a quantum mechanical effect, chiefly
sensitive to the effects of isotope mass on vibrational frequencies in molecules, solids, and liquids.
"This dependence is evident in the equation most commonly used to calculate the reduced partition
function ratio (s/s')f that gives equilibrium fractionation between a substance and atomic vapor;
that is, it is equivalent to /0¢,-yoms, Often written as /7B, and called the B factor (Bigeleisen &
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Mayer 1947):

e u7/2 (1 _e—u7)

u

J

7,f 1_[”/
Jj 7

7u /2 —u
e /A —e f) (6)
hv; hv',
uj = L, =
kg T 7 kg T

where v; are the vibrational frequencies (#; are called reduced frequencies) of the substance of
interest containing one heavy isotope, v’ are the corresponding vibrational frequencies in the
same substance containing a lightisotope, & is the Boltzmann constant, 7'is absolute temperature,
and the series product is over all j vibrational frequencies. For straight linear molecules (such as
CO,),j=3n — 5, where n is the number of atoms in the molecule; for all other molecules (such
as H,O), there are 3z — 6 frequencies.

The equilibrium fractionation of isotopes i and 7 between substances # and 4 can then be
written as the ratio “/’ot,, ='"/"B,/"/'B,. Detailed derivations of this equation and methods of
finding approximate solutions were given elsewhere (e.g., Schauble 2004). For present purposes
it may suffice to point out that the ¢=*/> and ¢~*/? terms describe isotope effects on zero-point
(ground state) vibrational energy, whereas the (I — ¢) and (1 — ¢™*) terms describe the effects
of excited vibrational states. The (u/u) terms account for the loss of rotational and translational
degrees of freedom when an atom becomes part of a molecule or condensed phase.

"This expression, which is widely used in theoretical studies of isotope fractionation, assumes that
all molecular vibrations are harmonic, and that there is no coupling between molecular vibration
and rotation, so that the total partition function can be written as the product of partition functions
for translation, rotation, and vibration. Quanta of molecular rotation are assumed to be closely
spaced, relative to thermal kinetic energy, so that the rotational partition function can be written
as an integral rather than as a sum over discrete quantum states and eventually made to cancel out
of the equation altogether through the Redlich-Teller product rule, which relates moments of
inertia to vibrational frequencies. It further assumes that isotope substitution has no direct effect
on electronic energies. These simplifications make it possible to estimate equilibrium fractionation
factors using only vibrational frequencies as input. The loss of accuracy from these assumptions
appears to be small in many natural materials and stable isotope systems, with the exception of
D/H fractionation and some other special cases, where anharmonic effects become important
(e.g., Richet etal. 1977, Liu et al. 2010, Webb & Miller 2014, Pinella et al. 2015), and for at least
some elements with high atomic number (Hg, T1, U, and likely others), where nuclear field shift
effects are significant. The expression also appears to be adequate for understanding equilibrium
mass fractionation laws for nonhydrogen elements (Cao & Liu 2011).

2.2.1. The canonical equilibrium exponent: a high-temperature limit with broad practical
usefulness. In the limit of relatively high temperatures (hv/kT< 27) (Weston 1999) and modest
fractional differences in isotopic vibrational frequencies (v'/v & 1), it is possible to extract a further
simplified high-temperature (high-T) formula describing equilibrium fractionation from Urey
(1947, equation 8) and/or Bigeleisen & Mayer (1947, equations 114, 17, and 18) that leads to a
particularly convenient expression for the mass fractionation law exponent 0. This limiting case is
of particular interest because one need only know the isotopic masses to calculate 6; the resulting
exponent is also surprisingly accurate over a wide range of temperatures and materials (Matsuhisa
et al. 1978, Weston 1999, Young et al. 2002). Therefore, the high-T equilibrium 6 is a useful
reference for discussing other mass fractionation laws. A simple derivation of the high-T © is
reproduced below.
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Adapted to the current notation, Bigeleisen & Mayer’s (1947) equations 11/ and 18 can be
combined to yield
h i) — M
: 772 71 ’ (7)
967t kBT ;277251
where A is a sum of spring (force) constants determined by the electronic structure of the material,

i2/i1[3” ~ 1 4

which is independent of isotopic masses. Because (x — y)/xy=(1/y — 1/x) and In(1 + ¢€) =~ ¢, this

leads to
2/ 1 1 b
o~ — - — ) —— (4, — A, 8
n Gt mi1 mi 967’[2/€BT( b) ( )
where A, and A, are the spring constant sums for substances # and 4, respectively. Then,
o 1 1
MLi2idg In*/"! Xa-p 7%7;1 - mizz )
a=b = n M, ~ 1 -
miy M3

This expression is significant because it confirms that the exponents in mass fractionation laws are
determined to first order by the masses of the isotopes, and are largely independent of temperature
and material properties.

The applicability and accuracy of this expression are surprisingly broad. Matsuhisa et al. (1978)
showed that 1617189 stays within 0.008 of the limiting value of 0.5305 for 1°O, 70O, and 80
fractionation between CO; and H, O, all the way down to 273.15 K, even though (1) several of the
significant vibrational terms, # and #/, are considerably larger than 27t over the lowest part of the

temperature range, and (2) the relative mass difference (218 — 72160) / m18 7165, at ~0.007 amu ™!,

is the largest of all elements with three or more stable or long-lived isotopes. The apparent 617189
value in high-T terrestrial rocks (~0.526-0.529) (e.g., Rumble et al. 2007, Pack & Herwartz 2014)
is very similar to the high-T limit. The high-T exponent is thus a useful general reference for
studies in multiple-isotope systems (e.g., Young et al. 2002). One caveat is that 6 can take on
extreme values in equilibrium fractionations near “crossovers,” where the sign of fractionation
between # and & changes with temperature (e.g., Skaron & Wolfsberg 1980, Deines 2003) as can

be seen in the expression derived by Cao & Liu (2011) from the definitions of 0, {3, and «:
In #/i1p,

i1,i2,i3 _ 11,0243 i1,i2,i3 71,i2,i3
ea—b = ed—atoms + ( ea—atoms - eb—atoms)ln i3/il
a=b

: (10)
where the equilibrium #-/ fractionation factor appears alone in the denominator of the right-hand
term. However, this unbounded behavior of the equilibrium 6,-; (ata crossover In /"1, — 0)
does not translate into large deviations in isotope ratios. This is readily seen when the same
equation is cast in terms of A:

i2/il A1 30i1,i2,i3 i3/il i1,i2,i3 i3/il i1,i2,i3 i3/il
2/ A1;-17 =10 (l o eﬂ—atoms In’ / ﬁu — et eh—atoms In’ 1 Bh — et erefcrence In’ /i (Xa—b)~

11
This expression makes it clear that even when there is a crossover, A’ converges in a well-behaved
way as In /"1« vanishes, given the limited range of 0,-yoms and 0;-aoms expected at equilibrium.
A’ chiefly scales with  values and the variation in their corresponding exponents. In the past
20 years, analytical techniques for several isotope systems have advanced to the point that it is
now possible to quantify deviations from this high-T equilibrium exponent. Lower-temperature

equilibrium exchange, kinetic processes, mixing, and distillation can all lead to such signatures.

2.2.2. The low-temperature limit. As temperature decreases and «=hv/(kgT) increases, the
assumptions made in the high-T derivation in the preceding section break down, and 6 varies
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with temperature and material. Matsuhisa et al. (1978) noted that © approaches a low-temperature
(low-T) limit, realized only at cryogenic conditions for typical materials, which depends solely on
the ratio of zero-point energies for the isotopic species of interest. However, a derivation for this
relationship is not given by Matsuhisa et al. (1978), so it seems worth providing here. To start,
the Bigeleisen & Mayer (1947) reduced partition function ratio equation is simplified by assuming
that all (1 — ¢~*) and (1 — ¢~ terms approach unity as # and #' become large. Rotational quanta
are assumed to still be small relative to thermal energy. In this case the equation reduces to

o (i) e 12
i2/il low-T) = Ujiy e 12
B, (low-T) U iy T (12)
i ujG Uiy — UG
In lz/llﬁﬂ(IOW-T) — Zln ](12)+Z j(i1) 5 j(i2) (13)
TR AL
~ Z “j6) —Hien | Hien — 162 (14)
T Ui 2
Wi — 1
~ 30 i . j6) (15)
j
Canceling the constant factors in the reduced frequencies # (Equation 6) yields
iLi2i3g _ Zj Viey — Zj VjGi2) (16)
a—-atoms — .
225 vian = 225 via3)
Then 0,-, becomes
s (Z; Viiy = 2; Vj(il)) — (e v — e vian),
1z eﬂ—b — a (17)

(=) vien - X ij))ﬂ = (Xivran = Zevean),

Cao & Liu (2011) provided an elegant graphical analysis of this relationship using the example of
fractionation between diatomic molecules (where there is only a single v for each isotopologue,
and isotope effects can be determined by a simple analysis of the reduced mass) and atomic vapor
(which lacks vibrations altogether), showing that deviations from the high-T exponent vanish
when the bond partner of the isotopically substituted atom is very light, and that they are most
significant when the bond partner is much more massive than the isotopically substituted atom.
These results can be derived analytically from the low-T exponent equations above, noting that
for a diatomic molecule
I [x

V= I E, (18)
where k is the bond force constant and u is the reduced mass of the diatomic molecule. If the
bond partner atom Y has mass 7y, then the vibrational frequencies are determined by

1 1
vny = Ve (* + ) 19)
27 my M

and so forth for the other isotopes. In the limit where 7y is very small relative to the mass of the
substituted atom, the approximation

£

VetemVat oz

20)
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for ¢ « z leads to
1 1

N m:
V1) — Vi2) = L ML [ (21)

47t 1 1
(530
my mi1

and the earlier low-T equilibrium exponent simplifies to

1 1

i1,i2,i3 ~ M ;2
Ops ¥ 57— (22)

i1 m;3

This is identical to the high-T expression! Thus nonhydrogen atoms in molecules and solids
dominated by bonding to hydrogen atoms (such as oxygen in water vapor) will show very little
deviation from the high-T exponent. This convergence likely plays a role in determining the mass
fractionation relationship of 1¢O, 170, and O in meteoric waters, which is similar to the value
found in high-T rock samples (~0.528) (e.g., Luz & Barkan 2010). In the other extreme, where mzy
is much larger than the isotopic masses, all 1/7zy terms in the square root sign can be neglected,

[1 [1
71 72

il.i2,i39 ~ (23)

a—-atoms .
/1 /1
miy m;3

In these limiting cases in the oxygen isotope system, the mass fractionation exponents for reduced

and the mass fractionation exponent becomes

partition function ratios (corresponding to fractionation from an atomic vapor) are as follows:
high T, 0.5305; low T and light bond partner, 0.5305; low T and massive bond partner, 0.5232.
In practice, bond force constants are too small for the low-T, massive-bond partner limit to be
reached in elements heavier than hydrogen, except at implausibly cryogenic temperatures. The
expected range in natural systems should thus be considerably smaller. Cao & Liu (2011) pointed
out that the isotopes of elements more massive than oxygen should typically deviate even less
from the high-T equilibrium exponent, because one or both of #;; and #zy/m;; will tend to be
small. Indeed, theoretical models of sulfur isotope fractionation generally show a more restricted
range of 233:3*9 in hydrogen sulfide, sulfite, and sulfate away from crossovers (e.g., Farquhar et al.
2003, Otake et al. 2008). This happens even though S—O and S-H bond force constants in these
molecules are large, the vibrational frequencies are quite high, and sulfur is still a relatively low-
mass element. Sulfur is likely the second or third most promising candidate for variable equilibrium
mass fractionation relationships after oxygen and possibly silicon. Deviations in A’ from the high-T
equilibrium reference will also decrease strongly at higher Z because In(f - ,.,ms) decreases, roughly
as (m;y — mjy)/m;ym;, (Bigeleisen & Mayer 1947), from ~100 at 25°C for '#0/'€0, 3°Si/?8Si, and
34S/328 (in sulfate) to ~20-30 for 26Mg/**Mg and ~10 or less for **Ca/**Ca, **Fe/**Fe, and most
heavier elements. Stated otherwise, because the extent of isotopic fractionation in heavy elements
is small, they provide less leverage to distinguish between mass fractionation laws.

Cao & Liu (2011) calculated exponents 0,-yoms (K, in their notation) using first-principles
electronic structure models of isotopic vibrational species in a variety of oxygen-bearing molecules
and found that 6 was in the range ~0.525-0.528 for many species at near-ambient temperatures,
except for H,O, which is close to 0.530 as expected. Barkan & Luz (2012) and Hofmann et al.
(2012) subsequently measured deviations of the low-T CO,-H,O fractionation exponent from
the high-T limit, finding qualitative agreement (Figure 1) with the predictions of Matsuhisa
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Figure 1

Equilibrium CO,-H, Oy, fractionation relative to a 0.528 reference line, using theoretical !¢ 17.189 results
from Cao & Liu (2011) and 18/160[(;02 -11,0 from Richet et al. (1977), shown with gray circles. The high-T
and the low-T, heavy—bond partner mass fractionation relationships are also shown with solid red and
dashed dark yellow lines, respectively. It should be noted that, in general, 1%17-18@ can fall beyond the
extreme high-T and low-T limits of 16,17.189 . oms. Experimental data from Barkan & Luz (2012) (blue
triangle) and Hofmann et al. (2012) (purple triangles) indicate a somewhat larger deviation. These have been
converted to expected equivalent CO;-H; Oy fractionations using the H, O liquid-vapor fractionation data
of Barkan & Luz (2005) and (for the Hofmann et al. 2012 results) Horita & Wesolowski (1994).

etal. (1978) and Cao & Liu (2011). Deines (2003), Otake et al. (2008), and Farquhar et al. (2003)
performed similar studies for sulfur-bearing molecules, finding a limited but potentially detectable
range of exponents *>33*@ and/or 323634,

2.2.3. Fractionation in mass-dependent potentials: gravity and centrifuges. Though limited
in occurrence in natural terrestrial systems (e.g., air in the interconnected pore space of a snowpack)
(Craigetal. 1988, Severinghaus etal. 1996), the gravitational fractionation of isotopes in a stagnant
column subject to a mass-dependent potential such as gravity is interesting as a thermodynamically
and mathematically simple case, and because it yields the most extreme (lowest, for mz;1 < m;; <
m;3) mass fractionation exponent of any mass-dependent process (Ono et al. 2006, Yeung et al.
2012). It is also mathematically similar to the fractionation process in a gas centrifuge, which
has significant technological importance. Heavier isotopologues tend to concentrate toward the
bottom of a stagnant column, and toward the outer margin of a centrifuge, in order to minimize
the potential energy of the system, yielding the relationship

Ny i1 — m;)(zl — 22
I/ oy, - 8t ZZT)(Z - )» 24)
il zz,izezl_zz _ Z:l _Ziz' 25)
i1 — 7713
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Here z1 and 22 are heights in the column and g is the acceleration of gravity, and it is assumed
that only one atom in each molecule experiences isotope substitution. For °O, 70, and '®O the
resulting exponent is 0.50104.

2.3. Diffusion and Kinetic Mass Fractionation Laws

Young etal. (2002) provided derivations and equations for the fractionation exponent for Graham’s
law (pinhole) diffusion:
) ( M )
Py [uintis
o M,
11,12.13ediff — 2 (26)

In (ﬁ) ‘
Mp

Here My, M;,, and M3 are the masses of isotopically substituted molecules. The diffusive expo-
nentis closest to the high-T equilibrium exponent for the case of atomic diffusion (M;; = z;1), and
diverges (downward if mz;; < m;1 < m;3) as the mass of the diffusing molecule increases (relative
to the difference in isotope masses). In the high-molecular mass limit, the exponent approaches
the gravitational fractionation exponent. However, the magnitude of overall fractionation also
decreases as molecular masses increase. The exponent for atomic diffusion is roughly midway
between the exponents for high-T equilibration and gravitational fractionation (or large-M;; dif-
fusion). It should be noted that there is a report of an unusual mass fractionation relationship
during thermal diffusion of O, at low pressure (Sun & Bao 2011), and that the mass fraction-
ation relationships for thermal diffusion and diffusion through dense phases are not yet as well
understood as those for simple diffusion in the vapor phase.

Young et al. (2002) also considered a special case of the transition state theory (T'ST) of
chemical kinetics, which describes activation energy-limited kinetic isotope fractionation. Young
et al. (2002) further assumed that fractionation is dominated by the motion of atoms along a
reaction coordinate, neglecting isotope effects on the activation energy:

In <l£1>
B

In (Lﬁ) .
Hi

Here the mass term is more complex, because multiple atoms in the reactant molecule(s) may

be moving in the activation process; in T'ST this complex motion along the reaction coordinate
is modeled as if it were a special vibrational mode with a negative force constant (and thus an

@7)

il,i2,i3eTST —

imaginary vibrational frequency), with a corresponding reduced mass. Reactions where the isotope
effect on activation energies dominates (i.e., where the substituted atom does not move vigorously
along the reaction coordinate but does participate in bonds that strain, reorganize, form, or break
during activation) are expected to more closely follow the relationships given above for equilibrium
fractionation. In general, when ;1 < m;; < m;3, kinetic fractionation exponents are smaller than
the canonical high-T equilibrium exponent (Figure 2).

2.4. Effects of Mixing and Distillation

In addition to providing derivations for equilibrium and kinetic fractionation mass fractionation
law exponents, Young et al. (2002) noted that back reaction and cyclic reaction networks can
combine to generate apparent mass fractionation relationships that diverge from those of the
underlying elementary reactions. They focused on the oxygen isotope system in atmospheric O,

www.annualyeviews.org ¢ Normal and Anomalous Isotope Variations

719



Annu. Rev. Earth Planet. Sci. 2016.44:709-783. Downloaded from www.annual reviews.org
Access provided by University of Chicago Libraries on 07/19/16. For personal use only.

T T T 10 1
a b
0 F & —— High Tand low T, light partner
‘44 | - - Gravity and molecular diffusion limit |
‘44 0:5 ---- Low T, heavy partner
z7 === Atomic pinhole diffusion
— 75 7 — -
=] 4 o
7
3 ‘ °
o 5 I <
-0.5 [
25 [ 1
0 | | | 210 |
0 5 10 15 20 0 10 20
§'180 (%o) §'180 (%o)
Figure 2

Mass fractionation relationships 16:17:189,_, for different elementary reaction types, acting in the oxygen isotope system (160, 170,
180)). Substance # is assumed to have &7 and &30 equal to zero, and 103 In('8/16 ;) is varied from 0% to 20%. (2) &''7O versus
&180. (b)) A'V70 versus §''80, against a reference exponent of 0.528.

but similar phenomena will have (usually more subtle) effects in other systems as well. Even simple
mixing between two gas reservoirs will lead to variable apparent mass fractionation relationships,
because of the slight difference between conventional & notation (in which all mixing lines are
linear in the 82/! versus 8*/"! plane, but fractionations of varying /!l at a given 0 form curved
arrays) and logarithmic § notation (in which mixing lines are curved, but *//lx values at constant
0 will fall along a single straight line).

Similarly, distillation processes such as Rayleigh fractionation can lead to apparent mass frac-
tionation exponents that differ from the /230 value of the instantaneous fractionation process.
This distinction has led to the introduction of the notation ‘12?2 to distinguish empirically ob-
served 8%/ versus 8%/ slopes from mechanistically defined 1230 exponents (Miller 2002,
Angert et al. 2003). A roughly analogous distinction between empirical, or effective, exponents
and mechanistic exponents is also made in the alternative 3 notation descended from the work of
Young et al. (2002). The field of isotope geochemistry is already rich in notations, and we only
use 0 to denote slopes in three-isotope diagrams, whether they are empirically or mechanistically
derived. As a word of caution, because processes like mixing or distillation can influence the ap-
parent mass fractionation relationships, one cannot write mass-balance equations for A’ in the
same manner as is done for 4 or & (Miller 2002, Young et al. 2002, Assonov & Brenninkmeijer

2005, Ono et al. 2006, Tang & Dauphas 2012).

2.5. Mass Fractionation and Mass Spectrometry

To study radiogenic ingrowth or nucleosynthetic anomalies, one has to correct for stable isotopic
fractionation. This is most often done by a combination of standard measurements performed
under the same conditions as the samples and mass fractionation correction by internal normal-
ization. When studying mass fractionation in natural systems, emphasis is put on understanding
the processes at play, which are sometimes associated with specific mass fractionation laws. In
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general, many processes can affect measured isotopic compositions, including isotopic fractiona-
tion imparted by natural processes, chromatographic separation, and mass spectrometry. Various
empirical laws have been used for correcting for such mass fractionation. The exponential law
is commonly encountered in thermal ionization mass spectrometry (TIMS) (Russell et al. 1978,
Hart & Zindler 1989), multicollector inductively coupled plasma mass spectrometry (MC-ICPMS)
(Maréchal etal. 1999), and secondary ionization mass spectrometry (SIMS) (Fahey etal. 1987a,b).
It relates the measured isotopic ratio to the “true” ratio through

/2 ») 2\
(1'7> - (L> <m2> ’ 28)
il measured il “true” mi1

where 4 is a free parameter (it is often written as {3, but we have avoided this notation to prevent

any confusion with the reduced partition function ratio in Equation 6). Connecting this equation
to the formalism given above (Equation 3), we have for the exponential law
lIl iy — h’l ;1

measured=‘“true” =

iI.iZ.i3e —
In ;3 — In i1

29)
Maréchal et al. (1999) introduced another empirical law (the generalized power law) that encom-
passes most mass fractionation laws used for internal normalization:

i2 i2 -
i == iy = My 30
( i1 )measurcd ( il ) “true” & ( )

where g and 7 are two free parameters. When 7 — 0, the limit of this law is the exponential law
discussed above. Connecting this equation to the formalism of Equation 3, we have

7 7
iLi2i3g mi; — My

GD

measured-“true m73 — m?] .
A virtue of this law is that it does capture much of the mass dependences obtained based on
first-principles considerations (Wombacher & Rehkimper 2003; » = —1 gives Equations 9, 22;
n=—1/2 gives Equation 23; n =1 gives Equation 25; » — 0 gives Equation 27).

The manner in which internal normalization is applied is to fix one (or two for the generalized
power law) isotopic ratio (i3/:1 hereafter) to an assumed “true” value to calculate the parameters
of the mass fractionation law. In the commonly used exponential law, # is given by

_ ln(l3/l l)measured - ln(i?’/il)“tmc"
N In m;i3 — In mi1 ’

b

(32)

The i2/i1 ratio corrected for mass fractionation by internal normalization is thus given by

/2 2 /3 /3 Inm;, — Inm;
()G ) e o
il corrected il measured il measured il “true” In mi3 — In i1

If one uses an inappropriate law to correct for mass fractionation, this can create apparent anomalies
(also called second-order fractionation). Two telltale signatures of inadequate mass fractionation
correction are (1) correlations of apparent anomalies with the degree of isotopic fractionation
and (2) correlations between apparent anomalies for various isotopes. Tang & Dauphas (2012)
examined those two aspects using the formalism of the generalized power law. If one corrects
isotopic fractionation using the generalized power law with exponent # while the true fractionation
exponent is 7, then the apparent anomaly in i2/i1 (in € units, the deviation between the corrected
and the “true” isotopic ratios in parts per 10%) is

€i2ji1 = S(n — k)omir /iy — V) (mjy — mj3)F, (€L))
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where F is the degree of isotopic fractionation in %o amu~". If one considers another ratio i4/1,
also corrected for mass fractionation by internal normalization, then the apparent anomalies will
correlate through (note that 7 and 4 are not present in this equation)

(miz — mjy )iy — m;3)

(1miq — i1 )(omig — mm;3)

Ei2/i1 =

£i4/i1- (35)

The choice of which mass fractionation law to use influences “Fe-®"Ni systematics in chondrules
from CB chondrites (Tang & Dauphas 2012) and 2¢Al-* Mg systematics in refractory inclusions
(Davis et al. 2015). Second-order mass fractionation corrections have also been applied in mass
spectrometry in Cr (Lugmair & Shukolyukov 1998), Nd (Caro et al. 2003), and W (Touboul &
Walker 2012) high-precision isotope measurements.

2.6. Emerging Use of Mass Fractionation Laws in Geochemistry

As technical improvements have increased the precision of isotope ratio measurements, potential
applications of measuring variations in mass fractionation exponents have emerged. So far, these
studies have been mainly limited to oxygen, sulfur, and magnesium, the three lowest-mass three-
and four-isotope systems (e.g., Young et al. 2002, Deines 2003, Farquhar et al. 2003, Ono et al.
2006, Rumble et al. 2007, Levin et al. 2014, Pack & Herwartz 2014, Passey et al. 2014).

2.6.1. The hydrological cycle. Earth’s hydrological cycle is among the most intensive subjects
for study of variations in mass fractionation laws and of how they may be distinguished from mass-
independentsignatures inherited from other atmospheric species. An in-depth discussion is beyond
the scope of the present review, so an abbreviated introduction is given here. Luz & Barkan (2000)
first noted differences between the high 1617189 value, of ~0.529, characteristic of equilibrium
evaporation and condensation and the lower %7189 value found in evaporation to undersaturated
air. Meijer & Li (1998), Landais etal. (2008), Luz & Barkan (2010), Uemura etal. (2010), and others
have subsequently reported high-precision 7 O/*O and '"*O/'°O measurements of water samples
including water vapor in air, meteoric waters, ice cores, and seawater. These studies find well-
defined 8"'70/8"180 slopes of 0.528 for meteoric waters and ice, slightly offset and 7O enriched
(by ~0.04%0) relative to a seawater array with the same mass fractionation exponent. Seawater is
found to be much more similar to the Vienna Standard Mean Ocean Water (VSMOW) standard
(8" Ogeawater & —0.005%0). Luz & Barkan (2010) argued that the slight 7O/!*O enrichment in
meteoric waters relative to seawater is a signature of disequilibrium fractionation of oxygen isotopes
when liquid water evaporates into undersaturated air, and they were able to produce a similar
signature in open-pan evaporation experiments. They further found that normal condensation
processes have at most a weak effect on the 7 O excess, whereas crystallization of ice from very cold,
supersaturated Antarctic air leads to a marked diminution of the 7O excess, and highly evaporated
lake waters also show lowered §'17O. These observations are consistent with a low, disequilibrium
effective 117:189 for kinetically hindered phase changes far from equilibrium saturation conditions.
The systematics point to potential uses of 17 O/!®O measurements to constrain humidity in water-
vapor sources or ancient precipitation preserved in ice core samples (e.g., Landais et al. 2008,

2012).

2.6.2. O, in the troposphere. Young et al. (2002) noted that mass fractionation laws for kinetic
and equilibrium processes were distinct, with diffusive kinetic laws generally giving smaller ex-
ponents than the high-T limit of equilibrium fractionation. This led the authors to propose that
0 values characteristic of selected suites of samples could be used to constrain the nature of the
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fractionating process. They further showed that complex processes of mixing, reaction, and back
reaction could affect apparent exponents and lead to A’ deviations. Angert et al. (2003) observed
that the fractionation exponent associated with respiration of O, (~0.506-0.516) was substantially
lower than in typical high-T and hydrological data sets, which cluster at values slightly lower than
the high-T equilibrium limit (0.526-0.529 versus 0.5305). Because O, respiration is the dominant
cause of the Dole effect—i.e., the high 5!#0 of O, in air relative to natural waters—the low 16:17:189
of respiration likely contributes significantly to the negative A’'7O observed in air (Young et al.
2014).

2.6.3. Paleoenvironment and provenance of chemical sediments. The theoretical study of
variations in 1*!7-189 in molecules and molecular analogs for silicate and carbonate minerals by Cao
& Liu (2011) has triggered interest in using highly precise A’Y7O measurements of sedimentary
minerals to investigate the conditions of their formation. Levin et al. (2014), Pack & Herwartz
(2014), and Passey et al. (2014) have recently reported systematic deviations of A’'7O in low-T
silicate and carbonate precipitates. Because 1617 18011, 0-atoms closely approximates the high-T limit
at ambient temperatures, the equilibrium A’ O value in crystals comprising chemical sediments
will depend mainly on 17189 i cimaoms and B minerat (Cao & Liu 2011), and signatures in field
samples will likely reflect a combination of the temperature of deposition, disequilibrium steps
in the precipitation reaction, and the A’'7QO value of precipitating fluids. These dependencies
suggest that it will be possible to obtain information that is complementary to established pa-
leothermometers based on tineral-11,0 versus temperature calibrations as well as to the recently
developed P C-180 clumped-isotope technique for carbonate minerals (e.g., Ghosh et al. 2006).

2.6.4. Sulfur biogeochemistry. Hulston & Thode (1965) established the theoretical and empir-
ical mass fractionation exponents for sulfur. More recent high-precision analyses of **S/*?S and
even **S/32S ratios opened up the possibility of looking for small differences between samples with
sulfur that has undergone isotopic partitioning via inorganic processes versus biological pathways.
Farquhar et al. (2003) explored these possibilities using theory, experiments, and process-based
modeling, proposing distinct mass fractionation relationships for components of biologically me-
diated dissimilatory sulfate reduction relative to the disproportionation of intermediate species in
metastable oxidation states. Experimental sulfate reduction with Archaeoglobus fulgidus could be
explained with a normal equilibrium 32346 value of approximately 0.515. Relationships between
bio(geo)chemical reaction networks, intrinsic fractionation mechanisms, and observed mass frac-
tionation effects were explored further in subsequent papers (e.g., Ono et al. 2006, Johnston et al.
2008).

2.6.5. Adsorption/condensation reactions. Eiler et al. (2014) found an anomalously high
3233349 value of ~0.55 (compared to 0.515 for the high-T equilibrium limit) during batch equili-
bration of SF¢ between vapor and solid at temperatures of 137-173 K in laboratory experiments. In
this temperature range, the solid has slightly lower **S/32S and >*S/3S ratios than the vapor, likely
because the strong intramolecular S-F bonds in the vapor weaken slightly as intermolecular F-F
bonding interactions strengthen in the crystal. They explained the anomalous *%**3*6 ;ysal-vapor
in terms of a near-crossover relationship, with the condensed phase showing a slightly higher
32’33'346“),5“11_3[0,“5 because of the influence of lower-frequency (low-#) intermolecular vibrations,
coupled to the small **/*2« of both the vapor and crystalline phases (e.g., Skaron & Wolfsberg

1980).
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3. MASS-INDEPENDENT FRACTIONATIONS IN OXYGEN
AND SULFUR: WHERE THE WILD THINGS ARE

The oxygen and sulfur isotope systems have the most intensively studied and dramatic mass-
independent chemical isotope fractionations of any elements. Prominent mass-independent frac-
tionation phenomena in these systems are found in primitive meteoritic materials (e.g., Clayton
et al. 1973), in ozone in the terrestrial stratosphere (e.g., Mauersberger 1987), and in sulfur
extracted from ancient (2.4 Ga or older) terrestrial sediments (Farquhar et al. 2000). Although
the mechanisms behind each of these prominent mass-independent fractionation signatures are
not yet fully understood, the most widely favored hypotheses are that both the meteoritic oxy-
gen isotope anomaly and the Archean—earliest Proterozoic sulfur isotope anomaly originate from
abundance-dependent photochemical fractionation effects, in particular the phenomenon of self-
shielding, whereas the oxygen isotope signature of stratospheric ozone is controlled by an isotope
effect on the lifetimes of newly formed, vibrationally and rotationally excited ozone molecules.
Each of these topics is the focus of ongoing, intensive study, and each has been the topic of recent
reviews elsewhere (e.g., Thiemens 2006, Young et al. 2008, Johnston 2011, Thiemens et al. 2012).
They are summarized only briefly here.

3.1. Anomalous Oxygen Isotopes in Meteorites

In a study of mineral separates from meteorites, Clayton et al. (1973) discovered that refractory
minerals from carbonaceous chondrites showed dramatically different 70/O and '80/'¢O ra-
tios relative to terrestrial rocks and samples from other rocky bodies in the Solar System, with
depletions of up to 35%o in both ratios. The range of variation has been extended to §'70 ~
880 & —75%0 [relative to Standard Mean Ocean Water (SMOW); Earth has §'7O ~ +3%o and
8180 & 6% on the same scale] by subsequent measurements of calcium-aluminum-rich inclusions
(CATs; millimeter- to centimeter-size inclusions that are found in chondrites and are made of
ceramic-like refractory minerals), meteoritic hibonite grains, and a chondrule-like sample of the
Acfer 214 chondritic meteorite (Kobayashi et al. 2003, Liu et al. 2009). Complementary, highly
170- and '¥O-enriched samples from the aqueously altered matrix of the Acfer 094 chondrite have
also been measured, with §'7O and §'3O up to 4+180%, (Sakamoto et al. 2008). Most remarkably,
these fractionations fall along a 67O versus 5'¥O array with a slope of one, contrary to the slope
of ~0.50-0.53 for mass-dependent chemical fractionation processes such as those documented
in terrestrial waters and rocks (and within some families of meteorites, as well as the Moon).
The magnitude of fractionation and the unusual mass fractionation relationships in these samples
were unmatched until the discovery a decade later of mass-independent fractionation of ozone
toward '®O-depleted compositions in Earth’s stratosphere (Mauersberger 1987). Initially, Clayton
et al. (1973) proposed that the *O-enriched, }”O- and *O-depleted compositions of refractory
minerals in carbonaceous chondrites were due to the presence of an exotic component with a
distinct nucleosynthetic history that did not fully mix before the refractory grains condensed.
This explanation predicts that oxygen in Earth, the Moon, Mars, and bulk meteorites, which
are much more uniform in composition, represents the homogenized solar nebular composition
and that the grains are anomalous. It is now known that the oxygen isotope composition of the
Sun closely resembles the composition of refractory meteoritic inclusions with the most extreme
isotopic compositions (670 ~ §'80 ~ —70%0 relative to bulk Earth) (McKeegan et al. 2011)
(Figure 3), and that presolar oxide grains rarely contain oxygen with the '*O-rich compositions
required to explain the 1:1 oxygen isotope variations (e.g., Nittler et al. 1994). The prevailing
view now is that the slope-one line is not nucleosynthetic in origin, but instead reflects a chemical
process in the solar nebula, or perhaps in a molecular cloud environment: isotope fractionation
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Figure 3

Oxygen isotope compositions of Solar System materials. Data for the Sun are from McKeegan et al. (2011),
CAI data are from Young & Russell (1998), platy hibonite analyses are from Liu et al. (2009), and data for
the very 160-enriched Acfer 214 chondrule are from Kobayashi et al. (2003). Data for 16O-depleted
meteoritic waters are from Sakamoto et al. (2008) and Choi et al. (1998). At this scale, the compositions of
martian meteorites and ordinary chondrites are hidden behind the Earth and Moon symbols, even though
they are measurably distinct (e.g., Clayton et al. 1976, Franchi et al. 1999). Abbreviations: CAI,
calcium-aluminum-rich inclusion; VSMOW, Vienna Standard Mean Ocean Water.

in the photochemical destruction of carbon monoxide by far-UV light (Clayton 2002, Yurimoto
& Kuramoto 2004, Lyons & Young 2005). Chemical fractionation processes involving dust grain
surfaces and/or SiO vapor have also been proposed (e.g., Marcus 2004, Chakraborty et al. 2013).
In the nebular CO self-shielding process, oxygen liberated by photochemical destruction of CO
is thought to react with residual nebular material, eventually forming a 1:1 70/'O and #0/'*O
enriched reservoir, possibly through the formation of H,O from photolysed CO and subsequent
water-rock interactions. Self-shielding of UV photons by CO molecules has long been thought to
be a cause of isotopic variation of CO in molecular clouds (e.g., Bally & Langer 1982). Variations in
the isotopic composition of CO around the protostellar disk in VV CrA, which are consistent with
nebular self-shielding, have also been observed astronomically (Smith et al. 2009). Self-shielding
is a fractionating process that can occur when a parcel of material subject to photodissociation
is optically thick, so that a significant fraction of the incoming photons at dissociating energies
are absorbed before passing through the fractionating reservoir. Photons that react with the most
common isotopologues will be absorbed most strongly, whereas photons that preferentially react
with rare isotopologues will penetrate more deeply. For CO, in the (unrealistic) limit of perfect en-
ergy separation for reactive photons for each isotopologue, uniform intensity of photons over the
relevant energy range, unit quantum yield, complete absorption at very high optical depth, and a
high ratio of reactant to product, each isotopologue will photodissociate at the same absolute rate,
and all isotopic ratios of the products will approach unity (i.e., 7O/"0 ~ 80/ 0 ~ BC/C ~ 1).
At intermediate optical depths, or in the presence of nonreactive, broad-spectrum absorbers or
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Mass-independent fractionation signatures in terrestrial sulfate and sulfide samples. Data points are from the discovery paper (Farquhar
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for 2.2-2.4 Ga samples, and in blue for<2.2 Ga samples.

726

scatterers such as dust, the reaction probabilities for photodissociation events involving rare iso-
topologues may be small enough that their relative contribution to the reaction products will
be similar to the reactant composition, whereas common isotopologues will be partially shielded
from reaction due to their greater effective optical depth for dissociating photons. This idealized
intermediate case will give rise to a 1:1 mass fractionation relationship enriching rare isotopes in
the reaction products. Realistic modeling of self-shielding effects must take account of overlap
between the reactive photon energies of different isotopologues, variations in optical thickness
across the reacting mass, and other complications (Lyons & Young 2005), as well as the details of the
photochemical mechanism itself (e.g., Chakraborty etal. 2012), and these are topics of active study.

3.2. Mass-Independent Fractionation of Sulfur Isotopes

Although Hulston & Thode (1965) found that **S/3?S and **S/3?S ratios in most terrestrial and
meteoritic samples closely follow a single mass fractionation line, Farquhar et al. (2000) discovered
that terrestrial samples of sulfide and sulfate minerals formed near Earth’s surface in the Archean
and earliest Proterozoic eons before 2.4 Ga exhibit pronounced mass-independent fractionation
signatures (Figure 4). They were able to reproduce similar fractionations by exposing sulfur-
bearing molecules in the vapor phase to UV photons energetic enough to drive photochemical
breakdown. The most likely candidate reactant for the Archean fractionation reaction is sulfur
dioxide (SO,), and the fractionating mechanism is thought to be an atmospheric self-shielding
process similar to the nebular process proposed for CO (Farquhar et al. 2001, Lyons 2007). Sulfur
gases, including SO,, are very rare and generally short lived in the modern oxidizing atmosphere
of Earth, and the surficial sulfur reservoir is dominated by sulfate and sulfide in solution and
chemical sediments. The modern stratosphere’s ozone layer also strongly absorbs UV light, greatly
attenuating photochemical breakdown of sulfur species in most of the atmosphere. More detailed
chemical arguments, experiments, and reaction modeling (e.g., Farquhar et al. 2000, 2001; Pavlov
& Kasting 2002) indicate that the strong signature of SO, self-shielding observed in Archean sulfate
and sulfide can only occur in an atmosphere in which O is a trace gas (pO; ~ 107° bar or less).
The Archean sulfur isotope record, and the disappearance of the mass-independent signature after
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this epoch, thus provides key evidence that the first appearance of O; as a significant component
of air occurred at ~2.4 Ga. Mass-independent fractionation of sulfur in modern environments has
also been noted, related to sulfate aerosols lofted to the stratosphere by extremely large volcanic
eruptions (e.g., Savarino et al. 2003, Baroni et al. 2007, Bindeman et al. 2007, Martin & Bindeman
2009).

3.3. Mass-Independent Fractionation of Ozone in Earth’s Stratosphere

Mass-independent fractionation of ozone (Os) was first observed in laboratory synthesis exper-
iments using an electric discharge (Heidenreich & Thiemens 1986). In these experiments Os is
enriched in O and #O, with §'70 ~ 8O up to +30%0 depending on the gas pressure and
the presence of an inert gas. A similar signature of ozone in the stratosphere was first tentatively
observed in balloon-collected samples by Mauersberger (1987), and it is now known that strato-
spheric ozone can show enrichments in 17O- and '*O-bearing molecules of 100%o and more, with
mass-49 (1 O-bearing) and mass-50 (mostly '*O-bearing) enrichments following a roughly 1:1
relationship (e.g., Schueler et al. 1990). This unusual isotopic signature influences the isotopic
composition of the O, residue and is transferred to other molecules in the stratosphere through
exchange reactions, leading to mass-independent signatures in several tropospheric molecular
species, such as O; and CO; (Yung et al. 1991, Luz et al. 1999, Lyons 2001, Luz & Barkan 2010).

Unlike in meteoritic oxygen and Archean sulfur, the mass-independent fractionation in ozone
is thought to stem mainly from the formation reaction (Morton et al. 1990). Photolysis reactions
are likely to be secondary in importance (Krankowsky et al. 2007). When O, and O atom react
to form ozone, the Oz product molecule is initially highly excited vibrationally and rotationally,
with enough energy to dissociate back into the reactant state. Stabilization of the product depends
on inelastic collisions with other molecules (typically Ny, in the case of air) that remove enough
energy to prevent dissociation. The net formation rate of ozone thus depends critically on the
intrinsic dissociation lifetime of newly formed ozone molecules, relative to the rate of collision
with other molecules. Substitution of 7O or 'O into an ozone molecule strongly affects the
dissociation lifetime, and the location of rare isotopes on the central or distal position of the
ozone molecule is also important (e.g., Mauersberger et al. 1999). These considerations lead
ozone to have high 170/O and *O/'°O ratios relative to atomic and molecular oxygen. The
effect diminishes at high gas pressure (where collision rates with surrounding molecules become
large and lifetime differences are less important). In detail, however, quantitatively reproducing
laboratory experiments and environmental isotopic signatures with theoretical models has proven
difficult (e.g., Gao & Marcus 2002), and studies are ongoing.

Apparent mass-independent AO signatures in oxygen, derived from the fractionation of
stratospheric ozone and from tropospheric chemical processes with varying mass fractionation
exponents due to photosynthesis and respiration (e.g., Angert etal. 2003, Young et al. 2014), are of
interest as tracers of oxygen in the ambient environment. For instance, Luz et al. (1999) proposed
the use of A0 measurements to track photosynthetic productivity. More recently, A7O in
chemical sediment and biominerals has been used as a proxy for atmospheric CO, abundance,
tracking the O3;-CO; exchange process (Bao et al. 2008, Pack et al. 2013).

4. CHEMICAL ISOTOPE EFFECTS DRIVEN BY PROPERTIES
OTHER THAN MASS

The isotopic nuclei of a given element typically vary in size (i.e., the positive charges occupy
different volumes of space), and nuclei with odd numbers of neutrons and/or protons also exhibit
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magnetic moments and nonspherical shapes. In principle, these properties should lead isotopes
to react at different rates, and to partition unequally between coexisting phases or species at
equilibrium. Compared to isotopic abundance variations caused by differences in isotopic mass,
however, these non-mass-dependent phenomena are little studied and poorly understood. In
fact there is not an accepted term to describe these effects, because the term mass-independent
fractionation has come to refer to any isotope effect that does not scale in proportion to mass
differences in isotopes, and it usually describes phenomena where the underlying mechanism
does in fact depend mainly on isotopic mass (e.g., ozone formation and self-shielding of O and
S species). In atomic physics, the effects of nuclear size and shape on emission and absorption
spectra are grouped together as nuclear field shift effects, distinguished from the effects of mass
and hyperfine structure; field shift isotope fractionations were originally proposed for uranium
(Bigeleisen 1996a, Nomura et al. 1996) and strontium (Nishizawa et al. 1995). Magnetic isotope
effects are thought to occur in disequilibrium reactions where spin-forbidden pathways can be
accessed by interactions between the spins of unpaired electrons and nuclei with nonzero magnetic
moments (e.g., Buchachenko 1995, 2013); this mechanism is the leading candidate to explain
large mass-independent fractionations observed in terrestrial mercury samples (Bergquist & Blum
2007). This section discusses recent progress in measuring and understanding isotope effects that
depend on properties other than isotopic mass differences, with a particular focus on the field shift
effect.

4.1. Magnetic Isotope Effects

Isotope effects that depend on nuclear magnetic moments have been described in the chem-
istry literature, typically affecting organic reactions that form radical ion pairs as an intermediate
step. These phenomena have been reviewed elsewhere (e.g., Turro 1983; Gould et al. 1984;
Buchachenko 1995, 2013). In contrast to the field shift effect, which acts both at equilibrium and
in kinetically hindered reactions (by changing activation energies, in the latter case), magnetic
effects are purely kinetic, affecting the rates of formation and branching ratios of possible reaction
products. Although there are scattered reports of magnetic isotope effects in laboratory experi-
ments on oxygen- and sulfur-bearing compounds (e.g., Oduro et al. 2011), interest in magnetic
isotope effects increased with the discovery of large mass-independent fractionation signatures in
mercury, particularly in samples of biological tissues, and their reproduction in experiments in
which Hg(II) species are photochemically reduced to elemental form (Bergquist & Blum 2007).
Mass-independent fractionation of mercury has recently been reviewed in this journal (Blum et al.
2014). Although a magnetic mechanism is widely considered to be the most likely cause of these
large fractionations, there is not yet a tractable quantitative theory to predict or explain the size of
the effects observed, or why mercury compounds—particularly methylmercury(II) species—seem
to be especially susceptible to magnetic isotope fractionation in natural environments.

4.2. Nuclear Field Shift Effects

This section introduces basic principles governing nuclear field shift effects, and their poten-
tial role in causing isotopic signatures in planetary materials. The concepts and terminology of
the nuclear field shift effect have been adopted from atomic physics, where it is manifested as
shifts in the emission and absorption frequencies of isotopic atoms that cannot be explained by
mass differences and hyperfine splitting (King 1984). Bigeleisen (1996a) and Nomura et al. (1996)
adapted this concept to explain strange features observed in experiments on ***U enrichment us-
ing ion exchange columns. The experiments contained mixtures of oxidized and reduced uranium
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Figure 5

The electrostatic potential binding an electron to a nucleus is higher (weaker) for a larger nucleus than for a
smaller nucleus. Here the radius difference is assumed to be 10%, much larger than typical differences
between isotopes. Adapted with permission from Schauble (2007).

compounds [U(VI) versus U(IV)] (e.g., Fujii et al. 1989) and were designed to achieve isotopic
equilibrium. The 2*8U isotope was found to be more concentrated in U(IV) species, even though
U(VI) compounds are expected to form stronger, stiffer bonds and thus preferentially incorpo-
rate the most massive isotopes in mass-dependent equilibrium fractionation. Fujii et al. (1989)
and Nomura et al. (1996) also observed that 2*U/?**U ratios (|Am| =1.0030 amu) fractionated
much less than 2*¢U/?U (|Am| = 1.0016 amu) in the experiments, despite nearly identical mass
differences, and much less than one-third as much as 2*8U/?**U (| Am| = 3.0069 amu). Bigeleisen
(1996a) noted a resemblance between the relative 233U/238U, 24U/?38U, 25U/?8U, and 2*U/28U
fractionations and spectroscopically observed field shifts in atomic uranium vapor, and proposed
that the nuclear field shift effect was the dominant control on the observed isotopic fractionation.
He pointed out that measured field shifts had roughly the correct magnitude (~1 cm™, corre-
sponding to ~10 J mol~!, which could drive isotopic fractionation of several per mil at the ~160°C
temperatures of the ion exchange studies). He also showed that the aspherical shape of the 2*°*U
nucleus is expected to have a much smaller effect on isotope fractionation than its size difference
relative to **U and 2*8U; for this reason, most subsequent research has focused on the nuclear
size (or volume) component of the field shift effect.

4.2.1. Principles of field shift isotope fractionation. The nuclear field shift effect (schematically
illustrated in Figure 5) occurs because the positive charge in an atomic nucleus is spread over
a finite volume of space with a radius typically ~1 x 10" to 6 x 107" m (e.g., Fricke & Heilig
2004) rather than being concentrated at an infinitesimal point. The electrons of the atom interact
with this volume: When an electron is inside the cloud of positive nuclear charge, the electrostatic
attraction of the electron to the outermost shell of positive charge tends to pull in all directions,
and thus largely cancels out. Because the net electrostatic attraction is diminished, the electron
will not be bound as strongly to a finite-volume nucleus as it would be to a point-charge nucleus.
Nouclei that take up more volume will overlap with more electron density, and the electrons will
be even more weakly bound. Smaller nuclei hold onto electrons more tightly. An approximate
quantitative expression is
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where SE'S, is the field shift energy driving fractionation of two isotopes between substance
A and substance B, Z is the atomic number, ¢ is the electron charge, A(r?) is the difference in
the mean square radius of the nuclear charge between two isotopes, |W(0)4]* and |¥(0)p|* are
the electron densities at the centers of the nuclei in substances 4 and B, E%S , is the field shift
contribution to isotope fractionation at equilibrium, 4g is the Boltzmann constant, and 7 is the
absolute temperature. The equation is approximate because of variation in the nuclear charge
density and electron density across the nucleus, and because the electronic structure will adjust
when one isotope is substituted for another. However, the equation still serves to illustrate the
chemical systematics that control field shift effects [as noted by Mioduski (1999) and others]:

1. Field shift fractionations will scale in proportion to the difference in mean square nuclear
charge radius between isotopes, rather than in proportion to mass differences.

2. The field shift is directly sensitive only to electrons in orbitals that have significant density at
the nucleus; these are mainly electrons in s orbitals. Electrons in py , orbitals also have a small
electron density at the nucleus (the 1/2 subscript indicates the total angular momentum, j;
two of the six electrons in each p orbital shell can have j=1/2).

3. Small (usually neutron-poor) isotopes will tend to partition into s electron-rich species,
whereas larger isotopes will prefer to partition into species with fewer s electrons. Electrons
in p, d, and f orbitals screen s electrons, reducing their electron density inside nuclei, so
they tend to have the opposite effect on isotope partitioning, meaning that large (usually
neutron-rich) isotopes tend to partition into species with more p, d, and f orbital electrons.
Whether directss electron effects or screening electrons predominate in a particular chemical
or geochemical system will depend strongly on which chemical group an element belongs
to. This dependence is described in more detail in rules 3a—c, below. Note that these rules
are based on an atomic-ionic model of electronic structure; covalent and metallic bonding,
including orbital (or band) hybridization, are not accounted for. Such bonding effects may
well reverse these rules of thumb in particular cases, particularly for p block and transition
elements.

a. For s block elements (group 1, 2, and 12 elements including the alkaline and alkaline
earth elements, Zn, Cd, and Hg) the field shift effect will tend to concentrate large-
nucleus (heavy) isotopes in oxidized species, which have fewer valence s electrons.

b. Transition elements, including lanthanides and actinides, tend to lose valence s electrons
first when ionized to a positive charge. In this case, field shift fractionation might be
expected to change direction through a range of oxidation states, favoring large-nucleus
(heavy) isotopes in moderately positive oxidation states (I, II) lacking one or both valence
s electrons, and favoring lighter isotopes in negative- and zero-oxidation-state species
with greater s orbital occupation. In highly oxidized species, however, a reversal may
occur after the valence s orbital is emptied and screening d and/or f electrons start to be
removed, favoring lighter isotopes in the most oxidized species.

c. P block elements (groups 13-17, plus the noble gases Ne—Rn) lose screening p electrons
first when ionized to a positive charge and lose s electrons only after all p electrons have
already been removed. In this case, field shift fractionation is expected to slightly favor
compact (light) isotopes in moderately oxidized species and to switch direction to favor
voluminous (heavy) isotopes at the highest oxidation states. However, the propensities
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for s-p hybridization and covalent bonding at high oxidation states are complicating
factors.

4. Atomic spectroscopy shows that nuclear field shifts increase rapidly toward the bottom
of the periodic table, suggesting that this mechanism could dominate isotope effects in
the heaviest elements in environments where isotope exchange occurs (Bigeleisen 1996a;
Knyazev & Myasoedov 2001; Schauble 2007; Abe et al. 2008a,b), but that field shift effects
will be modest or undetectable for lighter elements. This occurs because the electron density
at the nucleus of valence and near-valence s orbitals increases rapidly with increasing nuclear
charge. The relativistic contraction of s orbitals at high atomic number plays an important
role in this increase. Mass-dependent fractionations, in contrast, are expected to become
less pronounced as atomic or molecular mass increases (Bigeleisen & Mayer 1947), scaling
roughly as d/m? (at equilibrium) or 872/m (for some kinetic effects such as diffusion), where
dm is the difference in mass between two isotopes and 7 is the average atomic mass.

5. Nuclear field shift fractionations are expected to show Van ’t Hoff-type temperature sensi-
tivity, scaling as 7!, because most species remain in their ground electronic states even at
elevated temperatures (Bigeleisen 1996b), whereas mass-dependent fractionation at equilib-
rium scales roughly with 72 (Bigeleisen & Mayer 1947). Therefore, the relative importance
of nuclear field shift effects should increase in high-T environments, including possibly in
conditions relevant to metamorphic/igneous geochemistry or cosmochemistry.

4.2.2. Detecting field shift patterns of fractionation in multiple-isotope elements. In ele-
ments with more than two stable or long-lived isotopes, natural nuclear field shift isotope effects
may be distinguished by detecting fractionations that track variations in nuclear volume rather
than mass. Nuclei with odd numbers of neutrons, in particular, tend to have similar nuclear charge
radii to their neighboring isotopes with one fewer neutron (Figure 6), with a larger radius step
to the even-numbered isotope with one additional neutron. Nuclei with so-called magic numbers
of neutrons may be more compact than expected from the radius trends seen in neighboring iso-
topes (e.g., *He, *Ca, ¥Ca, °Ti, **Cr, %Kz, ¥ Rb, %Sr, *Zr, *?Mo, *¥Ba, *°Ce, *Nd, *Sm,

5.48 T T T T T 3.70 T T T T T 5.45 T T T T T
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Figure 6

Characteristic patterns in root-mean-square nuclear charge radii (7yc) for mercury, chromium, and platinum isotopes [from the
tabulations of Fricke & Heilig (2004) for Hg and Pt and Angeli & Marinova (2013) for Cr]. (#) Mercury, showing the typical odd-even
stair-step pattern of increasing radius in neutron-rich isotopes. (4) Chromium, with an anomalously small radius for *>Cr, a magic
(28-neutron) isotope. (¢) Platinum, showing nearly linear variation in radius with increasing neutron number across both even and odd
isotopes.
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298Pb) (Fricke & Heilig 2004). Many elements are thus expected to show a characteristic stair-step
odd-even pattern of fractionation, and some will show anomalies at particular even-numbered
nuclei as well. Many examples of the interpretation of multiple-isotope fractionation patterns as
suggestive of field shift effects in laboratory experiments have appeared [well summarized by Fujii
et al. (2009) and Moynier et al. (2013)]. This approach has been applied to CAlIs of the fraction-
ated and unknown nuclear effects (FUN) type (Fujii et al. 2006b,c; Moynier et al. 2009), but the
array of exotic nucleosynthetic anomalies in these samples makes such interpretations particularly
tenuous. Comparison of nuclear radii of ’Hg and ' Hg with observed isotope fractionations
also helped rule out nuclear field shift effects as the dominant cause of observed isotopic variations
in mercury from some terrestrial environments (e.g., Blum et al. 2014).

Using the pattern of relative magnitudes of fractionation of different isotope pairs to detect
field shift effects has the virtue of simplicity—one need only compare measured fractionations to
tabulated nuclear charge radii (e.g., Fujii et al. 2006b) or directly to measured spectroscopic field
shifts (Bigeleisen 1996a, Nomura et al. 1996). However, there are also important limitations to this
technique. The most obvious is that it only works on elements with more than two long-lived iso-
topes, where the nuclear size and shape parameters depart from a linear relationship to the number
of neutrons. This rules out almost all odd-numbered elements and many even-numbered ones.
For instance, the six stable and long-lived platinum isotopes (**°Pt, 1%2Pt, 1%*Pt, 1 Pt, 1%Pt, and
198P¢) follow a highly linear mass/nuclear volume relationship (Fricke & Heilig 2004) that makes
the field shift pattern difficult to distinguish from mass-dependent fractionation, unless the frac-
tionation is very large. High-precision measurements may resolve very small anomalies, but their
interpretation as evidence of field shift effects still must contend with significant disagreements
between published nuclear charge radii for some isotopes [e.g., see the discussion by Ghosh et al.
(2008) on mercury isotope radii in Fricke & Heilig’s (2004) versus Angeli’s (2004) tabulations].
Another important limitation is that nuclear size variations tend to correlate with other nuclear
properties, such as binding energy (Figure 7), which are important in nucleosynthetic processes.
Patterns mimicking field shift effects are also found in more realistic nucleosynthetic models (e.g.,

O Nuclear size (fm?)

< Nuclear binding energy (MeV)
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I
Detrended property
) )
S =
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Comparison of variations in nuclear size (87uc’, in units of fm?; from Fricke & Heilig 2004) (red circles) and binding energy per nucleon
(in units of MeV; isotope masses from Audi et al. 2003) (blue diamonds) for stable (2) calcium and (b)) molybdenum isotopes. All properties
are normalized to *'Ca, #*Ca, **Mo, and **Mo following Fuji et al. (2006b,c) and are scaled by differences in isotope number.
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Rauscher et al. 2002). This means that, in theory, some types of nucleosynthesis signatures may
mimic field shift effects (or vice versa), a particular concern in meteoritic samples (Moynier et al.
2009). In practice, the anomalies in meteorites are often large enough and carried by materials
documented to host nucleosynthetic anomalies for other elements, so that there is no ambiguity
on the nucleosynthetic nature of these anomalies (see Section 5.6). Because the field shift effect
fractionates all isotopes, telltale signatures should be departures from mass-dependent fractiona-
tion that correlate with the magnitude and direction of fractionation of the normalizing isotope
ratio, and a thermodynamically plausible relationship between the magnitude of fractionation and
the temperature at which the fractionating process occurred.

4.2.3. Electronic structure methods for estimating field shift effects. To overcome these
limitations, it is useful to make quantitative estimates of the magnitude of the nuclear field shift
effect at equilibrium for relevant species at relevant temperatures. Bigeleisen (1996a) was able to
show that field shifts measured in atomic uranium vapor are large enough to provide a thermo-
dynamic driving energy for per mil-level fractionations at hydrothermal temperatures; the basic
electronic structures of UIV) ([Rn]5f?) and U(VI) ([Rn]) are also consistent with the observed
38U/ U enrichment in the reduced species. However, this argument depends on an assumption
that field shift energies in atomic vapors correspond (at least roughly) to ground state isotopic
energy shifts between more complex uranium compounds in solution. Over the past decade it
has become possible to test this assumption through electronic structure models, which have now
been applied to a handful of elements.

Ab initio electronic structure theory has been applied to understanding spectroscopic field
shifts for decades (e.g., Wilson 1968). These models have been important for determining nuclear
size and shape parameters from the spectral lines in atomic and ionic vapors. Atomic models incor-
porating relativistic effects were adapted to make the first survey of likely field shift effects in the
chemical fractionation of isotopes (Knyazev & Myasoedov 2001) and an early study of 2*8U/?*U
fractionation between U(IV) and U(III) species (Abe et al. 2008a). Though often thought of as
somewhat exotic for ab initio chemical modeling for geochemical and geophysical studies, relativ-
ity is an important consideration for accurately simulating the near-nucleus electronic structure of
high—atomic number elements (i.e., one must attempt to solve the Dirac equation, rather than the
Schrodinger equation). The first relativistic, molecular models of field shift isotope fractionation
were reported by Schauble (2007), for mercury and thallium, and by Abe et al. (2008b, 2010), for
uranium. These authors noted that field shift effects in molecules share many qualitative character-
istics with analogous atoms and atomic ions but are modified and often muted by covalent bonding
and coordination. The combined theoretical and experimental study of Wiederhold et al. (2010)
took these observations a step further, quantitatively correlating modeled field shifts in Hg(II)
species with the ionicity of the bonds as determined by the atomic polar tensor model (Cioslowski
1989), and with measured fractionations on thiol (-SH)-containing chelating resins. Relativistic
molecular models have now been constructed for select nickel-, zinc-, and lead-bearing species
(Fujii et al. 2010, 2011a,b; Yang & Liu 2015), and simple models of this type have also been used
to rule out significant field shift isotope fractionation effects in magnesium, sulfur, and strontium
(Schauble 2007, 2011; Widanagamage et al. 2014).

Relativistic electronic structure theory is computationally difficult because of the four-
component electron/positron wave functions described by the Dirac equations. In practical terms
this limits model calculations to small molecules and molecular ions containing up to ~12 nonhy-
drogen atoms, depending on molecular symmetries. Ghosh et al. (2013), Schauble (2013b), and
Nemoto et al. (2015) sought to overcome this limit by comparing fully relativistic models against
models generated using more simplified methods. Ghosh et al. (2013) adopted a similar approach

www.annualyeviews.org ¢ Normal and Anomalous Isotope Variations

733



Annu. Rev. Earth Planet. Sci. 2016.44:709-783. Downloaded from www.annual reviews.org
Access provided by University of Chicago Libraries on 07/19/16. For personal use only.

734

to that of Wiederhold et al. (2010), creating a linear regression of nuclear field shift energies ver-
sus the orbital population of the valence 6s orbitals in simple mercury-bearing molecules. Using
the regression line and previous model results, they were able to estimate the field shift effect
in liquid mercury, a metallic material that would be very difficult to model as a small molecule.
Their estimate matches well with experiments in which mercury vapor is equilibrated with liquid
mercury (Estrade et al. 2009, Ghosh et al. 2013). This regression technique is most likely to be
useful for elements where s orbitals are the main participants in chemical bonds (i.e., alkaline
elements and alkaline earth elements as well as Zn, Cd, Hg, and, possibly, oxidized species of
Ga, In, and TI). Schauble (2013b) made a regression comparing two types of electronic structure
models: relativistic field shift models and density functional theory calculations using the projector
augmented wave (PAW) method (Blchl 1994). The PAW technique is well suited to periodic
boundary condition calculations, and so can be applied to solids and liquids as well as to small
vapor-phase molecules. Because it describes all valence orbitals, the PAW method is not limited to
elements with a particular type of bonding orbital. The technique was applied to reexamine field
shift effects in liquid mercury, as well as to predict fractionations in a variety of mercury-, tin-, and
cadmium-bearing compounds. Nemoto et al. (2015) adapted the simplified Douglas-Kroll-Hess
treatment of relativistic electronic structure (Douglas & Kroll 1974, Hess 1986) to greatly speed
up predictions of uranium isotope fractionations in molecular ions. Douglas-Kroll-Hess calcu-
lations also have the advantage of being implemented in many widely used molecular electronic
structure modeling software codes. Schauble (2013b) also showed that isomer shifts determined
by Méssbauer spectroscopy could inform estimates of field shift effects in elements with one or
more Mdssbauer-suitable isotopes (e.g., iron, zinc, and tin).

4.3. Natural Occurrences

4.3.1. Mercury. The most convincing examples of magnetic isotope fractionation in natural sam-
ples are found in the mercury isotope system (Blum et al. 2014). Briefly, high-precision analytical
and experimental studies (e.g., Bergquist & Blum 2007) strongly suggest that magnetic isotope
effects in photochemical reduction are the mostlikely candidate for generating large (>1%qo) appar-
ent mass-independent fractionations of the odd isotopes '’Hg and 2*'Hg in biological materials,
and in inorganic samples that derive their mercury from organic sources. Notably, the pattern
of mass-independent fractionation of these two isotopes is quite variable, and does not correlate
well with their nuclear charge radii, as would be expected for a field shift effect; the magnitude of
the apparent mass-independent fractionation is also much larger than the ~0.1%o to 0.6%o effects
predicted by electronic structure models of nuclear field shifts (Schauble 2007, Wiederhold et al.
2010). Samples from mercury ores, minerals, and hydrothermal deposits show much more subtle
apparent mass-independent fractionation, however, that is consistent with the field shift effect in
magnitude (A Hg < 0.5%o), but they show relatively poorly resolved A" Hg/A?*' Hg ratios that
may not be consistent with the 1.6 ratio expected from the nuclear volume effect (Fricke & Heilig
2004, Blum et al. 2014). A polluted site at the former ore-processing facility of the New Idria mine
in California, however, appears to show the expected A'”Hg/A?*'Hg, and other contaminated
sites may show similar signatures (Wiederhold et al. 2013, 2015).

4.3.2. Thallium. Thallium is likely the first element in which field shift isotope fractionations
were measured in terrestrial samples, though it took several years to recognize its importance. In
an early reconnaissance study, Rehkimper & Halliday (1999) observed variability in 2 T1/2'T1
ratios; the largest fractionations were found in samples of Fe-Mn crusts from the seafloor. Sub-
sequent work showed an ~2%o characteristic offset between high 2%T1/2%T1 Fe-Mn crusts and
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low 2% T1/2%T1 seawater (Rehkimper et al. 2002), and demonstrated that altered oceanic crust
was likely to be a complementary reservoir, with lower 2% T1/2%T1 ratio than seawater (Nielsen
et al. 2006b). This systematic offset between the two major sinks of oceanic thallium enabled a
proxy study of hydrothermal fluxes through oceanic crust (Nielsen et al. 2006b), among other
applications (e.g., Nielsen et al. 2006a). Thallium has only two stable isotopes (**'T1 and 2%T1),
and distinguishing the field shift effect from mass-dependent fractionation in the thallium isotope
system is difficult from observations alone but can be inferred based on relativistic electronic struc-
ture modeling (Schauble 2007). The model results indicated that 2 T1/?T1 in highly oxidized
TI(II) species would be offset by ~3%o from coexisting TI(I) species at equilibrium at ambient
temperatures, in reasonable agreement with the observed offset between Fe-Mn crusts and altered
basalt. Mass-dependent fractionation is unlikely to generate such large isotope abundance varia-
tions but does somewhat enhance field shift fractionation by favoring high 2% T1/2%T1 in TI(III)
species, accounting for roughly one-fourth of the total redox fractionation at ambient temperatures
(Schauble 2007). Experiments on the hexagonal form of the manganese oxide mineral birnessite
confirm a predominantly oxidized, TI(III) speciation in equilibrium with TI(I)-dominated aque-
ous solutions (Peacock & Moon 2012), with high 2"T1/2%T1 in the birnessite-adsorbed thallium
reservoir (Nielsen et al. 2013). Recent work has suggested that sulfide minerals may host TI(I)
species in altered oceanic crust (Coggon et al. 2014).

4.3.3. Uranium. Although the field shift effect was first proposed for isotope fractionation of ura-
nium in the laboratory (Bigeleisen 1996a), it took another decade before the first high-precision
analyses of natural materials appeared (Stirling et al. 2007, Weyer et al. 2008). These reconnais-
sance studies showed that *U/?*U ratios are variable in terrestrial samples, particularly those
influenced by low-T water-rock interactions. Weyer et al. (2008) found a characteristic enrich-
ment of 2*U/?**U by up to 1% in sediments deposited in anoxic environments, relative to seawater
and typical igneous samples. This systematic oxidation/reduction pattern is consistent with the
experiments discussed above in which U(IV) species show high 2*3U/?* U relative to U(VI) species
(Fujii et al. 1989, Nomura et al. 1996). A series of theoretical studies (Schauble 2006; Abe et al.
2008a,b, 2010; Nemoto et al. 2015) investigated likely field shift effects (and corresponding mass-
dependent fractionations) associated with U(IV) < U(VI) equilibrium. These predict ~1-2%o
higher 2*¥U/2*U in U(IV) in equilibrium with a variety of UO,**-bearing aqueous species, in
rough agreement with the largest natural fractionations measured (see Tissot & Dauphas 2015 for
a recent compilation). As predicted by Bigeleisen (1996a) and Mioduski (1999), the models show
that large nuclear field shift effects overwhelm smaller mass-dependent fractionation in the op-
posite direction (Figure 8). Recent laboratory experiments indicate an equilibrium U(IV) versus
U(VI) fractionation of approximately 1.6%o in aqueous solution at low pH (Wang et al. 2015b),
and a somewhat smaller fractionation of 1.1%0 during aqueous oxidation of U(IV)O, (Wang
et al. 2015a). In contrast, uranium from oxidizing sediments, including Fe-Mn crusts, typically
shows somewhat lower 2*¥U/?**U ratio than seawater. Birnessite adsorption studies reproduce
this 28U/’ U depletion, and extended X-ray absorption fine structure spectra suggest that the
formation of a strained surface complex is responsible (Brennecka et al. 2011).

Terrestrial 28U/?* U signatures, most likely reflecting various processes of exchange or par-
tial reaction between U(VI) and U(IV) near Earth’s surface, have also been reported in low-T
hydrothermal uranium ores and refined ore products (e.g., Bopp et al. 2009, Brennecka et al.
2010a), in groundwater systems (Bopp et al. 2010, Murphy et al. 2014), and in the mantle sources
of oceanic basalts (Andersen et al. 2015). Large variations in 2** U/?**U (of uncertain origin) have
also been reported in igneous mineral separates (Hiess et al. 2012). In contrast, many meteorite
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classes and materials appear to be quite uniform in composition (e.g., Goldmann et al. 2015),
except for refractory inclusions that display isotopic variations associated with **’Cm decay and
U condensation/evaporation (Brennecka et al. 2010b, Tissot et al. 2016).

4.3.4. Lighter elements. There have not yet been unambiguous detections of nuclear field shift
effects in any elements with Z < 80 in natural samples. Theoretical studies suggest that field shift
effects should become increasingly subtle at lower atomic numbers (Knyazev & Myasoedov 2001,
Schauble 2007) but still may yield detectable signatures in elements such as europium (Abe et al.
2008a); ruthenium (Schauble 2007); tin (Schauble 2013b); molybdenum, platinum, and rhenium
(Schauble 2008, 2013b; Miller et al. 2015); and tungsten (Schauble 2013a; also see below).

5. CARRIERS OF NUCLEOSYNTHETIC ANOMALIES
AND THEIR MANIFESTATIONS

It was found early on that meteorites had noble gas isotopic compositions that could not be related
to the solar composition by mass-dependent fractionation. Some of these variations were rightfully
ascribed to decay of short-lived radionuclides such as '*°T or ***Pu that produce '**Xe and heavy
fissiogenic xenon (1*'Xe, *?Xe, P*Xe, and ¥¢Xe) (Jeffery & Reynolds 1961, Rowe & Kuroda
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1965). Other isotopic variations could not be explained by radioactive decay and must reflect the
presence of signatures inherited from stellar nucleosynthesis. Lewis et al. (1987) and Bernatowicz
etal. (1987) were first able to isolate the carriers of these isotopic anomalies as presolar grains (e.g.,
nanodiamonds and silicon carbides) that condensed in the outflows of stars that lived and died
before the Solar System was formed (Anders & Zinner 1993, Clayton & Nittler 2004, Lodders
& Amari 2005). Other meteoritic materials such as hibonite grains, CAls, and acid leachates also
display isotopic anomalies of nucleosynthetic origin, albeit of much smaller magnitude. Below,
we review the nature of the presolar grains that have been identified and discuss their isotopic
manifestations at a macroscopic scale.

5.1. Presolar Grain Types and Their Signatures

Presolar grains are usually detected in undifferentiated (nonmolten) meteorites by the fact that
they have nonsolar/nonterrestrial isotopic compositions (Anders & Zinner 1993, Zinner 2003,
Clayton & Nittler 2004, Lodders & Amari 2005), so the sampling is somewhat biased in the sense
that grains with near-solar composition would be overlooked. Much of the early work focused
on isotopic anomalies for noble gases in grains that were resistant to harsh chemical treatments
(Huss & Lewis 1995). Subsequent work by ion probe allowed isotopic mapping of meteorite
sections to find anomalous grains, which led to the discovery of presolar grains that were less
chemically resistant, such as silicates or nanospinels (Messenger et al. 2003, Nguyen & Zinner
2004, Dauphas et al. 2010, Qin et al. 2011b). Studies of presolar grains, their structures, their
major and trace element compositions, and their isotopic compositions have provided considerable
information on stellar nucleosynthesis, mixing within stars, and condensation in stellar outflows,
which complements remote spectroscopic observations and informs modeling of stellar evolution.
In-depth discussions of the zoo of isotopic anomalies can be found in recent reviews (Zinner 2003,
Clayton & Nittler 2004, Lodders & Amari 2005, Davis 2011). Below we give a brief overview of
the nature of isotopic signatures found in presolar grains.

5.1.1. Nanodiamonds. Presolar nanodiamonds were discovered by Lewis et al. (1987). They are
isolated by digestion of meteorites in acids, to recover the most chemically resistant grains (Lewis
etal. 1987, Amari et al. 1994). They are small grains (2.8 nm median diameter; i.e., ~1,800 atoms
of carbon) that contain Xe with a characteristic isotopic pattern that is enriched in the heavy and
light Xe isotopes (hence the name Xe-HL). Recent work showed that the nanodiamond separates
are actually mixtures of bona fide nanodiamond and glassy carbon (Stroud et al. 2011). As a whole,
they have solar-like C and N isotopic composition and the majority (~1,400 ppm in abundance in
the Murchison CM chondrite) may have a solar origin (Xe is a poor tracer of provenance because,
on average, there is approximately one Xe atom per million diamond grains). Anomalies were
found for tellurium (Richter et al. 1998), but the grains were not characterized beyond that due to
the analytical challenges of measuring such small grains and contamination of the nanodiamond
separates with other presolar phases.

5.1.2. Silicon carbides. Presolar SiC (~30 ppm in Murchison) were discovered by Bernatowicz
etal. (1987). They are isolated in the residue after digesting away less chemically resistant phases
(Amari et al. 1994). These grains range in size from a few nanometers to a few tens of micrometers,
are crystalline of cubic (3C) and hexagonal (2H) structures (Daulton et al. 2003), and are among
the most studied presolar grains. They are classified into various subgroups on the basis of their
BC/MC, PN/MN, and *°Si/%Si-2?Si/?8Si ratios, which show very large variations covering many
orders of magnitude (Hynes & Gyngard 2009). In the zoo of presolar grains, two populations have
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been the focus of most studies. X grains are thought to come from core-collapse supernovae, which
are the endpoints of the evolution of massive stars [>8 solar masses (M)] when they have finished
burning their fuels and collapse onto their inert Fe-Ni cores to bounce back into violent explosions.
The most common presolar silicon carbides are mainstream grains. They are thought to come
from AGB stars (AGB, for asymptotic giant branch, refers to a region of the color-magnitude
diagram used for stellar classification), which are the site of the slow process of neutron capture
(s-process). Stars that are 1 to 8 M, enter the AGB phase after they have finished burning He in
their core. AGB stars have a shell structure, with a CO core (the product of He burning), He-
and H-burning shells, and a convective envelope. At regular intervals, the convective envelope
mixes with the region between the He- and H-burning shells. This brings together protons from
the envelope and ?C produced by He burning to make *C. The P C thus produced can then
react with helium (« particles) to make neutrons (n) through the reaction *C + & — 90 + n.
Another source of neutrons comes from the >Ne + o« — **Mg + n reaction, where 2?Ne is made
through « capture on '*N produced in the CNO cycle. These reactions are neutron sources for
the s-process. Studies of mainstream SiC have provided a wealth of information on the s-process
path and grain condensation in AGB winds. A good example is given by the Ru isotopic analyses
performed on mainstream SiC using a resonant ionization mass spectrometer (Savina et al. 2004).
These measurements revealed the presence of large Ru nucleosynthetic anomalies characterized
by enrichment in s-process isotopes. The grain data could be reproduced only if one assumed that
the short-lived nuclide *Tc (#;,, = 2.11 kyr) had condensed in the grains when they formed. *Tc
is a pure s-process nuclide whose detection by Merrill (1952) in stellar spectra gave credence to the
theory of stellar nucleosynthesis outlined by B*FH (Burbidge et al. 1957) and Cameron (1957).
Other SiC grain types (AB, Y, Z, nova) are thought to come from more exotic stars such as J stars,
born-again AGBs, AGB stars of metallicities lower than solar, and novae.

5.1.3. Graphite. Presolar graphite grains (10 ppm in Murchison) were discovered by Amari et al.
(1990). They often contain subgrains of refractory carbide and metal (Croatetal. 2014). They have
anomalous *C/'*C ratios but near-solar "N/'*N ratios, presumably reflecting contamination by
meteoritic or terrestrial nitrogen during residence in the parent body or during processing with
harsh reagents in the laboratory. Approximately two-thirds by mass of presolar graphite comes
from core-collapse supernovae, and approximately one-third comes from AGB stars (Amari et al.
2014). Presolar graphite is often separated into low- and high-density fractions. The low-density
fractions contain a larger proportion of supernova grains (Amari et al. 2014).

5.1.4. Silicon nitride. Mapping of chemically resistant residues from meteorites has revealed the
presence of rare presolar silicon nitride grains that are thought to originate from core-collapse
supernovae as these grains have an isotopic signature similar to that of type X SiC grains (Nittler
etal. 1995).

5.1.5. Oxides. Various types of oxides have been identified by mapping acid residues for their
oxygen isotopic compositions (Nittler etal. 1997). The presolar mineral phases identified comprise
aluminum oxide, hibonite, spinel, chromite, and TiO,. The majority of presolar oxides (90%) come
from AGB stars, and 10% come from core-collapse supernovae. Of particular relevance to this
article are presolar nanospinels rich in **Cr that were discovered in fine-grained size separates from
the Murchison meteorite (Dauphas et al. 2010, Qin et al. 2011b). Rotaru et al. (1992) showed that
acid leachates of primitive meteorites had variable **Cr abundance. The difficulty with identifying
the carrier of these anomalies was that the carrier was chemically labile (i.e., digested in hot HCI)
and was very fine grained (the largest anomalies were found in a colloidal fraction with a mode
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in the grain size distribution of ~30 nm). Isotopic imaging of the **Cr-rich fraction revealed the
presence of Cr-bearing nanospinels that were very enriched in **Cr (up to 3.6 times solar, and
possibly up to 50 times solar after correction for contamination with solar composition from the
surrounding grains due to the finite size of the ion probe primary beam). Such large enrichments
can be produced in both type Ia (presumably binary systems whereby a white dwarf accretes
matter from a more massive companion star) and type II (core-collapse) supernovae. A difficulty
with type Ia is that no grain is expected to survive the explosion and no grains have been observed
spectroscopically in type Ia supernova remnants (Nozawa et al. 2011). However, it is conceivable
that **Cr-rich matter ejected from type Ia supernovae would condense onto preexisting grains in
the interstellar medium.

5.1.6. Silicates. Grains in the interstellar medium comprise a significant fraction of silicates,
which are primarily amorphous (Draine 2009). The original method for separating presolar grains
was compared to burning the haystack to find the needle, meaning that most of the meteorite was
digested in acids to concentrate chemically resistant phases. It is only through the advent of high-
spatial-resolution nanoSIMS that presolar silicates were identified by isotopic mapping of pristine
(weakly altered and metamorphosed) meteorites and interplanetary dust particles of presumed
cometary origin (Messenger et al. 2003, Nguyen & Zinner 2004). For the most part, presolar
silicates have the same signatures as presolar oxides and come from similar stellar environments.

All the presolar grains mentioned above are susceptible to destruction during metamorphism
on meteorite parent bodies (Huss & Lewis 1995). As metamorphism increases, the grains disappear
and the isotopic compositions become uniform. Nevertheless, the macroscopic isotopic anomalies
that the grains may have imparted to the bulk meteorites remain unchanged during metamorphism.

5.2. Hibonite Grains and Refractory Inclusions

The isotopic anomalies found in presolar grains are usually very large, in some instances covering
several orders of magnitude. More subtle isotopic effects are found in macroscopic objects. In
some instances, the presolar carriers of these anomalies have been identified, such as in the case of
noble gases (nanodiamonds, graphite, silicon carbide) (Huss & Lewis 1995) or **Cr (nanospinels)
(Dauphas etal. 2010, Qin et al. 2011b). In most cases, however, the macroscopic anomalies cannot
be tied to a special carrier. Several categories of planetary materials display macroscopic anomalies
that are presented hereafter.

5.2.1. Hibonite-rich inclusions. Hibonite (CaAlj;_,, Mg, Ti,O19; Ti** and Mg** are mainly
incorporated through a coupled substitution with 2AP+, but Ti also exists as Ti’**) is a highly
refractory mineral that is found in meteorites in refractory inclusions and as isolated grains in
the matrix of primitive meteorites. Hibonite grains have typical sizes of 50 to 100 pm and have
been most extensively studied in the Murchison CM carbonaceous chondrite, as this meteorite is
particularly rich in hibonite inclusions. Ireland (1988) identified three main subtypes of hibonite
inclusions. Spinel-hibonite inclusions (SHIBs) range in size from 50 to 300 pm and contain several
minerals in addition to hibonite, such as spinel and perovskite. Platy hibonite crystals (PLACs)
are ~70 to 150 pum in size and are composed of colorless crystal fragments of hibonite. Blue
aggregates (BAGs) are small grains (<80 pm) composed of blue hibonite. For the most part, the
oxygen isotopic compositions of hibonite inclusions plot close to the compositions of larger CAls
(Fahey etal. 1987a, Liu etal. 2009, K66p et al. 2016), which may correspond to the composition of
the Sun (McKeegan et al. 2011). Magnesium isotopes also show limited variations relative to the
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Ca and Ti isotopic anomalies in hibonite grains, FUN CATs, and normal CAIs. The variations found in refractory materials in primitive
chondrites affect predominantly the neutron-rich isotopes *¥Ca and **Ti. (#) The samples that have a canonical 2°Al/?7 Al initial ratio of
~5 x 107 display limited variations in £’°Ti values, between —57 and 486 parts per 10%, whereas the samples with lower 26Al/27 Al

initial ratios (<0.7 x 10~°) show much more variable £°9Ti values, between —574 and 42,491 parts per 10%. ()) The anomalies in *¥Ca

and °OTi are roughly correlated. The following notations are used: e¥Ca = [(48Ca/ﬁ"*Ca);‘amplc / (48Ca/‘MCa);‘mn dard — 11 X 10*, and
0T = [(SOTi/47Ti);mple / (SOTi/MTi);‘tan dard — 11 X 10*, where standard refers to the terrestrial compositions and the asterisk denotes

the fact that the ratios are internally normalized by fixing the **Ca/**Ca and *'Ti/*7 Ti ratios to constant values. Data sources: Lee &
Papanastassiou (1974), Esat et al. (1979), Lee et al. (1979), Niederer et al. (1981, 1985), Niemeyer & Lugmair (1981, 1984), Armstrong
etal. (1984), Jungck et al. (1984), Niederer & Papanastassiou (1984), Zinner et al. (1986), Fahey et al. (1987a,b), Papanastassiou &
Brigham (1989), Brigham (1990), Ireland (1990), Ireland et al. (1991), Loss et al. (1994), Sahijpal et al. (2000), Hsu et al. (2006),
MacPherson et al. (2007), Liu et al. (2009), H-W. Chen et al. (2010), Holst et al. (2013), Park et al. (2013, 2014), Schiller et al. (2015);
G. Huss (personal communication). Abbreviations: CAI, calcium-aluminum-rich inclusion; FUN, fractionated and unknown nuclear
effects.

terrestrial (solar) composition, except for those arising from ¢ Al decay (Fahey et al. 1987b, Ireland
1990, Sahijpal et al. 2000, Liu et al. 2009, K66p et al. 2016). The refractory elements Ca and Ti
show large isotopic variations in hibonite inclusions that require the presence of multiple (four
or more) nucleosynthetic components to explain the data. The most marked anomalies concern
the neutron-rich isotopes ¥Ca and **Ti (Zinner et al. 1986; Fahey et al. 1987a,b; Ireland 1990;
Ireland et al. 1991; Sahijpal et al. 2000; Liu et al. 2009; Koop et al. 2016). The anomalies in
&°"Ti (deviation relative to Earth of the *Ti/4"'Ti ratio after correction of mass fractionation by
internal normalization to a fixed *'Ti/*"'Ti ratio) range from approximately —500 to +2,800 parts
per 10* and correlate grossly with variations in ¢*¥Ca (deviation relative to Earth of the ¥Ca/*Ca
ratio after internal normalization to a fixed **Ca/*Ca ratio) (Figure 9). **Ti can be produced in
both core-collapse and type Ia supernovae (see Section 5.1 for definitions), but ¥Ca is difficult
to produce in environments other than type Ia supernovae (Woosley 1997). Hibonite inclusions
are small, and the isotopic compositions of trace elements are unknown. A striking feature of
hibonite grains that is also relevant to macroscopic CAls is that the scale of the nucleosynthetic
anomalies correlates with the presence or absence of 2°Al at the time of formation (**Al is a short-
lived radionuclide that decays into Mg with a half-life of 0.7 Myr and was present in the early
Solar System when meteorites formed) (Figure 94). The hibonite grains and CAls that have a
26A1/%7 Al ratio of 5 x 107 (the so-called canonical value as it is found in most CAIs) show relatively
subdued variations in ¢°°Ti (and e*Ca), with values that range between —60 and +60 parts per
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10*. In contrast, samples with 2°Al/?” Al that is not detectable or below 8 x 10~ have much more
varied ¢°Ti (and ¢*¥Ca) isotopic compositions, with values that range between —572 and +2,537
parts per 10*. The data points show a clear dichotomy in 26Al/?” Al ratios. There are two possible
explanations for these observations (Fahey et al. 1987b, Liu et al. 2009). One is that the hibonite
grains and CAls with low 2¢Al/?’Al initial ratios were formed ~2 Myr after those with an initial
26A1/%7Al ratio of 5 x 107>, The difficulty with this interpretation is that, whereas one would
expect the refractory materials condensed later to have formed from a disk that had homogenized
so that they should show more subdued anomalies compared to those formed earlier, in fact the
opposite is observed. The preferred interpretation is that 2°Al was heterogeneously distributed in
the protosolar disk, and that the samples with a low abundance of 26Al were formed early, before
homogenization of 2°Al in the disk, whereas the samples with the subdued *Ti anomalies and
high 26Al/?” Al ratio are more representative of the average composition of the disk. A challenge
with this second scenario is that it does not explain readily why early-formed hibonite and CAls
formed early did not sample portions of the disk that had 2°Al/?’ Al ratios much higher than the
canonical value of 5 x 107,

5.2.2. FUN and regular CAIs. CAlIs are refractory mineral assemblages whose chemistry cor-
responds to that expected for condensation at high temperature of gas of solar composition
(Grossman 1972). Refractory lithophile elements like light rare earth elements have concentra-
tions that are enriched 20-fold relative to CI chondrites (Ivuna-type carbonaceous chondrites, a
type of meteorite that matches well the solar composition measured by spectroscopy) because 95%
of the condensable elements in CI chondrites were not condensed under the high-temperature
conditions relevant to CAI formation. Several lines of evidence support the fact that CAls con-
densed from gas of solar composition, notably their *O-rich solar-like oxygen isotopic composi-
tions (Clayton et al. 1973, McKeegan et al. 2011); the elevated concentrations of reduced Ti**,
consistent with reducing nebular-like conditions (Beckett 1986, Grossman et al. 2008); and the
concentrations of refractory lithophile elements that are in solar proportions (Mason & Taylor
1982). However, CAIs also contain nucleosynthetic anomalies relative to Earth’s composition
(Figure 10). From the point of view of isotopic compositions, two main types of CAls are recog-
nized. FUN inclusions are rare CAls that often display large nucleosynthetic anomalies as well as
large mass-dependent fractionation (consistent with evaporation/condensation processes). Nor-
mal CAlIs also often display nucleosynthetic anomalies, but the effects are more subdued and the
extent of mass-dependent isotopic fractionation is also smaller. As in hibonite grains, there is a
relationship between the presence or absence of 2Al (Lee & Papanastassiou 1974, Esat etal. 1979,
Armstrong etal. 1984, Fahey et al. 1987b, Brigham 1990, Hsu et al. 2006, MacPherson et al. 2007,
Holst et al. 2013, Park et al. 2013) and the scale of the isotopic anomalies in CAls (Niederer et al.
1981, 1985; Fahey et al. 1987b; Papanastassiou & Brigham 1989; Park et al. 2014) (Figure 9a).
FUN CAIs have low 26Al and display large isotopic anomalies, whereas non-FUN CAls display
smaller anomalies and have a canonical 2°Al/*’ Al ratio (5 x 107%).

For Ca, Ti, Cr, Fe, and Ni, the isotopic anomalies in both FUN and non-FUN CAlIs affect
preferentially the neutron-rich isotopes *Ca (Lee et al. 1979, Jungck et al. 1984, Niederer &
Papanastassiou 1984, Papanastassiou & Brigham 1989, Loss et al. 1994, H.W. Chen et al. 2010,
Moynier et al. 2010, Huang et al. 2012, Park et al. 2014, Schiller et al. 2015), *Ti (Niemeyer &
Lugmair 1981, 1984; Niederer et al. 1981, 1985; Fahey et al. 1987b; Papanastassiou & Brigham
1989; Loss & Lugmair 1990; Loss et al. 1994; Leya et al. 2009; Trinquier et al. 2009; Park et al.
2014; Zhang 2012), **Cr (Birck & Allegre 1984, 1988; Papanastassiou 1986; Birck & Lugmair
1988; Loss et al. 1994; Bogdanovski et al. 2002), **Fe (Volkening & Papanastassiou 1989), and
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%Ni (Loss & Lugmair 1990, Vélkening & Papanastassiou 1990). Such isotopic anomalies can be
produced either in type Ia supernovae (see Section 5.1 for a definition) (Woosley 1997) or possibly
in electron-capture core-collapse supernovae (~8-10 M, progenitor stars in which the collapse
is initiated by electron capture in the O+Ne-Mg core; in more massive stars, core collapse is
initiated by iron photodisintegration in the Fe core) (Wanajo et al. 2013).

Heavier elements display anomalies that correspond to variations in the p-, s-, and 7-processes of
nucleosynthesis. The s-process is a slow neutron-capture process that is introduced in Section 5.1.
The r-process is a rapid neutron-capture process (rapid relative to the rates of radioactive decay)
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that produces neutron-rich isotopes and actinides but whose astrophysical setting is still uncertain.
The p-process (p stands for proton) is most likely a photodisintegration process that takes place
in supernovae. For elements that have isotopes produced by all three processes, it is possible to
figure out which process is responsible for the isotopic variations because each process leads to a
specific pattern (Dauphas et al. 2002b,c). This is because variations in, say, the s-process due to the
presence of mainstream SiC will leave the p- and 7-process isotopes in solar proportions. Figure 10
shows the patterns measured in CAls together with synthetic spectra obtained by varying the
contribution of a single nucleosynthetic process at a time. Except for Sr, which shows variations in
84Sr (Papanastassiou & Wasserburg 1978, Loss et al. 1994, Moynier et al. 2012, Brennecka et al.
2013, Hans et al. 2013, Paton et al. 2013, Shollenberger et al. 2015), the p-process alone cannot be
responsible for the isotopic anomalies measured in CAls for most elements (Ba, Nd, Sm, Zr, Mo,
Ru, Hf, and W) (McCulloch & Wasserburg 1978a,b; Harper et al. 1991b, 1992; Schénbichler
et al. 2003; J. Chen et al. 2010; Sprung et al. 2010; Burkhardt et al. 2011; Akram et al. 2013;
Brennecka et al. 2013; Kruijer et al. 2014a; Shollenberger et al. 2015). The s-process is more
successful, but it misses the mark on several aspects. Notably, it predicts positive anomalies in
¢%%Ba and £!3?Ba (see the Figure 9 caption for definitions of the & notation), when in fact no such
anomalies are found. It also fails to reproduce the kink in the Mo isotopic pattern at **Mo. The
r-process can explain the kink at *Mo, but it fails in other respects, most notably in that it cannot
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be the cause of the ¥ Sr anomalies and it predicts positive anomalies for **Sm, when in fact large
negative ones are observed. The end-member nucleosynthetic compositions that would need to
be admixed with solar composition to explain the isotopic patterns measured in CAls are plotted
in Figure 11. Any composition along the lines that connect the nucleosynthetic end-members and
the solar composition can be added to or subtracted from the solar composition to reproduce the
CAI composition. This diagram reasserts that a single nucleosynthetic component cannot explain
isotopic anomalies measured in CAls. This is true for both FUN and non-FUN (normal) CAIs.
Brennecka et al. (2013) noted that CAls tend to have positive 7-process anomalies (enrichments)
in elements of mass number below 140 and negative r-process anomalies (deficits) in elements of
mass number above 140. There is indeed a stark contrast between Zr, which shows an 7-process
enrichment, and Nd, which shows an s-process enrichment, in non-FUN CAls. However, given
the complexity of the patterns observed, it is difficult to interpret the CAl isotopic compositions in
terms of 7-process variations alone, and more elements need to be analyzed to get a more holistic
view of isotopic variations in refractory inclusions.

5.3. Meteorite Acid Leachates and Residues

Isolating presolar grains by digesting away most of the meteorite through various chemicals has
been compared to burning the haystack to find the needle. Significant information on the origins of

Figure 10

Isotopic anomalies in FUN and non-FUN CAIs. All isotopic compositions are normalized to the terrestrial composition, which is at
zero in all these diagrams. Most of the studied CAls come from the Allende CV carbonaceous chondrite. FUN inclusions represent a
small fraction of all the CAIs from Allende (probably less than a few percent), but they display large isotopic anomalies and have been
the focus of many studies. For elements such as Ca, T1i, Cr, and Fe, the anomalies in FUN inclusions affect primarily the neutron-rich
isotopes. For heavier elements, the anomalies in FUN inclusions correspond to variations in the s-, 7-, and p-processes of
nucleosynthesis. Similar variations, albeit of much smaller magnitude, are also found in non-FUN (normal) CAls. The isotopes used
for internal normalization are marked with red arrows. For some elements for which no anomalies were detected or the results were
marginally significant, typical error bars are shown as gray vertical bands. eE = (R:ample /R b mante — D) X 10%, where R:Ample and

Farth mantde 7€ the isotopic ratios in the sample and terrestrial mantle, respectively, and the asterisk indicates that the isotopic ratios
were corrected by internal normalization to a fixed ratio. Radiogenic isotopes (e.g., 1**Nd, ¥ Nd, 176 H1f, 182W) and some
very-low-abundance isotopes (e.g., **Ca, 80W) are not plotted because the variations can result from radioactive decay or the data are
not available. The red, black, and blue dashed lines are synthetic spectra corresponding to addition to or subtraction from solar
composition of s-, 7, and p-processes, respectively (Dauphas et al. 2004, 2014b); the decomposition of solar into s-, 7-, and p-processes
from Arlandini et al. (1999) was used. Uppercase versus lowercase type in the S/s, R/7, and P/p labels indicates whether the process is a
major or minor contributor, respectively, to the nucleosynthesis of a particular isotope. The following ratios are depicted (the ratios in
parentheses are the ones used for internal normalization): ‘Ca/**Ca (¥ Ca/**Ca); "Ti/*Ti (¥ Ti/*7 Ti); 'Cr/°°Cr (** Cr/°°Cr); 'Fe/*Fe
(C*Fe/*SFe); 'Zn/%*Zn (43 Zn/%*Zn); 'Sr/38Sr (B0Sr/38Sr); “Ba/130Ba (134Ba/30Ba); ‘Nd/1*Nd (M4ONd/1*Nd); ‘Sm/!2Sm
(**7Sm/'52Sm); ‘Ni/*8Ni (CINi/*SNi); 1 Zr/*0Zr (**Z1/%Zr); 'Mo/* Mo (*® Mo/*°Mo); ‘Ru/!%' Ru (Ru/'%' Ru); "HE/V79Hf
(VTHETOHL; "W/IHW (186W/184W). Data sources: Ca: Lee et al. (1979), Jungck et al. (1984), Niederer & Papanastassiou (1984),
Loss et al. (1994), Papanastassiou & Brigham (1989), H.-W. Chen et al. (2010), Moynier et al. (2010), Huang et al. (2012), Park et al.
(2014), Schiller et al. (2015); Ti: Niemeyer & Lugmair (1981, 1984), Niederer et al. (1981, 1985), Fahey et al. (1987b), Papanastassiou
& Brigham (1989), Loss & Lugmair (1990), Loss et al. (1994), Leya et al. (2009), Trinquier et al. (2009), Zhang (2012), Park et al.
(2014); Cr: Birck & Allegre (1984, 1988), Papanastassiou (1986), Birck & Lugmair (1988), Loss et al. (1994), Bogdanovski et al. (2002);
Fe: Vilkening & Papanastassiou (1989); Zn: Loss & Lugmair (1990), Vélkening & Papanastassiou (1990); Sr: Papanastassiou &
Wasserburg (1978), Loss et al. (1994), Moynier et al. (2012), Brennecka et al. (2013), Hans et al. (2013), Paton et al. 2013),
Shollenberger et al. (2015); Ba: McCulloch & Wasserburg (1978a), Harper et al. (1992), Brennecka et al. (2013); Nd: McCulloch &
Wasserburg (1978a), Brennecka et al. (2013), Shollenberger et al. (2015); Sm: McCulloch & Wasserburg (1978b), Brennecka et al.
(2013), Shollenberger et al. (2015); Ni: Birck & Lugmair (1988); Zr: Harper et al. (1991b), Schénbichler et al. (2003), Akram et al.
(2013); Mo: Burkhardt et al. (2011), Brennecka et al. (2013); Ru: J. Chen et al. (2010); Hf: Sprung et al. (2010), Akram et al. (2013); W:
Kruijer et al. (2014a). Abbreviations: CAI, calcium-aluminum-rich inclusion; FUN, fractionated and unknown nuclear effects.
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Figure 11

(@) Compositions of the nucleosynthetic end-members that need to be admixed with solar composition to explain the isotopic patterns
measured in (b)) non-FUN CAls, (¢) FUN inclusion EK-1-4-1, and (d) meteorite leachates. The apexes of these ternary diagrams are the
s-, 7=, and p-process end-members. Taking molybdenum as an example, the solar abundances normalized to 10° Si are (0.378, 0.236,
0.406, 0.425, 0.244, 0.615, 0.246) for (*> Mo, **Mo, ** Mo, “Mo, !’ Mo, **Mo, ®Mo) (Anders & Grevesse 1989). The s-process
component is (0, 0.014, 0.169, 0.425, 0.134, 0.446, 0.001) (Nicolussi et al. 1998, Arlandini et al. 1999). The - and p-process
components are obtained by subtracting the s-process component from solar, and they are (0, 0, 0.237, 0, 0.110, 0.169, 0.245) and
(0.378,0.222, 0, 0, 0, 0, 0), respectively. Mixing those three components in equal proportions produces Mo of solar isotopic
composition. The Mo point in panel # corresponds to mixing of 81% of the 7-process component and 19% of the p-process
component: (0.0718, 0.0422, 0.192, 0, 0.0891, 0.137, 0.198). Any composition along the dashed lines (mixing between solar and the
nucleosynthetic end-members) can be added to (segment tying the solar and calculated nucleosynthetic end-members) or subtracted
from (segment away from the solar and calculated nucleosynthetic end-members) the solar composition to reproduce the isotopic
anomalies measured in CAls or in acid leachates. The main processes responsible for the nucleosynthesis of each element are also
indicated. For the elements that are only produced by two processes, the position of the element near an apex means that the isotopic
anomalies correspond to an enrichment in that process (e.g., Nd in CAls is enriched in the s-process relative to solar). For the leachates,
the end-members correspond to relatively chemically resistant leaching steps (s-process enrichments; red dashed lines in Figure 10).
The end-members for the most soluble fractions would plot at the other ends of mixing lines (s-process depletions; blue dashed lines in
Figure 10). Abbreviations: CAl, calcium-aluminum-rich inclusion; FUN, fractionated and unknown nuclear effects.
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nucleosynthetic anomalies in meteorites can also be gleaned by measuring the isotopic composition
of the smoke that is coming off the haystack. This approach was first applied to chromium isotopic
analyses by Rotaru et al. (1992). They treated samples of primitive carbonaceous chondrites,
including CI chondrites, with acids of increasing strengths: (1) 0.4 M acetic acid for 30 min at
20°C, (2) 8.5 M acetic acid for 1 day at 20°C, (3) 4 M nitric acid for 7 days at 20°C, (4) HCI 3
M-HF 13.5 M for 4 days at 100°C, and (5) HNO; 15 M-HF 1 M for 10 days at 150°C. The
first leaching steps dissolve minerals that are soluble, such as sulfates and carbonates, and the
last ones digest more refractory phases, such as spinel. A motivation for the leachate study was
to establish the abundance of the extinct radionuclide ¥*Mn (¢ s2=3.7 Myr) at the time when
these meteorites were formed by accessing fractions with variable Mn/Cr ratios through partial
dissolution. Instead, the leachate fractions showed variable **Cr isotopic compositions. Taking
the CI chondrite Orgueil as an example, the first three leachates revealed subsolar ¢**Cr reaching
approximately —7 € units, and the last two leaching steps revealed positive anomalies reaching
approximately +100 ¢ units. The isotopic anomalies could be ascribed unambiguously to variations
in the neutron-rich isotope **Cr rather than any other isotope involved in forming the ratio
**Cr/*Cr or involved in correction of mass-dependent fractionation (*°Cr/°>Cr) because ¢**Cr
shows rather subdued variations compared to ¢*Cr. Dauphas et al. (2002¢) used the same leaching
approach for molybdenum on the Orgueil meteorite and showed that heavier elements produced
by the s-, -, and p-processes were also variable among meteorite leachates. In the case of Mo, the
isotopic anomalies are mainly controlled by variations in the s-process (enrichments and deficits)
(Figure 12). Those studies demonstrated that the solar isotopic composition is actually a mixture,
even at a macroscopic scale, of components that have complementary isotopic compositions.
Large isotopic anomalies are only found in meteorites that have experienced little parent-body
metamorphism. For instance, the CV3.2 chondrite Allende shows no intrinsic heterogeneity in
either Cr or Mo isotopes in different leachate fractions, which is understandable because it was
heated to a higher degree than CI chondrites by decay of 2°Al, so most presolar grains were likely
destroyed (Huss & Lewis 1995) and the isotopic composition was homogenized.

Leachates of primitive meteorites have revealed the presence of isotopic anomalies not only
for Cr (Rotaru et al. 1992, Podosek et al. 1997, Qin et al. 2011a) and Mo (Dauphas et al. 2002c,
Burkhardt et al. 2012b) but also for Ca (Moynier et al. 2010), Sr (Qin et al. 2011a, Paton et al.
2013, Yokoyama et al. 2015), Zr (Schonbichler et al. 2005), Ru (Fischer-Gédde et al. 2014),
Ba (Hidaka et al. 2003, Hidaka & Yoneda 2011, Qin et al. 2011a), Nd (Qin et al. 2011a, Boyet
& Gannoun 2013), Sm (Qin et al. 2011a), Hf (Qin et al. 2011a), W (Burkhardt et al. 2012b,
Burkhardt & Schoénbichler 2015), and Os (Reisberg et al. 2009, Yokoyama et al. 2010). The
use of these anomalies to constrain nucleosynthetic processes and to help search for and identify
new types of presolar grains is discussed in Section 6.2. Isotopic anomalies in leachate fractions
of primitive (minimally metamorphosed) chondrites arise from the fact that mineral grains of
different origins display different resistance to the reagents used. This can be a problem when
one is trying to retrieve the bulk composition of a meteorite. Indeed, if one uses a chemical
digestion technique that cannot completely dissolve some of the most chemically resistant phases,
the measured isotopic composition may not be representative of the bulk. Brandon et al. (2005)
digested chondrites of various kinds using a Carius tube technique whereby inverse aqua regia
is introduced in a borosilicate glass tube containing the sample and the tube is sealed to be then
heated to 270°C for 72 h. They found that metamorphosed chondrites showed no or little Os
isotopic anomalies because the presolar grains were destroyed by heating on the parent body,
whereas primitive meteorites showed large Os isotopic anomalies due to incomplete digestion of
a presolar phase rich in s-process Os. To get an isotopic composition that is representative of
the bulk object, one should therefore use extra care to make sure that even the most chemically

www.annualyeviews.org ¢ Normal and Anomalous Isotope Variations

747



Annu. Rev. Earth Planet. Sci. 2016.44:709-783. Downloaded from www.annual reviews.org
Access provided by University of Chicago Libraries on 07/19/16. For personal use only.

g 80 — & 250 ; ; ; : ; = 10 ; ; ; : :
T 2 200} - e of---=— -
S = - ) S
g @ L i -10 +S i
g g 150 S ol ]
£ a0 - £ 100 E 2 5l i
< - .
2 20 1 g g 40| s Sro -
< l T of by T sof l [
(9] v] w 4
2 0 —h—r % -50 L L L L L ® —60 L L L L L

41 42 43 44 45 46 47 48 49 49 50 51 52 53 54 55 83 84 8 8 87 88 89
& 100 g 50 — T T T T T T g
g OfF-- : 30 b -
5 g woF ", = 8 1 8
a -100 + w -10F ] %
v - -
£ 200} & 30r 1 5
s 300 2 50t S RS g 2
S g mfp—Frslasl 19 2
w _400 L L L L = 90 1 ! | | L f =

89 90 91 92 93 94 95 96 97 92 94 96 98 100
? 25 T T T T T T T T T : T T T T T T T T T —
& Tof = 1 % xf ] &
= 25 g = -
[ [ P
e -50F E o g
£ or 1 £ 2
& -100 - E © =
2 st | ’ i . 2 o
® 150  Azs=—--% Rs ¥ Sr S A ] vy
'-'3 _175 L T A e S Zw w

130 132 134 136 138

& - g 30 T T T T T T T
= e S 20t -
] b o 10F +S° i
Qo aQ Qo OF---ooo o T _—
w “n [
E v % -10 | b
2 2 s R 2 -20r T
s s/l rRs | se = -40 N | g r W Rs | R b
W _30 1 1 1 1 1 w _50 il 1 1 1 @ _40 1 1 1 1 1 1 1

175 176 177 178 179 180 181 182 183 184 185 186 187 186 188 190 192

Mass number Mass number Mass number

Figure 12

Isotopic anomalies in acid leachates and residues of primitive chondrites. For each element, the two most extreme isotope patterns were
identified. The blue patterns correspond to relatively mild leaching steps that dissolve easily soluble phases. The red patterns
correspond to more aggressive steps or digestion of acid residues. The black dashed patterns are synthetic spectra corresponding to
s-process enrichments calculated using the predictions of Arlandini et al. (1999) and the mixing equations of Dauphas et al. (2004,
2014b). For most elements, the patterns measured in acid leachates and residues correspond to enrichments or depletions in the
s-process. Uppercase versus lowercase type in the S/s, R/r, and P/p labels indicates whether the process is a major or minor contributor,
respectively, to the nucleosynthesis of a particular isotope. Data sources: Ca: Schiller et al. (2015); Cr: Rotaru et al. (1992), Podosek
etal. (1997), Qin et al. (2011a); Sr: Qin et al. (2011a), Paton et al. (2013), Yokoyama et al. (2015); Zr: Schénbichler et al. (2005); Mo:
Dauphas et al. (2002¢), Burkhardt et al. (2012b); Ru: Fischer-Gédde et al. 2014), M. Fischer-Goédde (personal communication); Ba:
Hidaka et al. (2003), Hidaka & Yoneda (2011), Qin et al. (2011a); Nd: Qin et al. (2011a), Boyet & Gannoun (2013); Sm: Qin et al.
(2011a); Hf: Qin et al. (2011a); W: Burkhardt et al. (2012b), Burkhardt & Schénbichler (2015); Os: Reisberg et al. (2009), Yokoyama
etal. (2010). For Cr, Sr, Zr, Mo, Ru, Ba, Nd, Sm, Hf, and W, the isotope pairs used for internal normalization are the same as in
Figure 10. For Os, the ratios are ‘Os/'%Os internally normalized to a fixed 1%20s/!8?Os ratio.

resistant phases are digested; the safest way to do so is through fusion of the sample before acid
digestion (Burkhardt et al. 2011). For metamorphosed chondrites and differentiated meteorites,
this is not an issue because presolar grains were destroyed by metamorphism and magmatism.
Figure 12 plots representative patterns of isotopic anomalies in acid leachates and residues of
chondrites (for each meteorite the two most extreme end-member compositions were selected). As
is seen in CAls, the isotopic anomalies for chromium affect primarily the neutron-rich isotope **Cr.
For heavier elements, the isotopic anomalies in the harsher leaching steps or acid residues are well
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reproduced by s-process addition to solar composition. For the elements that have contributions
of s-, -, and p-process isotopes, the patterns can be used to identify which nucleosynthetic process
is responsible for the isotopic variations. The nucleosynthetic end-members that can explain the
isotopic variations for Mo, Ru, Ba, and Sm all plot very close to the s-process end-member in
the S-R-P ternary diagram (Figure 11). This clearly demonstrates that one or several carriers of
s-process anomalies must be responsible for the isotopic variations documented in leachates and
acid residues. In that respect, the nucleosynthetic anomalies revealed in leachates, as well as bulk
meteorites, are distinct from the isotopic anomalies measured in CAls, as the latter tend to involve
an end-member that is closer to the r-process. This is clearly illustrated with Mo, as r-process
variations lead to an isotopic pattern that has a kink at mass 94 that is seen in CAls (Figure 10),
whereas s-process variations do not produce such a kink, which is consistent with measurements
of meteorite leachates and bulk (Figure 12).

Dauphas et al. (2002b,c) showed that from a mass-balance point of view, presolar SiC could
explain the Mo isotopic variations measured in leachates and bulk meteorites. A difficulty with
this interpretation is that a relatively mild leaching step in the Orgueil carbonaceous chondrites
(HCI3M-HF 13.5 M at 100°C for 4 days) releases an s-process-enriched component, while these
conditions are not expected to fully digest the micrometer-sized SiC. However, small-sized SiC
could possibly be digested in milder acid, as is observed in the case of nanospinels that carry large
*Cr anomalies (Dauphas et al. 2010, Qin et al. 2011b). Presolar SiC was also invoked as the
carrier of s-process isotopic anomalies for Sr, Mo, Ba, W, and Os measured in acid leachates and
residues (Brandon et al. 2005, Yokoyama et al. 2010, Qin et al. 2011a, Burkhardt et al. 2012b,
Paton etal. 2013). Schonbichler et al. (2005) and Reisberg et al. (2009) pointed out that SiC alone
cannot explain the large s-deficits documented in mild acid leachates, and they argued that other
carrier phases must be involved. Presolar SiC grains have been extensively studied using in situ
techniques because they are easily isolated, but AGB stars (see Section 5.1 for a definition) also
produce copious amounts of other types of dust, such as silicates and oxides (the nature of the
condensed dust is influenced by the C/O ratio, which changes as the star ages and becomes more
carbon rich). Such grains have been found in meteorites (in particular, presolar silicates seem to be
very abundant; see Section 5.1), and phases other than SiC could also control the scale of isotopic
anomalies in bulk meteorites, acid leachates, and residues.

6. PLANETARY-SCALE ISOTOPE ANOMALIES AND THEIR USE

6.1. Macroscopic Anomalies: Presolar Inheritance, Thermal Processing,
and Size Sorting

While attempting to establish the temperature of formation of CAls using oxygen stable isotope
thermometry on mineral separates, Clayton et al. (1973) found that the oxygen isotope composi-
tions of these objects did not follow the laws of mass-dependent fractionation, revealing an ~40%o
enrichment in '®O (Figure 3). Subsequent work showed that similar O isotope anomalies, albeit
of smaller magnitude, were also present in bulk planetary materials (Clayton 1993, 2003). The
currently preferred interpretation is that these reflect the imprint of self-shielding photochemical
processes or nebular condensation chemistry (see Section 3.1). Niemeyer (1988) found the first
nucleosynthetic anomalies in bulk chondrites for a refractory element in the form of **Ti excesses
in bulk carbonaceous chondrites; these were subsequently confirmed by Trinquier et al. (2009)
and Zhang et al. (2012). After the ¢°°Ti values (see Section 5.2.1 for a definition) are converted
to a ¥ Ti/*Ti normalization, the values that Niemeyer (1988) obtained for CI, CM, CO, and
CV chondrites are +1.5, +2.4, +3.0, and +3.0 parts per 10%, respectively, whereas more recent
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and higher-precision measurements give ¢°Ti values of +1.9, +3.0, +3.8, and +3.7 parts per
10%, respectively, for the same meteorite groups (Trinquier et al. 2009, Zhang et al. 2012). These
anomalies were found in undifferentiated meteorites, and it was unclear whether such effects
would also be present at the scale of bulk planetary objects. Dauphas et al. (2002b) showed that
nucleosynthetic anomalies were present for Mo in magmatic iron meteorites, which are thought
to be the cores of differentiated planetary bodies whose size can be estimated at 10-100 km in di-
ameter based on metallographic cooling rates (Chabot & Haack 2006). This work demonstrated
that nucleosynthetic anomalies were present at a bulk planetary scale for refractory elements.
Burkhardt et al. (2012b) confirmed those measurements and extended the database of Mo isotope
measurements to most meteorite groups. Planetary-scale isotopic anomalies have now been doc-
umented for a wide range of elements, and the list is expanding each year (Figure 13) (see Sup-
plemental Table 1 and its caption for values and references; follow the Supplemental Material
link in the online version of this article or at http://www.annualreviews.org). For elements that
possess p-process (in addition to - and s-process) isotopes in high enough abundance to allow
high-precision measurements (Mo and Ru), the isotopic patterns point to an s-process deficit of
~0.01% (Dauphas et al. 2002b, 2004; Burkhardt et al. 2012b; Fischer-Godde et al. 2015), as is
seen, though of larger magnitude, in the leachates.

Several explanations can be considered to explain the presence of e-level isotopic anomalies
at a macroscopic scale (Dauphas et al. 2002b). One is that they are directly inherited from some
large-scale isotopic heterogeneity that was present in the molecular cloud core that collapsed to
form the Solar System (Dauphas et al. 2002b). Visser et al. (2009) tracked the fate of different
parcels of matter during collapse, and as shown in Figure 14, they found that regions of the disk
that are further away from the central star and from the midplane tend to originate from more
external regions of the cloud core. Significant mixing undoubtedly took place during the evolution
of the solar nebula, but isotopic anomalies would not have been completely erased (Boss 2004).

A second category of explanations is that the disk or cloud core started off as isotopically
uniform, and that the anomalies measured in bulk planetary materials result from dust processing
(Dauphas etal. 2002a). T'wo processing mechanisms have been envisioned: dynamical and thermal.
In the dynamical processing scenario, the carriers of small presolar grains can be decoupled from
the carriers of coarser grains that have more averaged compositions, so that material enriched in
fine dust could have an isotopic composition distinct from that of material enriched in coarser
particles (Dauphas et al. 2010). Inward particle transport associated with gas drag, settling of dust
onto the midplane, and turbulences would have provided plenty of opportunities to induce size
sorting and create isotopic anomalies. Different chondrite classes have different chondrule and
refractory inclusion sizes, presumably reflecting aerodynamical sorting. For example, Murchison
has smaller chondrules (millimeter- to centimeter-sized spheres found in abundance in chondrites
and thought to have formed in the early Solar System as rapidly quenched molten droplets)
and CAIs than Allende even though CAls seem to have formed up to 3 Myr before chondrules.
The second possibility is that thermal processing was responsible for imparting different isotopic
compositions to different planetary bodies (Trinquier etal. 2009, Burkhardtetal. 2012b, Burkhardt
& Schonbichler 2015, Mayer etal. 2015). Presolar grains condensed at relatively high temperature
in the outflows of massive stars. As such, they tend to be more refractory than average Solar System
material. The existence of high-T constituents such as chondrules and CAls demonstrates that
much of the material in meteorites was processed through high temperatures thatinduced melting
and volatilization. It is conceivable that the carriers of isotopic anomalies, being more refractory,
would tend to survive while thermally labile phases were destroyed, producing gas and solid
reservoirs with complementary isotopic anomalies.
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Scatter plot matrix of isotopic anomalies in bulk planetary materials. The 7O anomalies are in A notation [per mil (%o) variation],
whereas all other anomalies are in & notation (parts per 10* variation). The composition of the silicate Earth is at the intersection of the
two dashed light blue lines in each panel. The values and associated references are in Supplemental Table 1; follow the Supplemental
Material link in the online version of this article or at http://www.annualreviews.org.

The firstscenario of grain-size sorting can be tested by looking for correlations between isotopic C) Supplemental Material
anomalies and grain-size proxies such as chondrule diameter or matrix fraction (Qin et al. 2010a).
Matrix fraction does not correlate with chondrule diameter (Scott & Krot 2005), so the two proxies
record different things. Given that we are interested in fractionation of fine-grained presolar dust
from coarser average Solar System material, matrix fraction is probably a better proxy. Broad
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Positions of parcels of material during collapse of a molecular cloud core. The left and right panels show the cloud at the onset of
collapse and 250 kyr after, respectively. The gray particles in the left panel are the ones that either end up in the central star or are lost
through outflows. The other colors trace the fate of different parcels of material during cloud collapse to form a disk. This figure shows
that at least until 250 kyr after the onset of collapse, heterogeneities would not have been completely erased. Modified with permission
from Visser et al. (2009).

correlations can be found between some isotopic anomalies (**Ca, OTi, ¢*%*Ni, #Sr) and matrix

Supplemental Material = percent (Supplemental Table 1) that mainly reflect the fact that carbonaceous chondrites are

rich in matrix and tend to carry larger isotopic anomalies than other meteorites.

The second scenario of volatility-controlled gas-dust decoupling is more difficult to test be-
cause isotopic anomalies also affect refractory lithophile elements, such as Ca and 'T1, that are not
measurably enriched or depleted in meteorites. One possible way to test this idea is to com-
bine measurements of stable isotopic fractionation with isotopic anomalies, as the evaporation/
condensation processes responsible for gas-solid separation are likely to have fractionated the
stable isotopic compositions of the elements. Such work has not yet been done.

A striking feature of bulk isotopic anomalies is the dichotomy in composition between carbona-
ceous and noncarbonaceous chondrites (Figure 13; Supplemental Table 1) (Warren 2011).
A similar contrast is found in the fractionation pattern of the refractory lithophile element
thulium. Whereas carbonaceous chondrites have Tm/Tm* anomalies (Tm* is the abundance
of T'm predicted from interpolation of neighbor rare earth elements) close to CI chondrites, or-
dinary enstatite chondrites, achondrites, and samples from Earth, Mars, and Vesta display deficits
in Tm of ~3-4% relative to CI chondrites, which is interpreted to reflect the greater incor-
poration of refractory dust in carbonaceous chondrites relative to noncarbonaceous chondrites
(Dauphas & Pourmand 2015, Barrat et al. 2016). The contrasting compositions of carbonaceous
and noncarbonaceous chondrites suggest that the nebular reservoirs from which those objects
formed were separated either in time or, more likely, in space and were never allowed to ex-
change, as intermediate compositions are not found (e.g., Tm/Tm* anomalies and **Ti-**Cr
systematics). One possibility is that those reservoirs were physically separated by the opening of a
gap in the protoplanetary disk associated with Jupiter formation.
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6.2. Tracers of Stellar Nucleosynthesis

Presolar grains condensed in the outflows of massive stars that lived and died before the Solar
System was formed. While Solar System abundances result from the mixture of multiple nucle-
osynthetic components (e.g., s-, 7-, and p-process components), presolar grains carry almost pure
nucleosynthetic signatures, and as such, they are particularly well suited to test our understand-
ing of stellar nucleosynthesis. When they are available, presolar grain samples are almost always
preferable to macroscopic samples for studies of stellar nucleosynthesis. However, the carriers of
some isotopic anomalies are yet to be identified (e.g., **Ca), and some elements are too dilute
in presolar grains to be measured using in situ techniques. In those cases, studies of leachates or
other isotopic anomalies can provide information that would otherwise not be accessible. One
such example is osmium, which has not yet been measured in presolar grains. Understanding the
nucleosynthesis of osmium is important because production and decay of 7-process ¥ Re into
1870s (t1/ =41.2 Gyr) are a potential nuclear cosmochronometer that can help estimate the age
of the Galaxy and the duration of stellar nucleosynthesis (Yokoi et al. 1983, Clayton 1988). An
important parameter in this calculation is the amount of cosmoradiogenic 'O in Solar System
abundances that comes from decay of '¥Re during the presolar history of the Galaxy (as opposed
to primary production of '¥7Q in stars). To estimate this amount, one has to subtract the amount
of 1¥7Os that comes from s-process nucleosynthesis from the solar abundance of % Os, meaning
that one needs to know precisely and accurately the s-process % 0s/!%Os ratio (1% Os is a pure
s-process nuclide).

Brandon et al. (2005) digested various chondrites and measured their Os isotopic composi-
tions. They found that metamorphosed samples had small or unresolvable anomalies, in contrast
to samples that had not experienced much metamorphism. This reflects incomplete digestion
of chemically resistant presolar grains. Based on these data, Humayun & Brandon (2007) con-
strained the "°0s/!Os ratio of the Maxwellian averaged neutron-capture cross sections (at a
given temperature, the energies of the neutrons follow a Maxwell distribution that is used to
calculate an average cross section relevant to that temperature) to be 0.859 4 0.042. Humayun
& Brandon (2007) assumed that the local approximation was valid (dN/dr ~ 0, so cross
section x abundance 0N = constant) and neglected s-process contributions on the normalizing
isotopes %0Os and !”2Os. Reisberg et al. (2009) and Yokoyama et al. (2010) built on this study
and analyzed the osmium isotopic composition of leachates of primitive chondrites to try to
reduce the contribution of average Solar System composition to the measurement and thus bet-
ter define the nature of the anomalous component. This, together with improvements in the
treatment of the s-process, allowed Reisberg et al. (2009) to revise the s-process ?°Os/1%8Os ra-
tio to 1.27540.043, which can only be reproduced in an s-process calculation using a ratio for
the neutron-capture cross sections of ¢1”°Os/c!¥80s=0.69 +0.08. Bao et al. (2000) reported
a Maxwellian averaged cross section at 30 keV for °Os of 295 £45 mb, and Mosconi et al.
(2010) obtained a cross section for 1380s of 2944 14 mb, corresponding to a c'?°Os/c'%0s
ratio of 1.00£0.16. There is thus a discrepancy between the cross sections obtained from nu-
clear physics experiments and those obtained from meteorite measurements that has not yet been
resolved.

Isotopic anomalies in macroscopic samples and leachates also help guide the search for presolar
grains. Measurements of noble gases led to the discovery of presolar grains, and more recently,
nanospinels of supernova origin were found through analyses of **Cr in leachates and meteorite
residues (Dauphas etal. 2010, Qin etal. 2011b). **Cr anomalies were detected in a fraction of prim-
itive carbonaceous chondrites that was digested in hot HCI (Rotaru et al. 1992). Further work on
the leaching procedure led to the concentration of the carrier of **Cr anomalies in some fractions
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that exhibited anomalies as high as +1.7%. A microscopic characterization of the samples revealed
that the grains were very small, <200 nm and typically ~30 nm, and that the Cr-bearing grains
were of spinel mineralogy. Analysis by nanoSIMS showed that some grains in this fraction indeed
contain large excess **Cr (Dauphas et al. 2010, Qin et al. 2011b). Although spinels are usually
thought to be resistant to hot HCI, the nanospinels are of such small size that they can be digested
in hot HCI, releasing large *Cr anomalies. Further work is needed to tell whether those grains
come from type Ia or core-collapse supernovae, but these studies illustrate the importance of
leachate studies in the search for new types of presolar grains.

6.3. Planetary Genetics

6.3.1. Meteorite taxonomy. Isotopic anomalies, in particular A7 O, are widely used for classi-
fication purposes (Clayton 1993, Franchi 2008). In a §'70-8'80 diagram, all meteorites from a
single group tend to form a cluster elongated along a line of slope 1/2 (mass-dependent fractiona-
tion) characterized by a single A!7O value relative to the terrestrial fractionation line. A limitation
with oxygen is that iron meteorites are often devoid of O or contain O in such low abundance that
O measurements are not possible. Other elements with isotopic anomalies, such as Mo, have some
chemical affinity with metal, so they can be used to infer relationships among a broader range of
meteoritic materials (Dauphas et al. 2004, 2002a,b; Burkhardt et al. 2011). Molybdenum isotope
measurements are more challenging than oxygen isotope measurements and are not used rou-
tinely for taxonomy purposes, but this may change in the future as analytical capabilities improve.
The only isotope anomalies that are used relatively routinely for classification purposes are 17O
(Clayton 1993), **Cr (Shukolyukov & Lugmair 2006a, Trinquier et al. 2007, Qin et al. 2010a),
and, increasingly, °Ti (Trinquier et al. 2009, Zhang et al. 2012). We mention above that for a
meteorite to belong to a specific group, it needs to have the isotopic anomaly (A'7O, ¢°°Ti, and
¢’*Cr) characteristic of that group. This is not completely true, as a certain level of isotopic scatter
is allowed. The most striking examples of that are Ibitira and a few other anomalous eucrites
(PCA91007, Pasamonte, A-881394, Bunburra R) that are chemically and mineralogically similar
to other eucrites yet show A!7Q isotopic anomalies that can reach +0.15% relative to other HED
meteorites (Wiechert et al. 2004, Scott et al. 2009). These anomalous eucrites have petrology and
ages compatible with the eucrite group (except possibly Ibitira) (Mittlefehldt 2005). When plotted
in ¥Mn->*Cr (t;/, = 3.7 Myr) (Lugmair & Shukolyukov 1998, Trinquier et al. 2008) or ®Fe-"Ni
(t1/2 =2.6 Myr) (Tang & Dauphas 2012) diagrams, they plot on the same bulk meteorite isochrons
as other HED meteorites, suggesting that they differentiated at the same time. HED meteorites
are differentiated meteorites, meaning that their parent body, presumably Vesta (Drake 2001,
McSween et al. 2013), must have been at least partially molten. In the process of melting, one
would expect the isotopic anomaly signatures to be homogenized, so thata given body should have
a fixed anomaly. At the present time, it is unknown whether this statement is correct, so that the
anomalous eucrites come from a different parent body, or whether isotopic heterogeneities can
survive partial melting and magmatic differentiation processes. Geochronologic inferences sup-
port derivation of anomalous and nonanomalous eucrites from the same parent body, suggesting
that isotopic heterogeneities can survive planetary differentiation processes.

6.3.2. Planetary genetics and relationships between Earth and meteorites. Processes taking
place on planetary bodies, at both low and high temperatures, can impart stable isotopic variations
to rocks. However, for the most part (exceptions to this rule are nuclear field shift effects and other
exotic processes discussed in Sections 3 and 4), those variations are mass dependent, meaning that
the isotopic anomalies do not change. Isotope variations can thus help us see through subsequent
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planetary processes to identify the nature of the material that made Earth and other planets. Among
large planetary bodies, the isotopic compositions are known precisely for Earth (at least its man-
tle, because, as discussed below, it need not be representative of the bulk planet for siderophile
elements), the Moon, and Mars. A prerequisite for some assemblage of meteorites to be consid-
ered as building blocks of Earth is that they should reproduce its isotopic composition. Models
attempting to reproduce the composition of planets usually start with chondrites. Achondrites are
not included because the bulk chemical compositions of their parent bodies are very uncertain.
For Mars, Lodders & Fegley (1997) considered a model comprising 85% H + 11% CV + 4%
CI, whereas Sanloup et al. (1999) considered a model comprising 55% H + 45% EH. Tang &
Dauphas (2012) showed that Sanloup et al.’s (1999) mixture is viable, as it reproduced the isotopic
composition of Mars for most isotopic systems, but that Lodders & Fegley’s (1997) mixture fails
to reproduce the A!7O value of SNC meteorites. Even if a specific chondrite mixture reproduces
the composition of a planet, it does not mean that the planet is made of that material. In the
case of Earth, it is well documented that the isotopic compositions of enstatite chondrites match
those of Earth for most isotopic systems: 17O, ¥Ca, °*Ti, 3*Cr, 5*Ni, Mo, and '“Ru (Figure 13)
(Dauphas et al. 2014b). This led Javoy and coworkers to suggest that Earth was made of enstatite
chondrites (Javoy 1995, Javoy et al. 2010). Because isotopic anomalies in these elements are not all
correlated (Figure 13), itis difficult to imagine that the similarity in isotopic composition between
Earth and enstatite chondrites could be just a coincidence, and Dauphas et al. (2014b) showed
that, indeed, no chondrite mixture can reproduce the terrestrial isotopic composition unless the
mixture comprises >80% enstatite-like meteorites. A major difficulty, however, is that enstatite
chondrites have low Mg/Si ratios, while the silicate Earth has a high Mg/Si ratio, which would
require an unrealistic amount of Si in Earth’s core (20-30 wt%, whereas geophysical observations
constrain that number to <11 wt%; Hirose et al. 2013) or the presence of a hidden Si-enriched
reservoir in the deep mantle (Javoy et al. 2010, Kaminski & Javoy 2013). Most likely, Earth-
forming material and enstatite chondrites formed from the same isotopic reservoir but diverged
in their chemical evolutions due to nebular processes, such as forsterite-gas decoupling (Dauphas
etal. 2014a, 2015b).

Earth is thought to have formed by collisions of embryos that formed at various planetary
radii (Chambers & Wetherill 1998). The embryos, in contrast, are thought to have formed from
relatively narrow feeding zones, such that their compositions should match that of the protosolar
nebula at the time and place at which they formed (Wetherill & Stewart 1989, Kokubo & Ida
1998). If the disk were isotopically heterogeneous, then the various embryos that formed Earth
would have had different compositions, and the Earth that grew from them would not look like
any of them (Pahlevan & Stevenson 2007). Instead, Earth’s composition matches well that of a
meteorite group: enstatite chondrites. The easiest explanation for this similarity is that the inner
part of the Solar System (all the way to the present orbit of Mars) had uniform isotopic composition
similar to that of Earth and enstatite chondrites but that the building blocks of Earth had different
chemical composition than enstatite chondrites and are missing entirely from meteorite collections
(Dauphas et al. 2014a,b).

Isotopic anomalies in Mo and Ru can also help constrain the nature of the material that fell
on Earth before and after completion of core formation (Dauphas et al. 2004). Molybdenum is
a moderately siderophile element, meaning that when the core formed, a significant amount of
Mo stayed behind in the mantle. In contrast, Ru is a highly siderophile element, meaning that
when the core formed, it was completely scavenged in Earth’s core. The mantle was replenished
in Ru and other highly siderophile elements by accretion of a late veneer after the completion of
core formation. Molybdenum and ruthenium in Earth’s mantle thus record different epochs of
Earth’s accretion history. Taking W as a proxy for Mo in the model of Rubie et al. (2011), Mo
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Mass (age) spectra of Mo and Ru in Earth’s mantle. The W (taken as a proxy for Mo) curve was calculated using the model output of
Rubie et al. (2011). These curves give the probability for atoms in Earth’s mantle to have come from a given period in Earth’s mass
accretion history (mass is given as a proxy for time in this diagram). For example, the fraction of Mo atoms in Earth’s mantle that were

delivered during the first half of Earth’s mass accretion history is given by the integral f(? > PDF(m)dsm. This shows that Mo was
delivered to Earth’s mantle during the second half of Earth’s history, whereas Ru was delivered as part of a later veneer during the last
0.4% of Earth’s accretion history. The atoms delivered before those time periods partitioned into metal and were scavenged into
Earth’s core. Abbreviation: PDF, probability distribution function.
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would have been delivered to Earth mostly during the second half of Earth’s accretion history
(Figure 15). Before that, Mo would have been scavenged into Earth’s core. Ruthenium would
have been scavenged into Earth’s core throughout its history, except for the last 0.1-0.5% late
veneer delivery (Chou 1978, Dauphas & Marty 2002, Walker 2009).

In meteorites, ¢ Mo and e'"Ru isotope anomalies form a tight correlation that corresponds to
a deficit in the s-process, consistent with a heterogeneous distribution of mainstream SiC among
planetary bodies at the ~20% level (Dauphas et al. 2002b,c, 2004; J. Chen et al. 2010; Burkhardt
et al. 2011; Fischer-Godde et al. 2015) (Figure 16). Usually, binary mixing in such an isotopic
diagram is characterized by a curve whose curvature coefficients are given by (Mo/Ru),/(Mo/Ru);,,
where 1 and 2 correspond to the two mixing end-members (solar and s-process in this case). The
reason why mixing is depicted as a straight line is that the isotopic variations in bulk meteorites
represent a very small fraction of the isotopic range spanned by the two mixing end-members.
This is formalized in the following equation (Dauphas et al. 2004, 2014b), which relates e-level
anomalies (A and B are two elements; the isotopic ratios /A/’A and /B/’B are corrected by internal

normalization by fixing *A/’A and "B/?B ratios, respectively, to constant values):
pj/i My ki
A Wk/i A

pq/P _ M /e
B Hr/p

e/A = C,\e?/PB, (37)
where p]E:/ = E/ E)sar/ (E/E)sun—1, u/E:/ " = In(mjy /miz) arises from the internal normalization
procedure, and C;% = (E/?F)gar/(E/?F)sun is the curvature coefficient.

If one considers two isotopic ratios /A/’A and ‘A/’A of the same element, both internally
normalized by fixing the ratio “A/’A to a constant value, then the relationship becomes

j/i Wi k/i
P — P

JITA — /i q/i
eA = T A. (38)
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Figure 16

Correlation between nucleosynthetic anomalies for Mo and Ru. Mo in Earth’s mantle was delivered in the second half of Earth’s
accretion history, whereas Ru was delivered as part of the late veneer during the last 0.4% of Earth’s accretion (Figure 15). The fact that
Earth’s mantle plots on the correlation line defined by meteorites [(0,0) coordinates] suggests that the material accreted by Earth before
and after completion of core formation did not change drastically in its isotopic characteristics (Dauphas et al. 2004, Fischer-Godde
etal. 2015). Data sources: Dauphas et al. (2002a,b, 2004), J. Chen et al. (2010), Burkhardt et al. 2011), Fischer-Gédde et al. (2015).

The Mo-Ru anomalies can be used to evaluate whether the material that was accreted by Earth
changed when Earth accreted the last 50% or 0.5% of its mass (Figure 15). Because Mo and Ru
were delivered to Earth’s mantle at different stages of its accretion, there is no requirement for
Earth’s mantle to plot on the cosmic correlation defined by meteorites (Figure 16). For instance,
let us consider a scenario whereby Earth starts accreting enstatite-like material and the late veneer
is made of CV chondrites. In such a case, the ¢”?Mo value would be that of enstatite chondrites
(~0) (Dauphas et al. 2002a, Burkhardt et al. 2011), whereas the ¢'°°Ru value would be that of CV
chondrites (—1) (J. Chen et al. 2010, Fischer-Godde et al. 2015), and the silicate Earth would plot
off the Mo-Ru correlation. Instead, the measurements show that the silicate Earth plots on the
correlation, suggesting that the material that was accreted by Earth before and after the completion
of core formation did not change in its isotopic characteristics.
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6.3.3. Relationship between Earth and the Moon. The most successful model to account for
the characteristics of the Earth-Moon system, notably its angular momentum, the mass of the
Moon, and the small core of the Moon, is impact between a Mars-sized embryo at a velocity that
just exceeds the mutual escape velocity and an impact angle of around 45° (Hartmann & Davis
1975, Cameron & Ward 1976, Canup & Asphaug 2001). A strong appeal of this model, which
is known as the canonical giant impact model, is that those conditions are likely for collisions
between protoplanets and embryos when terrestrial planets formed. A prediction of this model
is that most of the Moon (>80%) would have been derived from the impactor, named Theia
(Canup et al. 2013). If Theia had a different composition than the proto-Earth for any of the
elements that display isotopic anomalies, as was proposed by Pahlevan & Stevenson (2007), then
the Moon should have inherited this composition and should be distinct from Earth. A difficulty
in conjecturing Theia’s composition is that the isotopic gradient of the protoplanetary disk is
unknown. To constrain it, Pahlevan & Stevenson (2007) took the compositions of Earth and Mars
as anchors. They examined the outcomes of 7-body simulations and fixed the gradient in A7O
s0 as to reproduce the Earth-Mars difference in A O between Earth and Mars analogs. Based on
this inferred A7 O gradient, they were able to look at the statistical likelihood of giant impacts
with an impactor that has the same isotopic composition as the proto-Earth. They concluded that
this was very unlikely. To reconcile the very similar A7 O values of Earth and the Moon (Clayton
& Mayeda 1975, Wiechert et al. 2001, Spicuzza et al. 2007, Hallis et al. 2010, Herwartz et al.
2014), Pahlevan & Stevenson (2007) proposed a new model whereby the impactor had an isotopic
composition distinct from that of the proto-Earth but the terrestrial magma ocean equilibrated
with the protolunar disk in the aftermath of the giant impact. This model predicted that the

Moon should have Si isotopic composition distinct from that of Earth (due to SiOg,-silicate

liquid isotopic fractionation) (Pahlevan et al. 2011), which has not been not found (Arm;tage etal.
2012). Furthermore, this equilibration scenario involving gas-mediated exchange should work
only for elements that are relatively volatile. Refractory elements such as Ca or Ti would not be
able to equilibrate isotopically because they have low vapor pressures, and the timescale for transfer
between the molten protolunar disk and the Earth-Moon atmosphere would be comparable to
the lifetime of the lunar disk (Zhang et al. 2012). Thus, if the proto-Earth and Theia had distinct
isotopic compositions for refractory elements such as Ti, a difference should be detectable between
Earth and the Moon. Zhang et al. (2012) measured at high precision the T1i isotopic composition
of lunar rocks. A complication with these samples is that they were exposed to galactic cosmic
rays for an extended time, and capture of secondary neutrons produced by interaction between
galactic cosmic rays and lunar rocks modified the isotopic composition of T1i. Indeed, Zhang et al.
(2012) showed that the isotopic composition of T1 correlated with isotopic variations in Sm and
Gd, which are highly sensitive to neutron capture. After correcting for these cosmogenic effects,
Zhang et al. (2012) found that Earth and the Moon have identical ¢’*Ti isotopic compositions
within uncertainty ( & 0.04 parts per 10*), whereas variations documented among various meteorite
groups cover a range of 6 parts per 10* (Figure 17). The Moon also has the same ¢°*Cr isotopic
composition as Earth (Lugmair & Shukolyukov 1998; Qin etal. 2010a,b), and recent measurements
have failed to detect any difference in the e*¥Ca isotopic compositions of terrestrial and lunar rocks
(Dauphas et al. 2015a). This level of similarity for highly refractory elements such as Ti or Ca is
difficult to reconcile with the view that the impactor had a composition different from that of the
proto-Earth, and that the more volatile elements equilibrated isotopically in the aftermath of the
giant impact.

To solve the lunar isotopic crisis, Cuk & Stewart (2012) and Canup (2012) proposed new
versions of the giant impact scenario. Cuk & Stewart (2012) proposed that the Moon formed
by a hypervelocity impact (20 km s7!) of a small-sized impactor (0.05 Mg) on a fast spinning
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Figure 17

Titanium isotopic anomalies (¢’ T1) in meteorites, Earth, and the Moon (Zhang et al. 2012). After
correction for cosmogenic effects, the 9T value of the Moon is indistinguishable from that of Earth within
+0.04 € units, whereas meteorites show a range in £’0Ti values of ~6 ¢ units. This cannot be reconciled
with models that assume gas-mediated equilibration between Earth and the Moon (Pahlevan & Stevenson
2007) and suggests instead that the Moon-forming impact departed from the canonical impact scenario

(Canup 2012, Cuk & Stewart 2012) or that the Moon-forming impactor had Ti isotopic composition very
similar to that of Earth (Dauphas et al. 2014a).

proto-Earth (2.3-h period). The preimpact proto-Earth of Cuk & Stewart (2012) displays a sig-
nificant equatorial bulge, and the model shares similarities with the fission scenario of Darwin in
that it allows for a large fraction of the Moon to be derived from the proto-Earth. Canup (2012)
proposed that the Moon formed from the collision of two equal-sized bodies of approximately half
the present Earth mass, so that Earth and the Moon would have received equal shares of the two

www.annualyeviews.org ¢ Normal and Anomalous Isotope Variations

759



Annu. Rev. Earth Planet. Sci. 2016.44:709-783. Downloaded from www.annual reviews.org
Access provided by University of Chicago Libraries on 07/19/16. For personal use only.

760

impactors. Those two models predict that the angular momentum of the postimpact Earth-Moon
system was much higher than the present one, but Cuk & Stewart (2012) proposed that some of
this angular momentum could be transferred to the rotation of Earth around the Sun. Work is
still being done to evaluate the feasibility of this process (Wisdom & Tian 2015), but an important
issue with these scenarios is that, unlike the canonical scenario, they require impact conditions
(impactor size, impact angle, velocity, rotation rate of the proto-Earth) that are unlikely (Canup
2014).

Dauphas et al. (2014a,b) examined the geochemical constraints on the nature of the material
that made Earth. The fact that Earth matches the isotopic composition of enstatite chondrites very
closely (Figure 13) cannot be a coincidence, as isotopic anomalies are not correlated, and mixtures
of materials of disparate compositions would not explain why Earth has the same composition as
a particular chondrite group that represents a snapshot in time and space of the composition of
the protosolar nebula. As discussed above, the fact that the silicate Earth plots on the Mo-Ru
isotope correlation (Figure 16) also suggests that the material accreted by Earth did not change
in composition before or after core formation (Dauphas et al. 2004). Based on this evidence,
Dauphas et al. (2014b) suggested that the inner part of the protosolar nebula had uniform isotopic
composition, similar to that of enstatite chondrites (this reservoir was called inner disk uniform
reservoir, or IDUR). All the embryos that made Earth had the same isotopic composition as
enstatite chondrites (but not necessarily the same chemical composition), including the Moon-
forming impactor. This naturally explains why the Moon has the same isotopic composition as
Earth. Mastrobuono-Battisti et al. (2015) reevaluated the basis of Pahlevan & Stevenson’s (2007)
argument that the impactor should have 7O isotopic composition distinct from that of Earth.
Using a statistically more representative set of simulations, they concluded that having an impactor
with the same isotopic composition as the proto-Earth was quite likely, with a probability of ~20%.
Doing a similar analysis, Kaib & Cowan (2015) obtained a lower number (~5% probability) and
commented that this remains a low-probability event, although not as rare as what was inferred by
Pahlevan & Stevenson (2007). Those models were focused on explaining the similarity in oxygen
isotopic composition between Earth and the Moon and still allowed for a large radial gradient
in isotopic composition, with the terrestrial composition representing a mixture of bodies with
disparate compositions. We see this as unlikely because, as pointed out by Dauphas et al. (2014b),
the isotopic anomalies are not all correlated (e.g., 7O and **Tj; see Figure 13), so getting the right
composition for 7O by mixing does not mean that *Ti or **Cr will also have the right isotopic
compositions. It also does not explain why Earth has the same isotopic composition as enstatite
chondrites. The simplest explanation remains that the inner part of the Solar System had uniform
isotopic composition and that all the large impactors that made Earth had isotopic compositions
similar to one another and to enstatite chondrites (the IDUR).

A difficulty that remains in regards to the composition of the Moon is the similarity in the
82\ isotopic compositions of lunar and terrestrial rocks (Kruijer et al. 2015, Touboul et al.
2015). Indeed, this composition reflects the time evolution of the Hf/W ratio while '®2Hf was
still alive (82W is produced by decay of ' Hf with a half-life of ~9 Myr). There may be a
small difference in the W isotopic composition of the terrestrial and lunar mantles that can be
accounted for by a difference in the masses of the late veneers on the Moon and Earth, suggesting
that the lunar and terrestrial mantles started with similar %W isotopic compositions. Another
puzzle is that the lunar and terrestrial mantles also seem to have very similar Hf/W ratios (Miinker
2010, Dauphas et al. 2014a). No model can naturally explain this similarity. Dauphas et al. (2014a)
presented an inversion technique to calculate the Hf/W ratios and ¢!%'W values of the impactor
and proto-Earth mantles and showed that those compositions would be in line with what would
be expected for a rapidly formed embryo and a protoplanet that grew over an extended period of
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time. The similarity in W isotopic composition between the lunar and terrestrial mantles may just
be a coincidence, like the fact that the Moon is 400 times closer to us and 400 times smaller in
diameter than the Sun, so that total lunar eclipses can perfectly obscure the Sun, leaving just the
solar corona visible for astronomers to observe.

6.3.4. Tracers of parent-body processing. Meteorite parent bodies were affected by impacts,
aqueous alteration, and thermal metamorphism. For elements that are volatile, and in particular
for noble gases, the destruction of presolar grains by thermal metamorphism can have a strong
influence on the isotopic composition of the meteorite (Huss & Lewis 1995). The effect of ther-
mal metamorphism is also blatant in leachate studies, as leachate fractions in metamorphosed
meteorites usually have uniform isotopic compositions because presolar grain destruction and
diffusion have isotopically homogenized the samples (Rotaru et al. 1992, Dauphas et al. 2002c,
Brandon et al. 2005).

7. TROUBLEMAKERS IN GEOCHRONOLOGY

The radiogenic component of isotopic variations is usually calculated by examining departures
from mass-dependent fractionation for the radiogenic isotope. For this calculation to be correct,
one must make sure that no other source of isotope variation is present. Cosmogenic effects
produced by irradiation of the samples by cosmic rays are usually easily identified as they correlate
with other proxies of space exposure. Other sources of isotopic anomalies must also be considered,
in particular those that have a nucleosynthetic origin, and possibly nuclear field shift effects. Below,
we review the radioactive isotope systems that are most severely affected by the presence of isotopic
anomalies.

7.1. 26A1-26Mg (tl/z =0.7 Myr)

The initial 2°Al/*” Al ratio in refractory inclusions in meteorites was established at ~5 x 10~ using
a 26Mg/**Mg-*" Al/**Mg isochron diagram (Lee et al. 1976). This ratio is much higher than what
is observed by y-ray astronomy in the average interstellar medium gas (3 x 107¢) (Diehl et al.
2006, 2010; Tang & Dauphas 2012). It is also high in comparison to other short-lived nuclides
such as ®Fe (#;,, = 2.6 Myr), for which the ®*Fe/*°Fe ratio in the early Solar System, of 1 x 1078
(Tang & Dauphas 2012, 2015), is lower than the ratio in the interstellar medium gas, of 3 x 1077
(Wang et al. 2007, Tang & Dauphas 2012). The reason for this high abundance of *°Al is uncer-
tain, but the most likely scenario is that it came from the winds of one or several massive stars
that shed some of their mass right before the Solar System formed (Gounelle & Meynet 2012,
Tang & Dauphas 2012, Young 2014). The question of the homogeneity of short-lived nuclides
has been posed ever since it was found that refractory inclusions that carry large isotopic anoma-
lies (FUN inclusions and hibonite inclusions) have a very low abundance of 26Al/*’Al (Ireland
1990, Lee et al. 1979) compared to non-FUN refractory inclusions (Figure 9; see the caption
for an extensive reference list). '82Hf dating indicates that FUN CAls are not much younger
than non-FUN CAIs (Holst et al. 2013), but the half-life of 2Hf (~9 Myr) is not well adapted
to resolve small age differences among CAls. Most likely, the lower abundance of 26Al in FUN
CAIs and hibonite inclusions does not reflect a difference in formation age but rather the fact
that FUN CAlIs and hibonite grains captured the composition of the solar nebula before complete
homogenization of 2Al. This explains why these objects often carry large isotopic anomalies. An
important question that has not yet been completely settled is the question of the homogeneity
(or lack thereof) of 2°Al at a bulk planetary scale. This is important because 2°Al was a potent heat
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source in planetesimals (Lee et al. 1976, 1977; Grimm & McSween 1993; Dauphas & Chaussidon
2011) and Mars (Dauphas & Pourmand 2011), and the *°Al-*Mg decay system is very well
suited to establish the chronology of early Solar System events provided that it was uniformly
distributed (Nyquist et al. 2009, Dauphas & Chaussidon 2011, Davis & McKeegan 2014). A
way to examine this is to compare various radiochronometers, in particular U-Pb dating, with
26A1-?6Mg (Zinner & Gépel 2002). Much of the discussion has centered on the age of quenched
angrites (early-formed rapidly quenched basaltic meteorites) relative to CAls, which are both
amenable to dating by U-Pb (CAls: Amelin et al. 2010, Bouvier & Wadhwa 2010, Connelly et al.
2012; quenched angrites: Amelin 2008, Connelly et al. 2008, Larsen et al. 2011, Brennecka &
Wadhwa 2012) and 2°Al-*Mg (CAIs: Jacobsen et al. 2008; quenched angrites: Spivak-Birndorf
etal. 2009, Schiller et al. 2010) dating techniques. Other dating techniques can also be compared
with 26Al-?6Mg, such as ¥*Mn-"*Cr (Glavin et al. 2004, Sugiura et al. 2005), ®“Fe-*Ni (Quitté
etal. 2010; Tang & Dauphas 2012, 2015), or 2 Hf-'%2W (Kleine et al. 2012). Overall, the jury is
still out on whether the 26Al-2Mg dating technique is concordant with other techniques (Davis
& McKeegan 2014). An issue with U-Pb dating of CAls, at the level of precision required for
comparison with 26Al, is that analytical artifacts may be introduced by the leaching procedure
used to reduce the contribution of common lead (Pb that is not produced by in situ decay, i.e.,
incorporated in the CAI when it formed, introduced from the surrounding matrix on the parent
body or during sample preparation, or terrestrial contamination).

Another approach to tackle this issue of the initial ) Al abundance is to examine the *6Mg/?**Mg
ratio in bulk planetary objects after correction for mass fractionation by internal normalization
using the 2 Mg/?**Mg ratio. The rationale behind this approach is that if some regions of the Solar
System formed with heterogeneous 2°Al/?’Al, decay of *°Al into 2*Mg will have created 2*Mg*
isotope variations at a bulk planetary scale (Villeneuve et al. 2009, Larsen et al. 2011). At the time
of CAI formation, the solar initial 2°Al/2Mg ratio was ~3.6 x 10>, which means that if a nebular
reservoir was entirely missing 2Al, it would display an anomaly of —0.036%¢ in A?*Mg (assuming
that the ?7Al/26Mg ratio was uniform). CAls display variable Mg isotopic mass fractionation due
to evaporation/condensation processes, and choosing the proper mass fractionation law (Section
2) is important to discuss small 2 Mg* variations (Davis et al. 2015). Larsen et al. (2011) measured
at high precision the A?*Mg isotopic composition of several Solar System materials and found
variations that range between approximately —0.008%0 and +0.005%o relative to the terrestrial
composition. An isochron diagram for CAls and amoeboid olivine aggregates gives a A?*Mg
value at a solar Al/Mg ratio of +0.022%c for the nebular reservoir characterized by a 26Al/?” Al of
§ x 107°. Larsen etal. (2011) interpreted those variations to reflect the heterogeneous distribution
of 2°Al at a bulk planetary scale, so that most achondrite groups would have incorporated very low
amounts of 26Al (as low as 1 x 10%), whereas chondrites would have incorporated intermediate
values (1.6 x 107 to 2.8 x 107°). The suggestion that achondrites incorporated low amounts of
Al is counterintuitive because one of the reasons why these meteorites were molten, whereas
chondrites experienced only subsolidus metamorphism, could be that achondrites accreted early
(before chonderites), so that there was more *°Al around to induce melting (Dauphas & Chaussidon
2011). Larsen et al. (2011) assumed that the variations in Mg at a bulk planetary scale are due
to the heterogeneous distribution of 2°Al. More likely, these variations are isotopic anomalies of
nucleosynthetic origin (Wasserburg et al. 1977, 2012; Ireland et al. 1991; Liu et al. 2009) and are
unrelated to variations in the abundance of *°Al at a megascopic scale. A strong line of evidence
in support of this view is the fact that A? Mg anomalies correlate with ¢*Cr anomalies (Larsen
et al. 2011), which have a clear nucleosynthetic origin (Dauphas et al. 2010, Qin et al. 2011b).
This illustrates how interpreting isotopic variations is fraught with difficulties when the isotopic
variations can be ascribed to several processes that cannot be disentangled easily. The presumed
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uniformity of 26Al at large planetary scale does not imply that 26 Al was homogeneously distributed
at finer scale, as evidence suggests that FUN inclusions and hibonite inclusions probably formed
from a reservoir depleted in 2¢Al.

7.2. 53Mn-"3Cr (t1/2 =3.7 Myr) and 60Fe-60Ni (t1/2 =2.6 Myr)

As discussed above, isotopic anomalies are present for chromium, but these anomalies affect
predominantly the neutron-rich isotope, **Cr. Furthermore, besides **Cr and **Cr, chromium
possesses two additional isotopes (*°Cr and *2Cr) that can be used for correcting mass-dependent
fractionation by internal normalization, so in theory, 33 Cr isotope measurements should be devoid
of confounding nucleosynthetic anomalies. However, in mass spectrometry, double normaliza-
tion is sometimes used to improve the precision of isotopic analyses. This is done when the ratios
after correction for mass fractionation by internal normalization still correlate with the raw ratios,
meaning that the mass fractionation law is more complex than that used for mass fractionation
correction (see Section 2; often an exponential law in mass spectrometry) (Russell et al. 1978,
Hart & Zindler 1989, Maréchal et al. 1999). Before it was recognized that there were anomalies
at a bulk planetary scale for **Cr (Shukolyukov & Lugmair 2006a, Trinquier et al. 2007, Qin
et al. 2010a), Lugmair & Shukolyukov (1998) corrected their **Cr data by using a second-order
mass fractionation correction incorporating both *°Cr/*?Cr and **Cr/*?Cr ratios. Different spec-
imens from the same parent body have the same **Cr anomaly, so the ¢**Cr measurements are
all shifted by the same value. When plotting a **Cr/°?Cr versus **Mn/*?Cr isochron, the slope
will not be affected but the intercept will. Thus, when comparing materials from planetary ob-
jects, systematic offsets will be present in their apparent initial **Cr/*2Cr ratios that are not real
but rather are artifacts from the second-order correction. Lugmair & Shukolyukov (1998) had
thus concluded that the **Mn/*Mn initial ratio was heterogeneous, possibly following a gradient
with the heliocentric distance. Subsequent work (Shukolyukov & Lugmair 2006a, Trinquier et al.
2007, Qin et al. 2010a) showed that this was not real but an artifact from the data correction
procedure and the fact that isotopic anomalies were present on **Cr. Double normalization is
seldom used except occasionally in ultrahigh-precision TIMS measurements (Caro et al. 2003,
Touboul & Walker 2012). When applied, one must make sure that all the isotopes involved in
the correction are clear of isotope anomalies, from either nucleosynthetic or nuclear field shift
effects.

More recently, subtle effects were detected for Ni isotopes. Small effects were found in CB
chondrites that are due to the presence of large natural isotopic fractionation associated with
condensation that is not well accounted for by the exponential law (Tang & Dauphas 2012). Ter-
restrial standards used as references for isotopic ratios can also be affected by isotopic anomalies
introduced during the industrial process used for producing high-purity materials. This was doc-
umented for Ni by Steele et al. (2011), who suggested that Ni purification by the Mond process
(purification of Ni as volatile nickel tetracarbonyl) could have imparted isotope effects that are
not fully accounted for by the exponential law. These anomalies have to be taken into account to
infer the abundance of ““Fe in meteorites from ®“Ni isotope measurements.

7.3. 16Sm-1*Nd (#1/> = 68 or 103 Myr)

For refractory lithophile elements, the assumption is usually that they are present in constant
chondritic proportions in Solar System materials. At a bulk scale, one would therefore ex-
pect Earth’s mantle to have chondritic Sm/Nd ratio, as well as chondritic "*Nd/'*Nd and
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I Nd/™Nd ratios, where 1**Nd and " Nd are produced in part by the decays of **Sm (¢, , = 68
or 103 Myr) and ¥Sm (¢;, = 106 Gyr). It is difficult to evaluate whether the ¥ Nd/'*Nd ratio
is chondritic in the silicate Earth, because planetary differentiation processes and in particular
continental crust extraction fractionated the Sm/Nd ratio, and decay of '¥Sm created reservoirs
with disparate ¥ Nd/"**Nd ratios. The **Nd/"*"Nd ratio is potentially more straightforward to
interpret because any variation in **Nd must have been caused by early Sm/Nd fractionation,
while *Sm was still alive. Boyet & Carlson (2005) measured the ¢!*Nd isotopic compositions
of several chondrite groups and found that they had lower €!*Nd than terrestrial rocks available
at Earth’s surface. They interpreted those deficits as evidence that rocks available at Earth’s
surface are not representative of the silicate Earth. In their scenario, an early-enriched reservoir (a
proto-crust) was formed with a low Sm/Nd (during partial melting, Nd is more incompatible than
Sm, so it partitions preferentially into the melt) that developed a subchondritic ¢!**Nd, which
was then recycled in the deep Earth, where it was sequestered ever after as a hidden reservoir
(Brown et al. 2014). The mantle reservoir left behind (early-depleted reservoir, or EDR) has a
suprachondritic Sm/Nd ratio and ¢**Nd. In contrast, Caro and coworkers (Caro et al. 2008, Caro
2015) interpreted these results to reflect the fact that Earth as a whole may have nonchondritic
isotopic composition, as a result of early crustal erosion by impacts. It was shown recently that
Earth displays a Tm anomaly relative to CI chondrites and that this reflects nebular fractionation
of the rare earth elements (Dauphas & Pourmand 2015, Barrat et al. 2016), so nebular processes
could also fractionate refractory lithophile elements at a bulk planetary scale. A difficulty with the
scenario of early removal of crustal material, either to space or to the deep Earth, is that overall,
lanthanides have similar behaviors, so one may expect that there should be clear collateral effects in
the compositions of other elements. In the original study of Boyet & Carlson (2005), no enstatite
chondrite was measured. Subsequent work showed that different chondrite groups have different
¢!*Nd values, which cannot be explained by fractionation in the Sm/Nd ratio (Gannoun et al.
2011).

Bulk carbonaceous chondrites display negative anomalies in **Sm, a p-process isotope
(Andreasen & Sharma 2006, Gannoun et al. 2011). *Nd is an s-process isotope with a small
p-process contribution of ~4% (Rauscher et al. 2013), but an additional complication when ex-
amining the isotopic anomalies of different elements is that during condensation in the presolar
carrier of these anomalies, they can be chemically fractionated, and the slope of the line in a
¢! Nd-e'*Sm diagram is influenced by the Sm/Nd ratio in the presolar carrier compared to
the solar ratio (the curvature term in Equation 37; see Rauscher et al. 2013). Furthermore, given
the observations made on '**Sm, it is conceivable that the short-lived p-nuclide **Sm was het-
erogeneously distributed in the Solar System, which could have influenced **Nd (Andreasen
& Sharma 2006). Overall, carbonaceous chondrites display variations in the abundance of
p-process isotopes, and they should not be used as a reference to estimate the bulk ¢!'**Nd value of
Earth.

An additional complication is the presence of isotopic anomalies corresponding to variable
contributions of the s- and 7-processes. Qin et al. (2011a) plotted all chondrite and basaltic eu-
crite data for ¢'*Nd versus ¢'**Nd and showed that they form an overall trend consistent with
variations in the 7- and s-processes. To estimate the starting bulk terrestrial ¢!'*Nd value, one
has to extrapolate the ¢!*Nd-¢!*Nd correlation to ¢!**Nd values of zero. The ¢!*Nd-¢!*¥Nd
correlation is poorly defined (the error bars are large, and the slope is not well pronounced), so it
is difficult to tell for sure whether measured terrestrial rocks are unlike any chondrite group after
correction for isotopic anomalies. Recent high-precision Nd measurements of several chondrite

groups seem to indicate that the variations in '**Nd among terrestrial and meteoritic samples are of
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nucleosynthetic origin (Burkhardt et al. 2016). This is a perfect illustration of how nucleosynthetic
anomalies can be troublemakers for geochronologic inferences.

7.4. BZHf-182W (2, =9 Myr)

The isotopic composition of W in meteorites can vary due to decay of 182Hf, but other issues
complicate interpretation of W isotope variations. The first one is cosmogenic effects. This com-
plication is prevalent in lunar rocks, where neutron capture on '®!'Ta and W isotopes can change
the isotopic abundance of '82W. Strategies were devised to minimize and correct for these effects,
including correlating & '#2 W with Ta/W ratios (Lee etal. 2002); measuring samples with low Ta/W
ratio, such as metal (T'ouboul et al. 2015); and simultaneously analyzing other elements, such as
Hf, that are sensitive to neutron-capture effects (Kruijer et al. 2015). Neutron-capture effects are
also present in iron meteorites, and these effects tend to decrease the abundance of '82W, as this
nuclide can capture neutrons to produce *W but is not fed by any neutron-capture reaction.
Again, strategies were devised to minimize and correct these effects, by focusing on samples with
low exposure age and/or high shielding (Markowski et al. 2006, Scherstén et al. 2006, Qin et al.
2008b) or by measuring proxies of neutron capture in iron meteorites, such as Pt or Os (Wittig
et al. 2013, Kruijjer et al. 2014b, Qin et al. 2015). For W in bulk meteorites, cosmogenic effects
are a much bigger issue than nucleosynthetic effects, but Qin et al. (2008a) reported the presence
of small 8#*W isotopic anomalies in IVB iron meteorites. They calculated the expected collateral
effect on '¥2W and concluded that this effect would most likely be small. Isotopic anomalies are
a more serious concern in refractory inclusions, as their ¢!%?W initial value is used as a reference
to calculate "2 Hf-"2W ages of various planetary materials, in particular iron meteorites. CAls
display isotopic anomalies for ¢!¥W (after internal normalization using "%¢W/!8*W) (Burkhardt
et al. 2008, 2012a; Kruijer et al. 2014a). To correct the ¢!8W value of CAIs for the presence of
nucleosynthetic effects, one has to know how ¢!#W and ¢! W nucleosynthetic anomalies corre-
late. Because of uncertainties in s-process calculations, modeling results provide little guidance to
constrain this relationship (Qin et al. 2008a). As discussed in Section 5, leachates can reveal iso-
topic heterogeneities that are not widely expressed at a bulk sample scale. Burkhardt et al. (2012a)
measured the W isotopic composition of leachates from the Murchison meteorite and found W
isotopic anomalies that allowed them to better constrain the nature of the correlation between
¢!82W and ¢ ' W isotopic anomalies and refine estimates of the initial Solar System values of e "> W
and "2 Hf/!8°Hf. They thus revised the initial ¢! W of the Solar System from —3.28 £0.12 to
—3.51£0.10 parts per 10*. This solved a geochronologic conundrum, as previous data had shown
that iron meteorites had a lower ¢'8W value than the supposed CAl initial value (Burkhardt et al.
2008), which taken at face value would have meant that iron meteorites formed before CAls, a
conclusion that seemed implausible. Taking into account isotopic anomalies in CAls, Burkhardt
et al. (2012a) showed that the CAI initial ¢'®?W value was actually smaller than or similar to that
of iron meteorites, consistent with their formation in the first 1-2 Myr of the formation of the
Solar System. Subsequent work by Kruijer et al. (2014a) confirmed this conclusion.

Because tungsten is a high-atomic number element, there should perhaps be concern that
the nuclear field shift effect (Section 4) could lead to isotope fractionation that is not correctly
normalized by a mass-dependent fractionation law. Confounding effects from the nuclear volume
component of the field shift effect are likely to be subtle, however, because the nuclear radii of the
relevant tungsten isotopes correlate closely with their masses (e.g., Fricke & Heilig 2004). Recon-
naissance field shift effect calculations (E.A. Schauble, unpublished work) suggest that anomalies
of several parts per million in W/ W, and hundreds of parts per billion in ¥W/!+*W, may
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be possible if W(0)- and W(IV)-bearing phases (e.g., tungsten-iron alloy and WS, -tungstenite)
equilibrate and one of the fractionated phases is preferentially sampled.

8. CONCLUSION

As analytical capabilities improve and isotopic ratios can be measured with better precision, the
z0o of isotopic anomalies is rapidly expanding, which provides new insights into natural processes
that are not available otherwise:

1. Although they cannot be strictly called isotopic anomalies, subtle variations in mass frac-
tionation laws can now be investigated to decipher the mechanisms (e.g., kinetic versus equi-
librium) involved in establishing isotopic variations, thus reducing the range of possibilities.

2. Bona fide isotopic anomalies in O and S in meteoritic and terrestrial samples provide con-
siderable information on exotic physicochemical processes. Planetary materials are depleted
in !0 relative to the Sun, possibly reflecting gas-solid condensation chemistry or CO self-
shielding in the solar nebula or in a molecular cloud environment. Mass-independent S
isotope variation in sediments provides the most definitive record of Earth’s atmosphere
oxygenation through time.

3. Isotope fractionations caused by the magnetic effect and nuclear field shift affect the isotopic
composition of mercury and other heavy elements in terrestrial surface environments. For
the elements U and T1, nuclear field shift is thought to be the main driving force to the stable
isotope variations documented in nature. However, because those elements possess only
two long-lived isotopes, it is necessary to combine theoretical modeling with measurements
to confidently assign mass-dependent and mass-independent effects. Mercury, with seven
stable isotopes, shows both large, probably magnetic mass-independent isotope signatures
and subtler nuclear field shift effects. Both signatures are clearly manifested as odd-even
mass modulations on mass-dependent fractionation.

4. Nucleosynthetic anomalies affect planetary materials at all scales, from nanometer-sized
presolar grains to terrestrial planets. For elements in the iron-mass region, those anomalies
affect predominantly the neutron-rich isotopes (**Ca, **Ti, **Cr, °*Ni) and have a supernova
origin. For heavier elements produced by the s-, 7, and p-processes, a variety of isotopic pat-
terns are found that can be disentangled. Several processes seem to control the patterns in re-
fractory inclusions, but some patterns correspond to clear variations in the 7-process. Isotopic
anomalies in acid leachates and bulk meteorites primarily involve variations in the s-process.

5. Isotopic anomalies in bulk planetary materials are like indelible tags that can be used to trace
planetary genetics and ascertain meteorite classification. As an example, the Moon has '°O,
#8Ca, °°Ti, and **Cr isotopic compositions that are indistinguishable from those of Earth.
This is best explained in a giant-impact model of lunar formation if the impactor had the
same isotopic composition as the proto-Earth because material that made Earth did not
change with time and came from a region of the disk that had uniform isotopic composition
(the IDUR). Enstatite chondrites sample the same isotopic reservoir as Earth and Theia.
The contrast in composition between carbonaceous and noncarbonaceous chondrites is best
explained if these bodies were formed from nebular reservoirs that were separated in time
or, more likely, space and never exchanged.

6. Isotopic anomalies can be a curse, as they can confound interpretations of radiogenic isotope
systems commonly used in geochronology, such as 2°Al-*Mg or **Sm-!**Nd.

The fields of isotope geochemistry and cosmochemistry have seen a tremendous growth in
studies of mass fractionation laws and isotopic anomalies. With no end in sight, those studies are
changing the paradigm, such that isotopic anomalies are the new normal.
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