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Extreme isotopic variations among extraterrestrial materials provide great insights into the origin and
evolution of the Solar System. In this tutorial review, we summarize how the measurement of isotope
ratios can expand our knowledge of the processes that took place before and during the formation of
its subsequent early evolution. The continuous improvement of mass
spectrometers with high precision and increased spatial resolution, including secondary ion mass
spectrometry (SIMS), thermal ionization mass spectrometry (TIMS) and multi collector-inductively

our Solar System and

coupled plasma-mass spectrometry (MC-ICP-MS), along with the ever growing amounts of available
extraterrestrial samples have significantly increased the temporal and spatial constraints on the sequence
of events that took place since and before the formation of the first Solar System condensates (i.e., Ca—
Al-rich inclusions). Grains sampling distinct stellar environments with a wide range of isotopic
compositions were admixed to, but possibly not fully homogenized in, the Sun's parent molecular cloud
or the nascent Solar System. Before, during and after accretion of the nebula, as well as the formation
and subsequent evolution of planetesimals and planets, chemical and physical fractionation processes
irrevocably changed the chemical and isotopic compositions of all Solar System bodies. Since the
formation of the first Solar System minerals and rocks 4.568 Gyr ago, short- and long-lived radioactive
decay and cosmic ray interaction also contributed to the modification of the isotopic framework of the
Solar System, and permit to trace the formation and evolution of directly accessible and inferred
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as well as mixing and sampling of Galactic matter, and thus
represents several billion years of Galactic chemical evolution.
Most of the isotopes making up the baryonic matter in our
Universe were produced by complex nuclear processes (nucle-
osynthesis) in specific astrophysical settings, such as the Big
Bang and stars (including supernovae). Big bang (primordial)
nucleosynthesis, taking place 10 s to 20 min after the Big Bang,
produced most of the universe's 'H, stable helium (in the form
of “He) along with small amounts of deuterium (*H or D), and
*He and stable lithium-7 (primordially produced radioactive *H
and “Be decayed to *He and ’Li). Since the late 50s, stellar
nucleosynthesis in evolving and exploding stars has been
known to be the source of all the elements heavier than Li and
Be, and it is considered the main “kitchen stove” preparing the
chemical evolution of the Milky Way since its formation.® Most
stars (and their planetary disks), including our Sun, form in
groups or clusters of stars in giant molecular clouds, the
densest parts of the ISM (e.g., ref. 7). When gravitational

Introduction to the Solar System and
Galactic environment

As for any good recipe, the right ingredients and perfect timing
are crucial for the preparation of a Solar System capable of
sustaining life. At a distance of 8.33 £ 0.35 kiloparsecs from the
Galactic Center," currently at ~25 parsecs from the central plane
of the Milky Way,” our Sun and associated planetary bodies
formed ~4.567 Gyr® to ~4.568 Gyr* ago within the Milky Way's
Galactic habitable zone. As a younger generation star in
a universe of 13.7 & 0.2 Gyr,” the Solar System's chemical and
isotopic composition is largely the result of nucleosynthesis in
multiple generations of Milky Way stars, which enriched the
interstellar medium (ISM) with their products of nucleosynthesis,
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contraction of a localized, dense region of a large interstellar
molecular cloud leads to the accretion of a central star, the
chemical and isotopic compositions of the surrounding
rotating disk of gas and fine dust grains will have been influ-
enced by irradiation and influx of matter from older stars.® For
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instance, condensates from supernova explosion ejecta and the
winds of late-stage red giant branch (RGB) and asymptotic giant
branch (AGB) stars have been found admixed to the Sun's
molecular cloud (¢f. section on presolar grains). In the Solar
nebula, dust grains will then be heated up, evaporate, condense
and aggregate to form km-size bodies called planetesimals.
From that point on accretion progresses, through collisions and
gravitational interactions between planetesimals, leading to the
formation of a few tens of Moon-to-Mars-sized planetary
embryos in a timeframe of roughly 0.1 to 1 Myr.” Full planets
then form by large-scale collisions between these embryos
within 10 to 100 Myr, and one of these collisions is thought to
have led to the formation of the Earth's Moon.'*'*

Isotope cosmochemistry

Cosmochemistry, often defined as a subdivision of geochem-
istry, studies the chemical and isotopic compositions and
history of the Solar System. While astronomical observations as
well as robotic and manned orbital and lander probes have
contributed significantly to the current understanding of our
Galactic and Solar System neighborhoods, the study of extra-
terrestrial materials in the form of (micro)meteorites, lunar
(e.g., Apollo), asteroidal (e.g., 25143 Itokawa through Hayabusa)
and cometary (e.g., Wild 2 through Stardust) fragments, inter-
planetary dust particles (IDPs), and samples of the solar wind
(e.g., Genesis) has also provided deep insights into Solar System
processes, including accurate and precise time constraints on
early Solar System events. The constant growth of meteorite
collections worldwide, through systematic hot desert and
Antarctic recovery programs, as well as random finds and radar-
tracking meteorite falls (e.g., Sutter's Mill)**> combined with
continuous innovations and improvements in the capabilities
of analytical instruments, aiming at increased precision and
spatial resolution (cf. below), have made the last few decades an
exciting time to unravel the highly complex processes leading to
compositional variability among Solar System objects. Indeed,
planetary science has undergone a “supernova explosion” over
the last few decades, especially thanks to technological and
analytical advances, and this tutorial review summarizes the
current state of understanding of the most crucial processes
leading to the chemical and isotopic diversity observed among
Solar System materials, from fossil stellar dust admixed to the
Solar System's precursor gas and dust cloud, thermodynamic
fractionation processes, and radioactive decay, to the formation
of (accessible as well as hidden) planetary reservoirs.

Modern analytical instrumentation

Most analytical instrumentation used to study extraterrestrial
materials has seen significant advances over these last few
decades. This progress derives from (i) improved user-friendli-
ness due to increased processing power, more robust hard- and
software, and more straightforward data handling, (ii) higher
spatial resolution and instrument sensitivity facilitating the
study of smaller samples, and (iii) perhaps most crucial to the
isotopic characterization of Solar System materials, increased
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precision on the determined isotope ratios, resulting in better
constraints on any recorded mass-dependent and mass-inde-
pendent isotope fractionation effects. Although a wide variety of
instruments exists for specific isotope applications, such as
infrared laser-assisted fluorination coupled to stable isotope
ratio mass spectrometry (IRMS) for high-precision oxygen
isotope analysis, static gas mass spectrometry for noble gas
isotope ratio determination and resonance ionization mass
spectrometry (RIMS) for in situ isotope ratio measurements of
isobarically interfered species (e.g., ref. 13), the following
sections build on the instrumental progress that has occurred
in the more widely utilized thermal ionization mass spectrom-
eters (TIMSs), multi collector-inductively coupled plasma-mass
spectrometers (MC-ICP-MSs) and secondary-ion mass spec-
trometers (SIMSs).

In terms of precision, TIMS has long set the standard in the
isotopic characterization of bulk extraterrestrial samples. After
separation of the elements of interest using ion-exchange
chromatography, the sample is loaded on a filament as a salt,
which is then heated under vacuum in the source of the mass
spectrometer using one, two, or three filament assemblies,"
leading to a stable emission of ions, which are detected on an
electron multiplier or Faraday cups. While an electron multi-
plier records the impact of an individual ion by inducing an
electron cascade and is ideally suited for isotope measurements
at low count rates at the cost of precision, Faraday cups detect
the charges of incoming ions directly and simultaneously,
resulting in highly precise isotope ratios. For radiometric dating
(e.g., Rb-Sr, U-Pb or Sm-Nd; Table 2) and planetary reservoir
studies, excellent precision at the level of a few ppm (2 RSD,
relative standard deviation) is critical (¢f. section on radioactive
decay and chronology of the Solar System). Instrumental mass
fractionation is corrected either using internal normalization or
by double spiking (e.g., ref. 14-18). In the case of precious or
rare samples, however, the lack of sample availability can be an
important limiting factor for less abundant elements, for which
low ion per atom yields are attained. In addition, the maximum
filament temperatures of ~2500 °C result in the limited ability
to ionize elements with high ionization potentials, such as Hf.
For those elements, alternative measurement strategies need to
be considered, for instance by running the instrument in
negative mode (e.g., by measuring Os as OsO; " (ref. 17 and 19))
or by using other, more energetic analytical techniques.

In other cases, the application of MC-ICP-MS with reason-
able transmission efficiency for most elements, good analytical
precision (15-30 ppm external reproducibility, 2 RSD), and
rapid sample-throughput forms a proficient alternative since its
introduction in the mid-1990s. Here, a robust and highly effi-
cient Ar-based inductively coupled plasma is operated at
atmospheric pressure and used to atomize and ionize the gas-
carried sample before extraction, introduction, and separation
according to the mass/charge ratio in the mass analyzer under
high vacuum. For a variety of elements that includes Ti, Hf, and
W, isotope ratio measurement by MC-ICP-MS has proven to be
highly valuable (e.g., ref. 20-23). Mass bias can often easily be
corrected by doping with an internal standard similar to the
element of interest (e.g., Tl for Pb isotope analysis or Ni or Cu for

This journal is © The Royal Society of Chemistry 2016
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Fe isotope analysis; e.g., ref. 24 and 25), by the usage of the
double spike technique (e.g., ref. 26-28 for Cr, Ni, and U), or by
sample-standard bracketing (e.g., ref. 29 for Mg isotopes). When
mass bias is corrected using sample-standard bracketing, it is
essential to ensure that the yield during ion-exchange chro-
matography for the element of interest is close to 100%. In
contrast, the double-spike technique corrects for isotopic frac-
tionation during ion-exchange chromatography. In contrast to
TIMS, ionization in a plasma leads to the formation of molec-
ular gaseous species, some of which can cause isobaric inter-
ferences with isotopes of certain elements of interest. Such
interferences can be avoided by analysis in medium to high
resolution (M/AM, where M is the (mean) mass and AM the
mass difference between the 2 species), which however leads to
lower sensitivity (e.g., ref. 21 and 25). Due to the high dispersion
of energy between the different species, the application of
electrostatic filters and zoom optics to focus the ion beam is
more important compared to TIMS. Coupling of MC-ICP-MS to
nano- and femtosecond laser ablation systems has in recent
years also led to highly precise in situ measurements of e.g., Mg
and Si isotope ratios (e.g:, ref. 30 and 31). The main advantages
of MC-ICP-MS include the access to many elements, including
those with high ionization potentials, and the relatively high
speed of the analyses. On the other hand, even if the TIMS
method cannot be applied to every element because of the low
ionization energy provided, this low energy also permits a better
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control of the instrumental mass fractionation, resulting in
more precise analyses. The possibility to work in negative
(oxide) mode (e.g., ref. 17 and 19) also allows for higher trans-
mission efficiencies for particular elements, which is highly
relevant in the case of small samples. Compared to TIMS, MC-
ICP-MS is more sensitive to the matrix of the purified samples
and hence requires cleaner chemical separation of the element
of interest.

Because of their high spatial resolution and sensitivity for
many key elements of extraterrestrial materials, ion micro-
probes have proven to be indispensable for the in situ isotopic
characterization of extraterrestrial materials, such as presolar
grains (c¢f. section on presolar grains) or Ca-Al-rich inclusions
(CAISs) (cf. sections on presolar grains and isotope anomalies in
bulk meteorites as well as on radioactive decay and chronology
of the Solar System). In this review, “ion microprobes” refer to
instruments that use an ion beam to remove a certain amount
of material from the surface of the analyzed sample for
elemental and/or isotopic analysis. For precise in situ isotopic
analysis of extraterrestrial materials, SIMS instruments with
double focusing (DF) mass spectrometers are used most widely
and we shall focus on these in the following. In DF-SIMS
instruments, a solid sample surface is bombarded with
a primary (oxygen or cesium) ion beam of less than 30-40 pm in
diameter at 15 to 25 keV. The ion bombardment causes the top
layer of the sample to disintegrate (sputtering) and form neutral

Table 1 Types, sizes, abundances, and stellar source(s) of presolar grains

Mineral/species” Typical size

Typical abundance”

Parent stars

Carbonaceous grains

Diamond Few nm ?

Graphite Few pm <10 ppm

SiC (moissanite) 0.1-3 pm 10-100 ppm
Refractory carbides (e.g., TiC) 20-100 nm <1 ppm (incl)

O-rich grains

SNe?, 2

AGB stars (~50%), novae (<«1%), SNe (~30%)
AGB stars (~95%), J-type carbon stars (few %),
novae (<1%), SNe (1.3%)

AGB stars, SNe

Silicates 0.2-0.3 um  200-300 ppm RGB and AGB stars (85-90%), novae (<1%), SNe (10-15%)
Spinel 0.1-1 pm Together: 5-30 ppm  RGB and AGB stars (~90%), novae (=<1%), SNe (<10%)
Al,O; (corundum and amorphous) 0.1-1 pm RGB and AGB stars (~90%), novae (=1%), SNe (<10%)
Hibonite 0.1-1 pm RGB and/or AGB stars (~90%), SNe (~10%)

Sio, 0.2-0.3 pm  Together: 1-1.5 ppm  AGB stars (~75%), SNe (~25%)

TiO, 0.2-0.3 pm RGB and/or AGB stars (~80%), SNe (~20%)

MgO 0.2-0.3 pm

FeO 0.2-0.3 pm

Other grain types

SizN, 0.2-1 pm <1 ppm SNe

TiN Tens of nm <1 ppm (incl) SNe

AIN Tens of nm <1 ppm (incl) AGB stars?, SNe

Fe, Ni metal (kamacite) and Fe, Ni silicides Tens of nm <1 ppm (incl) AGB stars?, SNe

Refractory metal nuggets Tens of nm <1 ppm (incl) AGB stars, SNe

“ There is very limited information about the mineralogy of many grains. Generally, close to stoichiometric major element compositions are taken
to indicate a certain phase. Silicates are an exception because they are often amorphous, even if they correspond to a certain mineral
compositionally. ? Typical matrix-normalized abundance in unaltered and unheated carbonaceous chondrites. ¢ (incl) signifies that the given
presolar species has been found only as inclusions in other presolar phase(s). ¢ SNe stands for supernovae.

This journal is © The Royal Society of Chemistry 2016
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and charged secondary species. Positively (in the case of an O~
or O, primary beam) or negatively (O or Cs" primary beam)
charged secondary ions are extracted and sorted according to
their mass/charge ratio in the DF mass spectrometer, which is
composed of electrostatic and magnetic analyzers. Also here,
electron multipliers or Faraday cups are used for the detection
of secondary ions. To improve mass resolving power and thus
overcome certain molecular isobaric interferences, some ion
probes (e.g., Sensitive High-Resolution Ion Microprobe, or
SHRIMP) have been built with a large radius spectrometer. The
highest mass resolution achieved by commercially available
SIMS instruments is an M/AM of 25 000-30 000. The best lateral
spatial resolution achievable by SIMS is 0.5-1 pm and the best
external reproducibility is <0.5%, (95% confidence level) for
isotope analyses of extraterrestrial materials.*” However, there is
always a trade-off between these parameters. For instance, good
precision requires larger volumes of sample material, on the
order of 100s to 1000s of pg assuming the analyzed isotopes
belong to a major element of the analyzed solid, which
limits the lateral spatial resolution of high-precision isotope
measurements to =10-15 pum. With the nanoscale SIMS
(NanoSIMS), a lateral spatial resolution of 80-100 nm can be
achieved routinely, however at the cost of mass resolution and
analytical precision. Routine NanoSIMS stable isotope analyses
of major elements with 100 nm lateral spatial resolution have
external reproducibilities of a few % at best for objects a few
hundred nm in diameter.*® SIMS and NanoSIMS have played
a crucial role in the discovery and characterization of presolar
silicates, presolar oxides and other presolar grain types. This is
not only because of the small size of the grains (e.g., presolar
silicates are typically 200-300 nm in diameter; Table 1), but also
because they are often accompanied by isotopically non-
anomalous materials (e.g., ref. 34), which severely limit (for
oxides) or prevent (for silicates) gathering meaningful isotopic
information on these grains using bulk analytical methods.
Fortunately, presolar grains often exhibit anomalies in the
isotopic compositions of one or more major or minor elements
on the order of tens to hundreds of % compared to the Solar or
terrestrial isotopic composition (¢f. section on presolar grains
and isotope anomalies in bulk meteorites), so the relatively poor
precision of SIMS and NanoSIMS analyses still allows the
isotopic and chemical characterization of most presolar grains.

Isotopic variations among Solar System
materials

Most of the isotopic variability in the Solar System stems from
four distinct processes: (1) stellar inheritance and incomplete
(un)mixing in the Solar nebula (including potential late-stage
injections), (2) radioactive decay of long-lived and short-lived
radionuclides, (3) spallation by cosmic rays (cosmogenic
nuclides), and (4) mass-dependent fractionation in equilibrium
or kinetic reactions during nebular and planetary processes
(e.g., evaporation/condensation, magmatic and metamorphic
processes). In contrast to the latter, the former 3 processes lead
to mass-independent variations that can be used to constrain

844 | J Anal At Spectrom., 2016, 31, 841-862

View Article Online

Tutorial Review

the chronology of the Solar System (radiogenic variation), to
highlight the effects of exposure, erosion, and impact gardening
on asteroidal or planetary surfaces (cosmogenic effects), or to
study nucleosynthetic processes in stars. Deviations from
terrestrial or bulk Solar isotopic abundances that have resulted
from processes other than radioactive decay, cosmic-ray inter-
action or mass-dependent fractionation are often referred to as
isotope anomalies and are generally used to deduce meteorite
source regions or to infer genetic relationships between mete-
orite classes (¢f. section on bulk meteorite isotope anomalies).

While early studies assumed that planets and other Solar
System objects formed from a gaseous nebula with a homoge-
neous chemical and isotopic composition, evidence for
incomplete homogenization in the Solar nebula or its parent
molecular cloud was obtained through the study of bulk
chondritic meteorites and their components (e.g., refractory
inclusions). Over the last few decades, extremely small isotopic
anomalies have also been resolved in bulk, often primitive,
chondrites for a wide range of elements that includes Ti, Cr, Ni,
Zr, Mo, Ru, Ba, Nd, and Sm, as a direct result of the increased
performance of TIMS and MC-ICP-MS instruments (e.g., ref. 21,
35-43). Presolar grains, widespread in unequilibrated chon-
drites, are analyzed individually through the application of
(Nano)SIMS and provide highly detailed information on the
isotopic variability of some of the dust that went into the
making of the Solar System.** Importantly, some of the isotopic
variability observed on the bulk meteorite scale could be linked
directly to the presence of variable amounts of certain types of
presolar grains (e.g., ref. 45). This highlights the complementary
nature of bulk and in situ analytical techniques in
cosmochemistry.

Physical and chemical processes, which took place during
and shortly after the formation of the Solar System (condensa-
tion, evaporation, planetary differentiation, collisional erosion,
etc.), can fractionate radioactive parent elements from their
daughter elements. Given sufficient amounts of time, this leads
to isotopic heterogeneity. This represents the basis of isotope
chronology and can be used to identify isotopically distinct
planetary reservoirs. The time period from the accretion of the
Solar System's molecular cloud to the formation of the first
solids (i.e., CAIs) remains the period of the “secret ingredient”
and much of our understanding of the origin and evolution of
the Solar System depends on how well the timing and the
processes that took place during this period can be constrained,
which is inescapably linked to the accuracy and precision ob-
tained by modern-day instrumentation (¢f. section on radioac-
tive decay and chronology of the Solar System). Although mass-
dependent or mass-independent isotopic variations are
measured with the same instruments, these types of isotopic
variations are essentially different and can be used to answer
different questions.

Presolar grains and their isotope anomalies

Primitive meteorites, IDPs, and cometary matter contain
minute (usually a few hundred nm in diameter), single or
multiphase crystalline or amorphous solids that predate the

This journal is © The Royal Society of Chemistry 2016
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Fig. 1 (a) Secondary electron image of a presolar silicate grain from
the Acfer 094 ungrouped carbonaceous chondrite (image taken at the
Max Planck Institute for Chemistry, Mainz). (b) Oxygen isotope
composition of presolar oxide and silicate grains, as determined by
SIMS and NanoSIMS (data sources: ref. 60, 66, 69, 76, 77 and 184-191).
Grain groups®*? are identified together with their most likely stellar
sources in parenthesis (RGB, AGB = stars on the red giant and
asymptotic giant branch, respectively; SN = supernova). The Solar O
isotope composition is that estimated by ref. 193. The envelope
compositions of ~Solar metallicity stars of different starting masses
after the first dredge-up (during RGB evolution) are taken from
Boothroyd and Sackmann.®” Notice the good qualitative agreement
between model data and Group 1 grain compositions.

Solar System, but survived the (partial) chemical and isotopic
homogenization, which took place before and during its birth
(ref. 34, 46 and 47) and thus represent an “unmodified” fraction
of the matter from which the Solar System formed. These
components are called presolar grains (Table 1; Fig. 1a).
Through their chemical and isotopic analyses, presolar grains
have provided a direct route to understanding stellar nucleo-
synthesis and the isotopic variability in the Solar System's
parent molecular cloud. The vast majority of unequivocally
presolar material known to date is stellar dust: a direct sample
of stellar matter, which condensed from the winds or ejecta of
stars, novae and supernovae. As such, “presolar grains” will be
used as a synonym for fossil stellar dust in the following
sections. The identification of presolar grains is based on their
anomalous isotopic compositions relative to the compositional
range observed for Solar System matter, indicating formation
outside the Solar System. Consequently, grains with no isotope
anomalies are not recognized as presolar and remain undis-
covered, even if they predate Solar System formation. Thus,
a bias towards isotopically anomalous presolar grains exists,
influencing our understanding of presolar grains.
Consequently, it is hardly surprising that the discovery and
study of presolar grains is tightly connected to advances in
isotope analysis. The small size of the vast majority of presolar

This journal is © The Royal Society of Chemistry 2016
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grains (Table 1) poses a significant analytical challenge because
of the limited amount of material available for chemical and
isotopic characterization. Thus, the study of presolar grains is
one of the fields of cosmochemistry that benefited the most
from the improvements in isotopic analytical techniques over
these last few decades.

The existence of presolar components in primitive Solar
System materials was first demonstrated through the isotopic
analysis of H, O and noble gases of bulk meteorites. Noble gas
isotope analyses were especially important in the discovery of
actual presolar matter. In particular, the isotopic composition of
Ne and Xe released from certain primitive meteorites at temper-
atures above 600 °C turned out to be isotopically anomalous
compared to the meteorites’ bulk noble gas signatures and could
not be linked to fission, spallation or Solar wind implanta-
tion.**° Thus, the carrier phases of these “exotic” noble gas
components were interpreted to derive from stellar but not Solar
lineage and, therefore, to predate Solar System formation. Only
the stepwise dissolution of bulk meteorite samples and
concomitant isotopic analysis of the chemically separated
components could give away these carrier phases, opening the
way for multi-elemental and multi-isotopic analyses of bulk pre-
solar grain separates, and, soon after, of individual presolar
grains.***>* Because the carrier phases of presolar components
were discovered in the way outlined above, the first isotope ratio
measurements on individual presolar grains were performed on
grain separates of chemically resistant presolar phases, such as
graphite and SiC (ref. 52 and 53; ¢f. below). These analyses could
not have been carried out without SIMS, as at that time it was the
only instrument with the spatial resolution and sensitivity
necessary for precise isotope analysis as small as a um (actually,
SIMS could also measure sub-um grains, provided that they were
not attached to other grains on the sample mount).* Later, with
the advent of the NanoSIMS, the analysis of individual sub-um
presolar grains became more standard (e.g, ref. 55) and presolar
silicate grains could be identified for the first time.>* Silicate
grains represent the most abundant O-rich presolar grain type (c¢f:
below) but cannot be separated chemically from their host
meteorite matrix, unlike the chemically resistant SiC and
graphite grains analyzed first. Moreover, the size of individual
presolar silicate grains rarely exceeds 300 nm (Table 1; Fig. 1a).
Thus, there was no way of detecting and, consequently, isotopi-
cally characterizing presolar silicate grains before the advent of
NanoSIMS. The impact of NanoSIMS on the isotopic character-
ization of presolar grains has been exceptional since its intro-
duction, and improvements of the instrument have not stopped.
The next decade will continue to see enhancements in spatial
resolution through the introduction of new primary ion sources
(from 80-100 nm down to 30-40 nm for routine analysis with Cs"
primary ions and from 200-300 nm down to 50 nm with O™
primary ions; the new O™ source can already be ordered from the
instrument manufacturer). In parallel, continuous efforts are
being made to improve resonant ionization mass spectrometry,
the only technique that has the potential to rival the NanoSIMS in
terms of spatial resolution and precision.*®

However, the quality of the isotopic data on presolar grains is
not only driven by instrumentation improvements. Special
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measurement and sample preparation protocols have made
measurement accuracy and precision better for certain
elements and grain types, which were previously inaccessible
for unbiased isotope analysis. For example, efforts have been
made to obtain accurate Fe isotope composition of presolar
silicate grains using two different approaches, which are both
innovative but nevertheless differ substantially from each other.
Currently, the isotope analysis of typical presolar silicates is
possible only using the NanoSIMS (cf: above). The problem with
NanoSIMS analysis of elements with low electronegativity, such
as Fe, in presolar silicate grains is that the spatial resolution of
such isotope measurements is comparable to the size of the
grains of interest as a result of the relatively large diameter of
the O primary ion beam (c¢f. above) used routinely for the
analysis of such elements. Because of the relatively poor spatial
resolution, a significant contribution from the neighboring
Solar System material is likely, which may obscure the grain's
native isotopic signatures. In the specific case of Fe, one way to
overcome this problem was to measure the Fe isotopes as
*Fe’®0™ (accessible when using Cs” primary ions), instead of as
*Fe" (accessible when using O~ primary ions).””*® Using the Cs"
primary ion source of the NanoSIMS allows better spatial
resolution and therefore results in less contamination by the
neighboring Solar System material. This NanoSIMS method
cannot be used for all elements with low electronegativity,
because not all of these form complexes with O at high enough
rates to result in meaningful isotope ratio measurements. The
other, completely different approach to minimize the contam-
ination during Fe isotope analysis was the removal of Solar
System materials around the presolar silicate grains using
a focused ion beam (FIB) of Ga' prior to the Fe isotope analyses
(the preparation takes place using a separate instrument).*
This method can be applied to other elements, such as Mg, too,
but introduces the risk of damaging the grain during the
sample preparation with the FIB.*°

Chemically, most presolar grains are C- (e.g., graphite) or O-
rich (e.g., silicates), although grains with other chemical
compositions, such as metals, have also been observed (Table
1). Among the C-rich presolar grains, SiC is likely the most
abundant (the abundance of presolar nanodiamonds remains
unknown, ref. 44; Table 1). The overwhelming majority of pre-
solar SiC grains (~93%) belongs to the “mainstream” (MS) type.
These grains condensed in the winds of M = 1.5-3 X Mg, Stars
of close-to-solar metallicity (a measure of the abundance of
elements heavier than He) during their evolution along the AGB
of the Hertzsprung-Russell diagram.®* Similarly, the majority
(~85%) of the most abundant presolar O-rich grain types (i.e.,
silicates and oxides), also formed around low mass (M = 1.2-2.2
X Msorar) RGB or, more likely, AGB stars of approximately Solar
or slightly lower metallicity (Table 1; Fig. 1b).**% The majority of
the most abundant presolar grain types thus formed in the
winds of low-mass stars (M < ~4 X Mg,a;) during the parent
stars' evolution along the RGB and/or AGB. This is not
surprising as such stars, especially AGB stars, are among the
most prolific dust producers of the Galaxy (e.g., ref. 64). The
isotopic composition of presolar grains from such stars mostly
reflects stellar nucleosynthesis in the CNO cycle during core and

846 | J Anal At Spectrom., 2016, 31, 841-862

View Article Online

Tutorial Review

shell H burning and nucleosynthesis during He burning (e.g.,
ref. 54 and 63). The products of nucleosynthesis are brought to
the stellar surface by large scale mixing, or “dredge-up”, events
within the envelopes of the grains' likely parent stars during
RGB and AGB evolution. CNO nucleosynthesis in the grains'
potential parent stars with close-to-solar metallicity is reflected
by the enrichment of MS SiC grains in >C (average *C/**C of
~60, compared to ~90 in the Solar System) and “*N (**N/"°N of
300-10 000 compared to ~440 for the Sun; the Solar composi-
tion is taken from ref. 65) and by the enrichment of Group 1
silicates and oxides in 7O (Fig. 1b; 70/*®0 of up to 1.5-12x
Solar for most grains; even higher enrichments require special
formation conditions and are often interpreted to indicate
a nova origin; e.g., ref. 66). Enrichment during condensation of
MS SiC grains and some Group 1 and 2 presolar oxides and
silicates in *°Al, a short-lived radioactive isotope with a half-life
of ~700 000 years (Table 2), attests to the activation of the Mg-
Al cycle during H shell burning and/or, especially when paired
with depletion in "0 (Group 2 grains; Fig. 1b), may indicate
cool bottom processing, an additional mixing process that
promotes proton capture in regions directly underlying the
envelope of some RGB and AGB stars.®>*"* In summary, the
isotope compositions of the most abundant presolar grain types
are in qualitative and, for certain isotopes, quantitative agree-
ment with astrophysical models of stellar nucleosynthesis in
low mass stars. Nevertheless, there are still some discrepancies
between expected and measured dust compositions. For
instance, there are still no models that can account for the lower
end of the 'N/“N ratio distribution in MS SiC grains
(i.e., "'N/*N < ~1000) or for the highest *°Al/*’Al inferred for
AGB-derived presolar oxide grains at their time of formation
(i.e., 2°Al/*’Al > 1072),707

A few % of presolar SiC, about 30% of presolar graphite,
virtually all SizN, as well as about 10-15% of presolar oxide and
silicate grains are thought to have condensed in the ejecta of
core-collapse supernovae (SNe; Table 1; note however that the
low abundance of SN grains among presolar silicates may be the
result of a sampling bias, as indicated by the results of ref. 72),
and thus provide information on nucleosynthesis in massive
stars (M > 8-10 Ms,1ar). The significance of the information
delivered by SN grains lies in the fact that SNe (in general, i.e.,
not only core-collapse SNe) are the most important suppliers of
stellar nucleosynthetic products to the Galaxy (e.g., ref. 73),
thereby greatly influencing its chemical evolution (this is not in
contradiction with the fact that most presolar grains derive
from AGB stars: SNe recycle material to the ISM with a lower
dust/gas ratio than AGB stars).

The majority of SiC grains of SN origin, represented by type X
SiCs, have isotopically light Si (i.e., enriched in **Si relative to
Solar and the composition of other SiC types), variable >C/**C
(below and above Solar but mostly supra-Solar) and isotopically
heavy N (**N/**N < ~200). Many X grains have been shown to
have contained 1-3 orders of magnitude more >°Al at formation
than MS grains (*°Al/>’Al up to few times 10~ " in X grains) and
some of these have provided evidence for the presence of other
short-lived radioactive isotopes at the time of their formation,
such as **Ti (¢, of 60 years) and *°V (¢, of 330 days).”* The
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Table 2 Common long- and short-lived radionuclides used in cosmochemistry
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Half-life
(Gyr)

Parent
isotope

Daughter
isotope

Decay mode

Comment

Relevant
references

Long-lived isotope systems
0K 10Ar (11%),
1°Ca (89%)

1.249

878r 48.8

1476m 193Nd 106

176Lu 176Hf

1871{e 187OS

190Pt 186OS 488

2321h 208p, 14.05

235y 207pp 0.704

238y 206p, 4.47

This journal is © The Royal Society of Chemistry 2016

Electron capture,
B~ -decay

B~ -Decay

a-Decay

B~ -Decay

B~ -Decay

a-Decay

a-Decay,
spontaneous
fission

a-Decay,
spontaneous
fission

a-Decay,
spontaneous
fission

While the majority of “°K (~89%) decays to “°Ca by
B~ -disintegration with a half-life of 1.394 Gyr, all
remaining “°K decays to “°Ar by electronic capture
(t1/2 of 12.044 Gyr), resulting in a combined half-life
of 1.249 Gyr. Given K is relatively abundant in a lot
of different Solar System materials and the half-life
of “°K is sufficiently long to date objects that formed
during the earliest stages of the Solar System
history, the *°K-*°Ar chronometer, often in the form
of the *°Ar-*’Ar method knows a wide variety of
applications in cosmochemistry. Importantly, the
initial amount of Ar in the precursor material is
often completely degased from the sample, making
this system ideal for dating objects that crystallized
from a melt or condensed from a gas, including
meteorites and samples from the Moon and Mars,
but it is also prone to disturbance.

This system has widely been used to date
metamorphic rocks, because some minerals can be
so enriched in Rb compared to Sr that the initial
amount of Sr is negligible. Rubidium is moderately
volatile while Sr is refractory, so that volatilization
related to impact (e.g., the Moon-forming impact)
can fractionate Rb from Sr.

Despite a relatively long half-life and limited
fractionation between Sm and Nd, as both are rare
earth elements (REESs), this system has proven its
use in dating a variety of rocks. Because the REEs
are not easily affected by weathering or
metamorphism, this system usually behaves fairly
robust. Involving lithophile and refractory
elements, this system is widely used for defining the
chondritic average (CHUR for CHondritic Uniform
Reservoir) of the Solar System.

With a half-life roughly one third of that of the
147Sm-"**Nd system and encompassing elements
with a similar geochemical behavior, this system is
particularly suitable to date metamorphic events
and minerals that strongly fractionate Lu from Hf,
such as garnet or zircon.

Since these elements strongly partition into metal
or sulphide phases, this system traces processes
that can be quite different from those recorded by
the other radiometric systems. As the daughter
element Os is compatible, the fractionation
between parent and daughter elements can be
large.

This system with a very long half-life can only
produce detectable '**0s anomaly in objects rich in
Pt, such as planetary cores. This system has been
used to track mantle-core interaction on Earth.
With Th being a lithophile and refractory element,
while Pb is volatile, lithophile and slightly
chalcophile, this system is generally not used for
dating, given the two U-Pb decay systems.

In combination with ***U-?°°Pb, this system has
proven to be one the most reliable
geochronometers, even though the 2**U/***U may
not have been constant in the early Solar System.
cf- above

154, 204
and 205

206

207

20

208

209

27 and 110
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Half-life
(Myr)

Parent
isotope

Daughter

isotope Decay mode

Relevant

Comment references

Short-lived isotope systems

2641 *Mg 0.7 B*-Decay,

electron capture

>Mn ®cr 3.7 Electron capture

OFe ONi 1.5 B~ -Decay

107pd 7Ag 6.5 B~-Decay

1291

29%e 17 B~-Decay

116Sm 2Nd 103 (or

68)

a-Decay

182hf 182y 9 B~-Decay

inferred presence of the latter two isotopes confirms an SN
origin of X grains.” Furthermore, SiC X grains are enriched in
>Fe (*’Fe/*°Fe up to ~2x Solar). SiC grains of type C also
originate from SNe. In contrast to X grains, C grains are
enriched in the heavy Si isotopes and contain *>S generated by
the decay of **Si. Otherwise, C grains are isotopically similar to
X grains. SN-derived presolar graphite is often found enriched
in ?®Si, but also in '*0, **Mg (from the decay of *°Al), **Ti (from
the decay of *°V) and °'Ni, similar to SiC X grains. Many SN-
graphites are also enriched in **Ca, **Ca and **Ca. Among the
O-rich presolar grains, those belonging to Group 4 and some
Group 3 grains (with strong depletions in the heavy O isotopes
and/or strongly sub-Solar '”0/*®0 ratios) have been suggested to
have a SN origin (Fig. 1b).”*”” Group 4 grains are defined on the
basis of their supra-Solar '0/'°O ratios, which are often
accompanied by supra-Solar 70/'°0O as well. Their **Mg/**Mg
ratios are often higher than Solar but their >>Mg/>*Mg ratios are
Solar or lower. This **Mg enrichment is at least partially the

848 | J Anal At Spectrom., 2016, 31, 841-862

With Al and Mg both refractory and major 210
elements, this system is very robust for dating very
early processes in the early Solar System. Only the
most ancient objects, from CAI to ancient
achondrites, can be dated using this system. The
mechanism that injected *°Al in the Solar System as
well as its homogeneous distribution (or not) are
still debated. However, it is clear that 2°Al was the
main source of heat in the earliest Solar System.
Traditionally used to date igneous event and
planetary differentiation, the correlation between
these two isotopes has also been proposed to relate
to mixing between refractory and volatile-rich
components in the early Solar System.

Both siderophile elements, this radioactive couple
has traditionally been used to date core formation,
even though the mobile behavior of Ni during
metamorphic processes may impede the use of this
system.

With Pd a siderophile and Ag a chalcophile
element, this system can date objects rich in
siderophile elements, such as iron meteorites that
fractionate Ag in iron sulfide phases. One issue is
the volatile behavior of Ag leading to fractionation
during impact-related volatilization.

This system was first used to demonstrate short-
lived radioactivity in the early Solar System.

This system has the great advantage of being
coupled to a long-lived counterpart. Together, these
constrain a very precise timing of silicate
differentiation. However, the recently revisited
decay constant remains unclear.

Hafnium is lithophile while W is siderophile. These
elements will be strongly fractionated by silicate
mantle/metallic core segregation, and to a lesser
degree by silicate differentiation. This system is
avaluable tool to understand the formation of cores
within planets.

211

212

213

214

15 and 179

215

result of in situ *°Al decay. Isotope data for other elements are
scarce, so their statistical significance is difficult to assess.
Group 4 oxides may be enriched in **Ca and slightly depleted in
*2Ca and **Ca, and contained short-lived **Ca. Group 4 silicates
have slightly supra-Solar *°Si/**Si ratios on average but have
~Solar ?°si/*®Si and ~Solar Fe isotope ratios.*** Based on these
data, presolar grains of SN origin document hydrostatic
burning as well as explosive nucleosynthesis in SNe of most
likely 10-25 X Mg, initial mass (e.g., ref. 74, 78 and 79).
Importantly, the above isotopic data revealed that not a single
SN grain's isotopic composition can be explained by conden-
sation of material from a single zone or layer of a massive star or
SN (massive stars develop distinct chemical and isotopic
zonation during their pre-SN evolution; cf. for example ref. 80,
for details on massive star nucleosynthesis and chemical
zonation). Mixing of matter from different zones and chemical/
isotopic fractionation within the SN ejecta are invoked to
account for the observed isotopic compositions.”** A lot of

This journal is © The Royal Society of Chemistry 2016
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recent work focuses on understanding mixing in SN ejecta as
well as condensation of SN grains (e.g, ref. 84 and 85). Similar
to RGB/AGB grains, a number of isotopic and abundance
features of SN grains are not fully understood at present (e.g.,
the absence of *'Fe enrichment in SiC X and Group 4 silicate
grains, the low abundance of '®0O-rich SN-derived silicate and
oxide grains).

Isotope anomalies in bulk meteorites

Following the first applications of multi-isotope measurements,
particular processes, such as cosmic ray spallation effects on
sulfur in meteorites,* were shown to follow mass-independent
relationships, linked to nuclear or specific chemical processes.
Perhaps the best known and most applied are the oxygen
isotope measurements of anhydrous minerals of carbonaceous
chondrites showing deviation from mass-dependence.”” The
oxygen isotope anomalies in meteorites, generally measured
using IRMS or SIMS, were initially interpreted to reflect nucle-
osynthetic heterogeneities in the Solar nebula, but are now
considered to reveal nebular photochemical reactions (e.g., ref.
88) and subsequent mixing between different reservoirs.” As
most planetary bodies show distinct O isotopic compositions
that are inherited from a heterogeneous Solar nebula, oxygen
isotope variations are often used to infer genetic links among
meteorites. For instance, Earth and the Moon have recently
been shown to have indistinguishable oxygen isotope ratios,
with a difference in A’"7O of —1 + 5 ppm (—0.001 & 0.005%,, 2
SE), with A0 = §'"70-B §'*%0, 370 = 10® In(*"R/""R,), and
3"%0 = 10° In(**R/'®R,), where "R is 70/*°0, '®R is *0/*°0,
and "R, and '®R,, refer to the initial isotope ratios (such as those
characterizing bulk Earth).® These results, combined with planet
formation simulations, imply vigorous mixing during the giant
impact formation of the Moon, and thus a high-energy, high-
angular-momentum collision. Also, as the late veneer impactors
must have had an average A’*”O within approximately 1 per mil of
the terrestrial value, this constrains the possible sources for this
late addition of mass to the Earth-Moon system, encompassing
enstatite chondrites, aqueously altered carbonaceous chondrites,
and some ordinary chondrites.*

Over the last few decades, advances in mass spectrometry
have also permitted the determination of tiny but resolvable
anomalies in Ti, Cr, Ni, Zr, Mo, Ru, Ba, Nd, and Sm isotopes as
well as particular noble gases (using dedicated noble gas mass
spectrometers; ¢f. section on modern analytical instrumenta-
tion) in bulk, mostly primitive, meteorites (e.g, ref. 21, 35-43
and 91). At the same time, other elements such as Os and Hf
continue to exhibit uniform isotopic compositions (e.g., ref. 17
and 22). Various mechanisms have been invoked to explain
(partial) isotope heterogeneity at the planetesimal scale,
generally linked to the incorporation of varying proportions of
isotopically diverse presolar components (¢f. section on presolar
grains) into early formed planetary bodies. The observed range
of isotope anomalies across different Solar System materials
could result from the inheritance from a heterogeneous
molecular cloud core, the formation of localized heterogeneities
due to differential physical sorting of isotopically distinct dust
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grains according to size or type or due to varying proportions of
CAls, a late supernova injection, or the selective destruction of
thermally labile presolar carrier phases in the nebula (e.g., ref.
36, 38-40, 92 and 93). Secondary processes, such as aqueous
alteration, thermal metamorphism, and differential melting,
have also been shown to selectively redistribute isotopically
distinct components, or their relicts, within parent bodies (e.g.,
ref. 19 and 94). Despite the remaining questions concerning
their origin and nature, isotope anomalies in bulk meteorites,
similar to oxygen isotope ratios, have also been used to infer
genetic relationships among meteorites and deduce the mete-
oritic parentage of Earth and its planetary reservoirs (e.g., ref.
36, 40, 41 and 95).

Once highly precise nuclide ratios for bulk meteorite
aliquots are obtained, these can be used to constrain the
astrophysical origin of the preserved nucleosynthetic anomalies
(consistent with s-, p-, or r-process stellar environments), to
quantify the degree of homogeneity in the distribution of
extinct radionuclides (e.g., °*Fe) and the efficiency of mixing in
the early Solar System or to decipher the timing of injection of
these extinct radionuclides relative to planetesimal formation.*®

Nucleosynthetic Cr isotope anomalies show a rough corre-
lation with Ti isotope anomalies for most Solar System mate-
rials (Fig. 2). While chromium is generally run on TIMS with
external reproducibilities on the order of ~15 ppm (2 RSD) for
£>*Cr (parts per 10 000 deviation of the **Cr/>*Cr ratios from the
terrestrial standard after fractionation correction by internal
normalization), Ti isotope data are commonly obtained by MC-
ICP-MS as £°°Ti (parts per 10 000 deviation of the *°Ti/*”Ti ratios
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Fig. 2 Compilation of mass-independent >*Cr/>?Cr versus >°Ti/*'Ti
isotope ratios in carbonaceous chondrites, Earth and various other
types of meteorites (data from ref. 16, 21, 42 and 194-202). OC =
ordinary chondrite; EC = enstatite chondrite; SNC = shergottites,
nakhlites, and chassignites from Mars; HED = howardite, eucrite, and
diogenites from 4 Vesta or other vestoid asteroids. The e-notation
represents isotopic deviations from a reference value in parts per
10 000. The high-precision isotopic composition of Cr is generally
obtained by TIMS, while that of Ti is mostly determined by MC-ICP-MS.
Shown values represent compiled meteorite type means, with 2
standard error uncertainties.
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from the terrestrial standard after fractionation correction by
internal normalization and standard-bracketing), with the
typical external reproducibility on the order of ~20 ppm (2
RSD). Bulk carbonaceous chondrites are distinct from inner
Solar System objects, with CR, CM, CO, CV, and CK chondrites
plotting away from the inner Solar System correlation line
(Fig. 2). This feature has been attributed to the presence of
variable amounts of CAI inclusions in these objects.>* Because
Ti isotopes of different nucleosynthetic origins (**Ti and *°Ti)
also correlate, these isotope signatures suggest that the presolar
dust inherited from the protosolar molecular cloud was well
mixed when condensation started. Consequently, the observed
isotopic heterogeneity must have resulted from the thermal
processing of molecular cloud materials and the selective
destruction of thermally unstable, isotopically anomalous pre-
solar components.**

As nucleosynthetic processes cannot fully account for all of
the isotopic anomalies for Mg, Si, Ca, Ti, Cr, Sr, Ba, Nd, and Sm
in refractory inclusions of chondrites, such as FUN (Fraction-
ated and Unknown Nuclear effects) inclusions,”” mass-inde-
pendent isotope fractionations induced by nuclear field shift
and reflecting evaporation/condensation processes in the Solar
nebula have also been considered to explain non-mass depen-
dent fractionation effects.”®

Mass-dependent isotope fractionation effects in meteorites

Following conventional models, mass-dependent isotope frac-
tionation occurs because the atomic masses can influence
particular thermodynamic properties of mineral phases (e.g,
ref. 99). Ignoring potential nuclear field shift effects, the
difference is generally made between equilibrium and kinetic
fractionation laws. Equilibrium fractionation arises as
a quantum mechanical effect because isotopes with heavier
atomic masses have lower zero-point energies and lower vibra-
tional frequencies in a molecule. The degree of equilibrium
fractionation between phases often depends on temperature,
and as such, isotope ratios have been used to calculate
temperatures from the distribution of isotopes between phases
(i.e., thermometry) or to identify (dis)equilibrium between
mineral assemblages using the observed degree of equilib-
rium.' On a planetary scale, isotope partitioning has been
used to infer the presence of unseen reservoirs (¢f. section on
tracing planetary differentiation). Kinetic fractionation results
from higher velocities for lighter isotopes, to accommodate
constant kinetic energy.'** While this concerns all elements and
their respective isotopes, elements with low atomic mass show
more pronounced isotope fractionation effects, as the relative
difference in mass is larger. Depending on an open or closed
system, the diffusion rate in the solid, etc., isotope fractionation
can occur during both condensation and evaporation.

The 50% condensation temperatures of elements (cosmo-
chemical classification)'®* provide a first-order indication about
their spatial distribution in the early Solar nebula and their
condensation sequence (temporal significance) out of a rapidly
cooling gas and dust disk. In addition, the geochemical affinity
of elements (silicate-loving/lithophile, iron-loving/siderophile,
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etc.) also controls their distribution in the newly formed solids
and their re-distribution during planetary accretion processes
(e.g., melting, vaporization upon collision, etc.). These processes
not only affected (fractionated) the distribution of elements but
also that of the isotopes of these elements, and hence the
isotopic composition of elements can be used to trace early
Solar System processes. Below is a summary of the variations in
the isotopic compositions of different elements observed in
Solar System objects that are caused by mass-dependent isotope
fractionation. Mass-dependent isotopic variations are generally
reported in ¢ units, as parts per 1000 deviations from a terres-
trial standard. By convention, the heavier isotope is the
numerator while the lighter isotope makes up the denominator
of an isotope ratio. Commonly, corrections for instrumental
mass bias or mass fractionation are applied by sample-standard
bracketing, doping with an internal isotope standard similar to
the element of interest (e.g., Ni or Cu for Fe isotope analysis®),
or double spiking.***® Isotope ratio variability in bulk rock
meteorites is generally on the order of a few 9, while much
larger fractionation effects are commonly found for refractory
inclusions, such as CAIs in carbonaceous chondrites, among
the first condensed solids in the proto-planetary disk (cf. section
on radioactive decay and chronology of the Solar System).
Among the highly refractory elements (1650-1500 K), isotopes
of calcium have been studied since the late 70s, mostly using
TIMS. Russell et al.*®* measured the 3*#°Ca of a suite of prim-
itive and differentiated meteorites and lunar samples and
compared these with terrestrial samples. Although a spread of
~1.29, was observed, overall bulk meteorites, the Earth and
Moon were homogeneous in 3*#*°Ca. A more recent high-
precision study showed that the Earth, Moon, Mars and differ-
entiated asteroids have a 5***°Ca that is indistinguishable
(£0.07%,) from ordinary chondrites; carbonaceous chondrites
show lower 3***°Ca (by 0.5%,), while enstatite chondrites show
slightly higher 3***°Ca (by ~0.5%,)'** (Fig. 3), although a terres-
trial calcium isotopic composition was observed for enstatite, O-
and CO-chondrites by Valdes et al.'® These fractionations are
thought to result from nebular condensation processes. Refrac-
tory inclusions (chondrules, solidified molten droplets after
which chondrites are named, and CAIs) of chondritic meteorites
however show large fractionations in Ca isotopes, with CAIs
showing depletion in the lighter isotopes.’*'* In CAIs, 3***°Ca
variations are correlated with the REE patterns, which can be
explained by segregation of an ultra-refractive evaporation
residue from a chondritic reservoir prior to the formation of the
CAIs."™ High temperature Ca stable isotope fractionation is also
observed between co-existing clinopyroxene and orthopyroxene
from terrestrial mantle peridotites and is thought to be
controlled by the strength of the Ca-O bond in the mineral;
minerals with a shorter Ca-O bond and a smaller Ca coordina-
tion number yield a heavier Ca isotopic ratio.
The stable isotopic composition of uranium (>**U/**°U) in
meteorites (as well as terrestrial samples) was considered to be
constant at 137.88 and is widely used in high-precision Pb-Pb
geochronology (¢f. section on radioactive decay and chronology
of the Solar System). The decay of >*’Cm (ty, of ~16 Ma),
produced by r-process nucleosynthesis, produces *°U. Studies
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of bulk carbonaceous chondritic meteorites as well as leachates
and mineral separates previously did not show any resolvable
differences from the mean chondritic value.'*®'*® However,
a study by Brennecka et al.”” of CAls of the Allende meteorite
showed variable **®U/>*°U. This variation, measured using
MC-ICP-MS, is co-relatable with proxies of the Cm/U ratio (Th/U,
Nd/U), but could also be linked to natural fractionation of U
isotopes or chemical heterogeneity in the early Solar System.*
Variations in ***U/***U have also been reported for angrites,
a rare group of basaltic achondrites that represents the oldest
igneous rocks of the Solar System, leading to corrections in the
Pb-Pb ages by ~1 Myr."'* The above findings have implications
for absolute dating of CAIs and the chronometry of early Solar
System events (cf: section on radioactive decay and chronology
of the Solar System).

Among the refractory elements (1500-1360 K), strontium
(lithophile) has 4 stable isotopes. A fraction of *’Sr is produced
by the decay of long-lived ®’Rb (Table 2) and to determine the
878r/8sr ratio, the #8Sr/%°Sr ratio is considered to be constant for
mass spectrometric measurements. Early work by Patchett
et al.,"**"? using Sr double spikes and measured using TIMS,
showed that chondrules and CAIs from Allende are enriched in

This journal is © The Royal Society of Chemistry 2016

the lighter isotopes such that their *Sr/*°Sr ratio is lower by up
to 2.89,, compared to bulk meteorites and terrestrial mantle-
derived samples. More recent studies involving MC-ICP-MS of
bulk samples of the terrestrial mantle, martian and lunar
meteorites, HED, and most undifferentiated primitive meteor-
ites show a homogeneous Sr stable isotopic composition (up to
50 ppm). However, CV and CO chondrites are isotopically light
due to the presence of larger proportions of the light-Sr
enriched refractory inclusions." The enrichment of the lighter
isotopes in the refractory inclusions can be explained by
condensation from a material that had been evaporated earlier
or by electromagnetic sorting of ionized heavy Sr from neutral
Sr in the early Solar System."*

Vanadium, another refractory element, has two stable
isotopes with masses 50 and 51. High-energy irradiation of Ti
and Cr can produce *°V. Hence, the V isotopic composition of
primitive objects could reveal the irradiation history of the early
Solar System. Measured using MC-ICP-MS, 3°'*°v of chon-
drites, the HED parent body, and martian meteorites strongly
overlap with one another, but are distinctly lower than that of
the bulk silicate Earth by ~19,.*** While V is siderophile, the
extent of fractionation expected during core formation on Earth
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is much smaller than what is observed in the measured
samples. Alternatively, it is possible that the asteroid belt and
Mars source region were enriched in high-energy particle irra-
diated material compared to the Earth-source region resulting
in a relatively lower *'V/°°V. However, isotopes of Li and B,
which are also sensitive to energetic particle reactions, do not
show any correlated variations with V isotopes.**

The condensation temperatures of the common elements
Mg, Si, and Fe are between 1360 and 1290 K. Isotopic
measurements of Mg, Si, and Fe are mostly done using MC-ICP-
MS. However, early Mg and Fe isotope ratios were obtained
using TIMS, while Si isotopes can also be measured using IRMS.
The magnesium stable isotopic composition of the bulk silicate
Earth overlaps with that of lunar samples, primitive and
differentiated meteorites, indicating that the stable Mg isotopic
composition of bulk inner Solar System objects is homogeneous
(e.g., ref. 29, 115 and 116). Large mass-dependent fractionation
of Mg isotopes has been documented in CAIs"” and laboratory
experiments have demonstrated selective enrichment of heavier
isotopes of Mg in evaporation residues.™*®

CAIs also show large (3-4%,) fractionation effects in 3*°Si
(Fig. 3 and 4)."*>*>' These large variations in 3°°Si have been
explained by isotopic exchange reactions between nebular-SiO
gas and silicate condensates forming from it, and can be
modeled by a Rayleigh process.'™ Some inclusions from the
carbonaceous chondritic meteorite Allende (e.g., C1, EK 1-4-1,
CG-14, HAL, labeled “FUN” - unknown nuclear fractionations)
show anomalous compositions for isotopes of many elements,
while 83°Si of these FUN inclusions are ~25%,, which is an order
of magnitude higher than most other natural objects that have
been measured for their Si isotopic composition.” The largest
fractionation of silicon isotopes (of 100s%,) has been observed
in presolar SiC grains, which are thought to have formed in AGB
stars'* (cf. section presolar grains and bulk meteorite isotope
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anomalies). Some studies have argued for a marginally (by
~0.1%,) lighter 3°°si in bulk ordinary chondrites compared to
carbonaceous chondrites.*** Enstatite chondrites, however,
clearly show lower 8°°Si compared to other chondrite groups
and to the Earth (e.g:, ref. 124-130) (Fig. 3 and 4). As the light Si
is hosted in metals in enstatite chondrites (and also in their
differentiated counterparts, aubrites), the metal-free silicate
portion of enstatite chondrites shows similar 3*°Si compared to
other bulk chondrites. This suggests broad homogeneity in the
Si isotopic composition of silicates condensing from the Solar
nebula. Non-chondritic meteorites, with the exception of
angrites,*** do not show much variation in 3*°Si, which overlaps
with that of bulk carbonaceous and ordinary chondrites (Fig. 3
and 4) (e.g., ref. 125 and 126). The difference in 5*°Si of the BSE
and chondrites is debated and ranges from 0.29,, to 0.035 +
0.035%, (cf. ref. 125 and 126). The slightly heavier 3*°Si of the
silicate Earth is explained by Si isotope fractionation between
silicates and metal during core formation on Earth. While Si has
been long considered as one of the light elements in the Earth's
outer core, the amount of Si present in the Earth's core, which
in turn would regulate the extent of Si isotopic fractionation, is
controlled mainly by the redox conditions of core formation.
Intriguingly, the 3°°Si of the average Moon is identical to that of
the BSE (Fig. 3 and 4) as is the case for the isotopes of most
other elements."® The 3°Si variation range of angrites overlaps
with terrestrial and lunar mantle values.™* This deviation from
chondritic 3°°Si cannot be due to core formation because the
conditions (high oxygen fugacity and relatively low pressures)
were not favorable for inducing Si isotope fractionation by
incorporating Si into the core. Instead, the planetary 3°°Si
variations are suggested to have been inherited from Solar
nebular chemistry through vapor-solid exchange.**'

Initial iron isotopic studies suggested that °”**Fe chon-
drites are identical to differentiated meteorite parent bodies
like Vesta and Mars, but lower (by 0.29,,) than that of terrestrial
mantle-derived rocks,***** although a later study argued that
the iron isotopic compositions of Mars, HED, and pallasites
were the same as the silicate Earth™* and abyssal peridotites
show chondritic Fe isotopic compositions**® (Fig. 3). Positively
shifted iron isotope ratios in ureilites track the involvement of
iron sulfides during the early stages of core formation.*® Iron
meteorites show higher 3°”°*Fe than chondrites™ similar to
the metal fractions of pallasites relative to the co-existing oliv-
ines.'*** The difference in 5°”°*Fe between the metal and co-
existing troilite (Fe-Ni alloy with 12 to 45 wt% Ni) in iron
meteorites was the highest in slowly cooled meteorites (widest
kamacite bands, with kamacite an Fe-Ni alloy with ~5 to 12
wt% Ni) indicating equilibrium fractionation.'® The Earth's
mantle, as represented by peridotites, is lighter than lunar rocks
by 0.19%,, although the iron isotopic composition of terrestrial
basalts overlaps with lunar basalts (Fig. 3). High-Ti basalts on
the Moon show enrichments in heavier isotopes of iron
compared to the low-Ti basalts."*® The discrepancy between the
terrestrial and lunar iron isotopic composition can be explained
by Fe isotope fractionation during terrestrial mantle differen-
tiation (peridotite versus basalt), which is controlled by the
redox and structural conditions of the magma.*® Alternatively,

This journal is © The Royal Society of Chemistry 2016
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based on the enrichment of lighter Fe isotopes in a 4.51 Gyr old
lunar dunite, the Fe isotopic composition of the bulk silicate
Moon has been suggested to be identical to that of the bulk
silicate Earth.*®

Based on experimental data, the large mass-dependent
fractionations in CAIs were initially suggested to be a result of
partial vaporization.*** Hence, large isotopic fractionations were
also expected for moderately volatile elements (T = 1290-704 K)
like potassium. High precision (0.5%,) K isotopic compositions
of bulk chondrites, achondrites, lunar samples, terrestrial
samples, as well as chondrules and CAIs, measured using an O~
primary source ion microprobe after ion-exchange chromato-
graphic extraction and incorporation into barium borate glass,
are however remarkably homogeneous, even though the K
concentrations in these planetary bodies vary by a factor of 30
(ref. 142 and 143) (Fig. 3). This suggests that less than 2% of K
would have been lost by partial volatilization and the depletion
of alkalis and volatiles must have occurred very early, even
before the formation of chondrules, during the condensation of
the precursor dust in a hot stage in the Solar nebula.'** The only
exceptions are lunar soils, which show enrichment in the
heavier isotope of K (high 8*'K) (Fig. 3). This is explained by
fractionation due to micrometeorite bombardment, where the
lighter isotopes are lost from the lunar surface to space. Lunar
soils are also isotopically fractionated in Si and O.

Lithium has two isotopes with masses 6 and 7. Measured
using MC-ICP-MS, the 8”"°Li of the primitive upper mantle is
similar to that of carbonaceous chondrites, although ordinary
chondrites show distinctly lower values suggesting the presence
of distinct Li isotopic reservoirs in the early Solar nebula.
Basaltic differentiates from the Earth, Moon, Mars and the
achondrites show higher 3”/°Li than carbonaceous chondrites
although these compositions partly overlap with those of the
mantle olivines and carbonaceous chondrites (ref. 144 and 145
and references therein).

Copper and zinc are also moderately volatile elements with
siderophile and dominantly lithophile geochemical affinities,
respectively, and isotopic ratios of Zn and Cu are measured
using MC-ICP-MS. Large 3°°/°*Cu variations are found between
carbonaceous (CI > CM > CO > CV) and ordinary chondrites (LL
> L > H). Between the different groups of carbonaceous chon-
drites, 3°*°3Cu varies with Al/Mn and Ca/Mn. Meteorites with
high refractory/volatile element ratios like CV chondrites show
the lowest 8°%/°3Cu.™* On the other hand, 5°*/**Cu is positively
correlated with A'’O both for carbonaceous chondrites and
ordinary chondrites, suggesting the presence of 2-3 isotopically
distinct Cu reservoirs in the early Solar System.™® Also,
%3Cu/**Cu is strongly correlated with the Ni/Cu ratios in mete-
orites suggesting that the excess ®*Cu may have been produced
from ®Ni (t;/, of 100 years) by irradiation by electromagnetic
flares and particle bursts during the T-Tauri phase of the Sun.
All four isotopes of Zn show a mass-dependent relationship,
indicating their origin from a single homogeneous source.*
Refractory inclusions are enriched in the light isotopes of Zn. In
addition, 3°®**Zn in bulk carbonaceous chondrites is inversely
correlated with refractory/volatile element ratios (e.g., Ca/Mn),
indicating that the Zn depletion in planetary bodies cannot be
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explained by simple devolatilization of a CI-like material."*” The
observed pattern is an argument in favor of an incomplete
accretion origin for the volatile depletion in the Solar System."*®

Among the volatile elements (704-371 K), isotopes of
cadmium (3'****°Cd) are homogeneously distributed in terres-
trial samples, eucrites, type 1, 2 and some type 3 carbonaceous
chondrites and EH4 enstatite chondrites. However, large
d14119¢( variations, measured using MC-ICP-MS, are observed
for the ordinary chondrites, particular enstatite chondrites and
type 3 to 5 carbonaceous chondrites, which are explained by open
system thermal metamorphism on the meteorite parent bodies.
CAIs show enrichment of the light Cd isotopes. Enrichment of
the heavy Cd isotopes in lunar soils is correlated with decreasing
Cd abundances in lunar soils, which is explained by Raleigh
fractionation in response to space weathering.'*

Overall, mass-dependent stable isotope fractionation in
primitive and differentiated objects in our Solar System is
explained by thermal effects (evaporation-condensation),
kinetic effects, electromagnetic separation, and possible irra-
diation effects. The largest fractionations are observed in the
refractory inclusions in primitive meteorites. Isotopic variations
in bulk planetary objects are mostly explained by accretion from
a heterogeneous nebular disk, while planetary differentiation
(including core formation) and meteorite impact can also
explain some of the observed variations (Fig. 3).

Radioactive decay and chronology of the Solar System

The natural radioactivity of particular isotopes can be used to
place constraints on the chronological order of events in the
early Solar System. Long-lived radioactive nuclides constrain
absolute ages, while the decline in the abundance of short-lived
radionuclides (e.g., *°Al-**Mg, **Mn->*Cr and "®?Hf-'**W; Table
2) that existed at the beginning of the Solar System, but have
since decayed away, can provide relative ages with high
temporal resolution based on a highly precise measurement of
the daughter's isotopic composition (often at the micrometer-
scale). Essential for the application of short-lived radionuclides
such as *°Al-**Mg is the assumption that these short-lived
radionuclides were homogeneously distributed throughout the
Solar nebula, what appears to be valid for this system based on
the chronological consistency obtained for multiple short-lived
systems' and the observation that the initial Mg isotopic
composition of chondrules is consistent with the *°Al->*°Mg
evolution of the Solar nebula.”®* Nuclide production by cosmic
ray irradiation can also be used for particular age determina-
tions. Spallation occurs when a high-energy cosmic ray breaks
a target nucleus into two or more pieces. Spallation reactions
often release neutrons, which can then be captured by other
nuclides. In the outer part of meteorites and lunar surface
rocks, these secondary neutrons from spallation reactions in
the surface layer can produce measurable changes in the
isotopic compositions of the constituent elements (e.g., *He,
*INe, *®Ar, 33Kr, and '*°Xe) that can be used to determine the so-
called exposure ages."

Unfortunately, no method exists that allows constraining the
age of all Solar System materials with the required precision.
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Only U-Pb ages in combination with short-lived systems are
sufficiently precise to constrain the first few Myr.”*® A combi-
nation of methods is thus needed to gain full insight into the
timing of events in the Solar System.

Radioactivity is caused by the instability of nuclei. As such,
a parent isotope, through various ways, can decay to a daughter
isotope at a certain rate, depending on its decay constant A
(Table 2). Radioactive decay is a quantum-mechanical
phenomenon, and the number of decays of a radionuclide per
unit time is not constant, but decreases exponentially with time.
It is the proportion of the radionuclides that decays during one
half-life (¢, = In 2/2) that is constant. For most purposes,
a radionuclide can be considered to have decayed away after
~10 half-lives and is no longer detectable after 4-5 half lives.
The amount of daughter isotope accumulated through radio-
genic decay in a sample is thus a direct function of the age of the
dated material and the amount of parent isotope in the material
of interest."”® The general equation for radiometric dating is as

follows:
D), () (0)., ¢
=) =(Z) +(=) -1
(SD today *D initial *D today ( )

where 'D is the radiogenic (=produced by radioactive decay)
daughter element, °D is a non-radiogenic, stable isotope of the
same element, used to normalize the measurements, "P is the
parent isotope, 4 is the decay constant of the parent element,
and T is the time of the considered event to be dated.

As such, the age T represents the time at which a fraction-
ation between the parent and daughter elements occurred, as
the result of a wide variety of causes that includes partial
melting, large-scale planetary differentiation, preferential vola-
tilization induced by impact, etc. For dating to be meaningful,
several assumptions need to be made. First, the isotopic
compositions of the parent and daughter elements need to have
been homogenized, generally through particular nebular or
planetary processes, such as condensation, crystallization or
partial melting. This homogenous composition of the parent
element assures that additions to the amount of daughter
isotope only reflect the amount of parent element and the time
that has passed. Secondly, the isotopic system (e.g., rock or
mineral) needs to remain closed since the event for which the
age needs to be constrained. Also, different reservoirs should
not be mixed, as this can result in materials with varying parent/
daughter ratios forming linear trends that could be interpreted
to represent isochrons (¢f below). In other words, losses or
gains of the parent or daughter element need to be precluded.
The age of the dated material T is thus the timing of a discrete
event of which the duration is short compared to the time that
passed since this event. Crystallization of a melt is an ideal
event to date, as parent/daughter element fractionation will
occur because each element has a different affinity between
liquid (“melt”) and solid (“mineral”) phases, controlled by their
ionic radius and charge. When melting the mantle of a planet
generates magma, particular “incompatible” elements will
partition into the (liquid) magma while other “compatible”
elements will remain in the (solid) depleted residue. As such,
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after effective fractionation between the parent and daughter of
a radioactive couple, the daughter isotope will accumulate at
a rate that depends on the amount of parent element in the lava
emitted at the surface of the planetary body. Metamorphic
episodes are harder to date by radiometric methods, as the time
scales are typically longer and cooling from peak temperatures
takes place more gradually, leading to differential diffusion for
different elements and minerals. As such, the clock in one
mineral may start at a different time than that in another
mineral. Hypervelocity collisional impacts between planetary
bodies, when providing enough energy to reset an entire system,
form an example of events that can also be dated.**

While many radioactive parent isotopes are available
throughout the Mendeleev table, only isotopes with an ideal
half-life are of use in cosmochemistry (Table 2). If the half-life is
too short, the entire parent isotope will have decayed too quickly
after the formation of the Solar System. If ¢/, is too long, the
radioactive decay is too slow to record variations resolvable by
present-day mass spectrometers.

As the absolute amount of a particular isotope is difficult to
determine because of analytical reasons, isotope ratios can be
measured more accurately and precisely (¢f. equation above),
especially since the advent of multi collector mass spectrome-
ters (¢f section on modern analytical instrumentation).
Importantly, at high temperature and for one element consid-
ered, isotope ratios will show no isotope fractionation between
the source of the magma and the lava emitted at the surface
(e.g, liquid-solid interaction). This means that a lava flow will
provide a direct insight into the chemical composition of the
source. While the present-day concentrations of the daughter D
and parent P can be measured, the initial amount of daughter
element present in the sample and the time passed since
elemental fractionation also need to be constrained. One way to
circumvent this is to increase the number of equations for this
system by combining several samples affected by the same event
or multiple mineral fractions of the same rock showing
dissimilar P/D ratios. The unknown 7 can then be solved
graphically, as the slope of the regression line (the so-called
“isochron”) determined for the different samples is propor-
tional to the event age, while the intercept gives the initial ratio
for the system.

Each isotope system has its own merits and drawbacks and is
applicable in the case of particular scientific questions (Table
2). As the details and finesses of each system are beyond the
scope of this paper, a few examples of the applicability of
particular major systems are presented below. Fig. 5a and
b represent Rb-Sr and Sm-Nd isochron diagrams revealing the
formation history of low-Ti mare basalt lunar meteorite LaPaz
Icefield 02205."** For further details regarding the various
radioactive decay systems, the reader is referred to the relevant
literature (e.g., ref. 153, 156 and 157).

Ca-Al-rich inclusions (CAls) are commonly used to define
the age of the Solar System, because these represent the oldest
dated objects in the Solar System with chemical and isotopic
compositions similar to what is expected for the first refractory
nebular condensates (e.g., ref. 4; ¢f. section on mass-dependent
isotope fractionation effects in meteorites). These inclusions

This journal is © The Royal Society of Chemistry 2016
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represent one of two major types of refractory element-rich
inclusions next to amoeboid olivine aggregates (AOAs) that
occur in most chondrites, but are especially common in
carbonaceous chondrites. The largest CAIs are up to 2-3 cm in
size, but these occur only in CV3-type carbonaceous chondrites,
while most other CAIs are generally less than 1 mm in size.™®
First recognized in the late 1960s, CAIs are composed mainly of
oxides and silicates of Ca, Al, Mg, and Ti, with their primary
minerals clearly lacking any volatile components such as iron,
alkalis, and water.”® They show significant enrichments in
refractory trace elements, such as Sc, Y, Zr, Hf, rare earth
elements (REE), and platinum group elements (PGE), and host
isotope anomalies inherited from incorporated presolar grains
or from the early nebula (¢f sections on presolar grains and
bulk meteorite isotope anomalies). The inferred highest initial
26A1/%7 Al ratios as well as the ages determined from long-lived
isotope chronometers reveal that CAls are the oldest known
components of chondrites, excluding presolar grains.® The
timing of Solar System events is thus commonly given in
reference to the time of CAI formation. Accounting for ***U/?**U
isotopic variations in CAIs (cf. section on chemical and physical
fractionation), combined high-precision U and Pb isotope
studies constrain absolute ages of 4567.18 + 0.50 to 4567.38 +
0.31 Myr before present for Allende CAIs.>'* This is equivalent
to a total age range of only 0.2 Myr, fully consistent with the
results obtained from short-lived chronometers (e.g., ref. 150).

Based on *°Al-**Mg chronometry, most chondrules in ordi-
nary chondrites formed ~2 Myr after CAls, while chondrules in
carbonaceous chondrites appear to have formed over a longer
period of time, possibly as late as 4-5 Myr after CAIs (e.g., ref.
160), although other studies suggest a formation contempora-
neous to CAL'" A younger chondrule age poses a significant
dynamic complication, known as the storage problem, in that

This journal is © The Royal Society of Chemistry 2016

chondrule-sized particles are expected to experience Poynting—
Robertson drag and spiral into the Sun (e.g., ref. 162). In
contrast, the Hf-W chronology of magmatic iron meteorites,
samples from the metallic cores of protoplanets, indicates that
accretion and differentiation of their parent bodies must have
occurred within ~1 Ma of CAI formation. Iron meteorites were
thus derived from protoplanets or asteroids that were already
differentiated before chondrules formed and chondrite parent
bodies accreted.”***”'** Pb-Pb dating of Group IVA iron mete-
orites confirmed this rapid differentiation of iron meteorite
parent bodies.*** This observation has led to the suggestion that
chondrules, or at least a fraction of them, could have been
generated by impacts on molten bodies that would eject
material.'*

Tracing planetary differentiation

Radioactive isotopes allow us to constrain the timing when the
parent isotope was fractionated from the daughter isotope/
element. As stated in the previous paragraphs, this type of
fractionation can be reached at small scale, for example in the
form of a lava flow, but can also occur at much large scales, for
instance when a planet is differentiating into distinct reservoirs.
A planetary reservoir is generally considered a part of a planet
for which the amount of material contained can be defined.'®®
Several planetary processes can lead to the formation of such
reservoirs, including partial melting or fractional crystalliza-
tion. The heat present at the beginning of the Solar System,
mainly due to the radioactive decay of short-lived nuclide *°Al
(Table 2), was sufficient to melt planetary bodies, especially in
combination with planetary collisions, the dominant source of
heat once planetesimals gained sufficient mass."®” For a chon-
dritic precursor that reached the melting point of all its
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constituents, the most dramatic change will first be the segre-
gation of metallic liquid from silicate melt (e.g., ref. 168).
Subsequently, other differentiation events will take place,
including the formation of a crust, depleting a resulting plan-
etary mantle in incompatible elements.

Two types of isotopic tools can be combined to understand
planetary differentiation. First, traditional long-lived radioactive
isotope systems (Table 2), addressed in the previous paragraphs,
provide absolute age constraints on planetary processes, but are
often associated with relatively large analytical uncertainties. On
the other hand, short-lived isotope systems, defined as radioac-
tive systems with half-lives shorter than that of >*°U (¢,/, = 704 x
10° year), were only present during the earlier stages of Solar
System evolution (Table 2). When the parent isotope is extinct,
absolute ages can no longer be obtained, and only the
time difference AT between two Solar System objects or two
events A and B can be determined, resulting in a precisely con-
strained relative chronology. Consequently, short-lived radioac-
tive systems need to be anchored in absolute chronology. To do
this, key samples as CAI or ancient achondrites, such as angrites,
need to be studied for both long-lived and short-lived isotope
systems (e.g., ref. 169 and 170). These samples can then be used
as reference points, by application of short-lived chronometers,
to calculate time differences between the selected reference
material and sample of interest. A great advantage of short-lived
systems over long-lived systems is that these systems shut down
at a given point in the planetary body history. While long-lived
systems record planetary and geological events taking place
anytime during the history of the planetary body, short-lived
systems only record what happened during the lifetime of the
parent nuclides, generally the first tens to hundreds Myrs after
the formation of the Solar System and the accretion of planetary
bodies, hence providing a more direct reading of the processes
occurring at that time.

The segregation of a metallic core results in a mantle
depleted in the (highly) siderophile elements. Crust formation
leaves the residual mantle depleted in incompatible lithophile
elements. The formation of a metallic core can adequately be
addressed using the short-lived ***Hf-'3>W system (t,/, of 9 Myr;
Table 2), because lithophile Hf partitions into the mantle, while
moderately siderophile W becomes depleted in the mantle (e.g.,
ref. 171). The formation of a core can thus dramatically change
the Hf/W ratio of both the core and the silicate mantle, tracking
this fractionation event through time. This process was likely
not prompt, resulting in an average age for the process rather
than an instantaneous age of core formation.'> Another
problem to address is that a small amount of W is left behind
within the silicate mantle. After core formation, the residual Hf/
W in the mantle can subsequently be shifted by silicate differ-
entiation, for example in the presence of garnet.'”® Interpreting
T2HE 182w gystematics is therefore unfortunately not straight-
forward and modeling is required to address these issues."”*'7®
In this context, the long-lived >*%%**U->°%2"pph systems have
been used as well, as Pb is chalcophile and could have been
incorporated in a core composed of Fe, Ni, and S."*

When addressing crust formation, incompatible lithophile
elements need to be considered, and this includes the Sm-Nd
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isotope systems. The uniqueness of these systems resides in the
coupling of long-lived **’Sm~"*’Nd (¢, of 106 Gyr) with short-
lived **°Sm-"**Nd (¢,/, of 103 Myr, recently revised to 68 Myr).””
The combination of these systems during the first 350-500 Myr
of Solar System history results in the deconvolution of both the
formation age and the Sm/Nd ratio of the source of the studied
samples, provided that the considered reservoir evolved in two
steps (¢f. below). The recent discovery of a resolvable gap
between chondrites, the presumed building material of the
telluric planets, Earth,"”® Moon,"”® and possibly Mars and
Vesta,'® might imply the possibility of a non-chondritic bulk
composition for the terrestrial planets, but could also suggest
the existence of isotopic reservoirs hidden deep in the Earth
that have not been sampled yet. Alternatively, this difference
has been suggested to reflect heterogeneity in the Solar nebula
(e.g., ref. 181).

To study planetary interiors, igneous rocks residing at the
surface of the planet that are sometimes ejected as meteorites
from their parent body can be used. While isotope ratios might
not fractionate during partial melting, the parent/daughter
nuclide ratios will fractionate according to their different
partition coefficients, the mineral composition of the source
and the degree of partial melting. As such, the initial parent/
daughter composition of the source of melts is complicated to
reconstruct. Considering a reservoir that formed directly from
a chondritic precursor composition and did not evolve since its
formation, the parent/daughter ratio needed to explain the
radiogenic ratio observed in that reservoir can be modeled. As
such, Fig. 6 can graphically solve the composition and the age of
the source reservoir within the planet simultaneously.’® This
necessitates the most precise data possible, with external
reproducibilities on the order of a few ppm (2 RSD), so far only
obtainable by TIMS measurements. To reach this level of
precision, considerable analytical efforts are required. In the
case of *?Nd, the isobaric interference of '**Ce has to be
reduced as much as possible by a strict removal of Ce from the
Nd cut (**°Ce/***Nd < 0.00006).”® While this removal can never
be perfect, optimal results can be achieved either by solvent
extraction'® or by 2-methylactic acid column chemistry.”® The
technical efforts are also crucial. As only TIMS can reach the
required levels of precision for '*’Nd, the measurement
protocol of the TIMS also needs to be taken into account, for
example by considering measurements in static mode (single
multi-cups configuration), multi-static mode (simple average of
different multi-cups configurations) or multi-dynamic mode
(dynamic combination of different multi-cups configurations).
In Fig. 6, if a sample is found to plot outside the field of possible
compositions, the source of this sample was not characterized
by a two-step evolution. If this sample plots within the accept-
able ranges of this field, its composition is possibly related to
a simple chemical evolution of the source, or alternatively, to
a random combination of other arbitrary processes, such as
mixing within the planet's interior.'

Combining different isotope systems, short- or long-lived,
can help to understand the processes of planetary differentia-
tion. However, one should always keep in mind that short-lived
systems do not necessarily have the same closure time.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 A two-stage coupled #?Nd-**Nd evolution model for
a chondritic martian magma ocean projected to 150 Myr ago, deter-
mined using TIMS and redrawn after Debaille et al. from Nature.® The
linear arrays observed for Sm—Nd isotope systematics of shergottites
are consistent with mixing between two distinct source reservoirs
formed at ~4.535 Gyr and ~4.457 Gyr ago. The most probable origin
for the incompatible-trace-element-enriched reservoir is late-stage
quenched residual melt from the Martian magma ocean. For
a *7Sm/**Nd ratio between 0.150 and 0.159, the formation time of
the depleted and enriched reservoirs record progressive magma
ocean crystallization to ~100 Myr after core formation, in accordance
to the survival of shallow magma ocean for 100-200 Myr in the
presence of a primitive atmosphere without any heating processes
(ref. 15 and references therein).

Combining various short-lived systems, such as '**Hf-'**W
with **Sm-"**Nd should be done with caution, as one system
may still be active while the other is already closed.'®* Short-
lived systems are particularly powerful to investigate planetary
differentiation because once the parent element is extinct, no
further variation will be recorded, hence preserving a particular
recipe of planet formation. The only way to modify the signature
from that time on is by reservoir mixing. Mantle convection is
a well-known mechanism to do this. On Earth for example,
mantle convection is highly efficient, because the planet is
geologically active until today and mixing occurs widely within
the Earth's mantle, obliterating evidence from its isotopic
precursors and evolution. In contrast, on Mars and the Moon,
the planetary mantles remained heterogeneous, thus preserving
a record of their formation (e.g, ref. 15 and 183).

Summary and outlook

Isotope ratios form a powerful tool to trace nebular and plan-
etary processes. While radioactive nuclides serve as the foun-
dation for isotope chronometers and as the heat source that
steered early planetary differentiation (e.g., °Al), stable nuclide
fractionation provides insights into the chemical and physical
processes taking place in the Solar System since solid formation
(including condensation/evaporation, metal-silicate segrega-
tion, magmatic differentiation, etc.). Nuclide abundances can
also be used to fingerprint the astrophysical setting of particular
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Solar nebula contributions (i.e., presolar grains). Our ability to
better probe into Solar System processes is linked directly to
advancements in mass spectrometry. The improved analytical
precision and increased spatial resolution of the latest genera-
tion of analytical instrumentation (e.g., SIMS, TIMS, MC-ICP-
MS) will continue to unravel the sequence of Solar System
events that took place after CAI formation 4568 Myr ago. Sample
return mission from planetary bodies will continue to provide
key material to complement the already available source of
extraterrestrial materials. Also, equipping planetary rovers with
compact and improved mass spectrometers could provide crit-
ical information on the evolution of the Solar System. While
specific processes are now known to have taken place very
rapidly (e.g., accretion and differentiation of the first proto-
planets in less than ~1 Ma),*® other processes transpired over
more protracted time scales (e.g., progressive magma ocean
crystallization ~100 Myr years after core formation on Mars).**
With growing knowledge on increasingly accessible and precise
isotope tools and continued efforts to characterize crucial
extraterrestrial samples, a more consistent image of a dynamic
Solar System will emerge, with complex interactions between
spatial and temporal isotopic reservoirs.
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