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Understanding the origin of volatile element variations in the inner Solar System has long been a goal of
cosmochemistry, but many early studies searching for the fingerprint of volatile loss using stable isotope
systems failed to find any resolvable variations.
An improved method for the chemical purification of Rb for high-precision isotope ratio measurements
by multi-collector inductively-coupled-plasma mass-spectrometry. This method has been used to measure
the Rb isotopic composition for a suite of planetary materials, including carbonaceous, ordinary, and
enstatite chondrites, as well as achondrites (eucrite, angrite), terrestrial igneous rocks (basalt, andesite,
granite), and Apollo lunar samples (mare basalts, alkali suite). Volatile depleted bodies (e.g. HED parent
body, thermally metamorphosed meteorites) are enriched in the heavy isotope of Rb by up to several per
mil compared to chondrites, suggesting volatile loss by evaporation at the surface of planetesimals. In
addition, the Moon is isotopically distinct from the Moon in Rb. The variations in Rb isotope compositions
in the volatile-poor samples are attributed to volatile loss from planetesimals during accretion. This
suggests that either the Rb (and other volatile elements) were lost during or following the giant impact
or by evaporation earlier during the accretion history of Theia.

© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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1. Introduction

Although the abundance of volatile elements in the inner Solar
System has important implications for the accretion and evolution
of the terrestrial planets, the origin of volatile element variations
in inner Solar System bodies is debated. For example, although
carbonaceous chondrites (CC) constitute the most chemically prim-
itive meteorite group, they display differing degrees of volatile
element depletions (i.e. depletions in elements with a 50% conden-
sation temperature, T., between 250 K and 1250 K). The Cl-type
CC have elemental abundances that closely match the composition
of the solar photosphere (excluding Li, H, C, N, O, and the noble
gases; Palme et al., 2014). The other CC classes show increasing
depletions in volatile elements corresponding to increasing ele-
mental volatility in the order CI-CM-(CO, CV)-CK (Palme et al.,
2014). Hypotheses to account for these volatile element abundance
variations in bulk chondrites are varied and include nebular ef-
fects (e.g. condensation or evaporation; Wasson and Chou, 1974;
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Ringwood, 1966), or mixing of distinct chemical and isotopic reser-
voirs (Larimer and Anders, 1967).

Similarly, volatile element depletions in achondrites and in
the terrestrial planets relative to CI are variable, and the ori-
gins of these variations are debated. Like undifferentiated me-
teorites, differentiated bodies may inherit their volatile element
abundances from the processes of condensation and/or the early
stages of accretion. However, differentiated bodies may also expe-
rience volatile loss through high-energy processes during the later
stages of accretion and subsequent planetary evolution (e.g. evapo-
rative loss during impacts, magma ocean degassing). The signature
of these and other geochemical processes may be recorded in the
isotopic compositions of planetary materials, making isotopes a key
tracer of processes in the early solar system.

Rubidium is one element that is particularly well-suited to
study the questions outline above. Rubidium is a moderately
volatile lithophile element with a T, of 800 K (Lodders, 2003).
Due to the similar incompatibility of Rb and Sr, the Rb/Sr ratio is
generally constant in planetary materials and is a useful indicator
of volatile depletion since Sr (T, = 1455 K) is much more refrac-
tory than Rb. The Rb/Sr variations in bodies from the inner solar
system span a range of nearly four orders of magnitude (Halliday
and Porcelli, 2001). Rubidium is present at a level of 1-2 ppm

0012-821X/© 2017 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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in bulk chondrites (e.g. Lodders and Fegley, 1998). During par-
tial melting, Rb is relatively enriched in crustal materials, such as
terrestrial granites (~200 ppm Rb), compared to the mantle (cf.
<0.2 ppm Rb in terrestrial peridotite) (e.g. Lodders and Fegley,
1998). Multiple bodies in the inner Solar System exhibit signifi-
cant depletions in Rb compared to chondrites, including the Earth,
the Moon, and achondrites from the Howardite-Eucrite-Diogenite
(HED) and angrite groups. The large variations in Rb/Sr ratio and
Rb concentration (denoted [Rb]) in these planetary materials may
hold important clues to the mechanism of volatile element deple-
tion in the inner Solar System.

Rubidium is comprised of two isotopes: the stable isotope 8°Rb
(72.165%) and the long-lived radioactive isotope 87Rb (27.835%),
which decays to 87Sr with a half-life of 49.76 x 10° y (Nebel et
al., 2011b). Mass-dependent Rb isotope variations in planetary ma-
terials are likely limited in most cases for several reasons. First,
Rb is heavy compared to traditional stable isotope systems (e.g. C,
N, O, S) so the relative mass difference between the two Rb iso-
topes is small. Second, Rb exists only as Rb™ and therefore no
isotopic fractionation occurs during partitioning between phases
with differing valence states (e.g. as for Fe between Fe(Il) and
Fe(Ill)). Third, equilibrium isotope fractionation due to partition-
ing between phases is generally larger for species among covalent
bonds, but Rb has an ionic bonding character. Despite these rea-
sons, large mass-dependent variations may occur during evapora-
tion due to the volatile nature of Rb. The pioneer study on Rb
isotopes in chondrites (Nebel et al., 2011a) found generally simi-
lar Rb isotope compositions between the Earth and chondrites, but
with a relatively large analytical uncertainty of 0.2%. It is possi-
ble that improvements in precision may allow the identification
of small variations in Rb isotope compositions. Finally, the geo-
chemical relationship between Rb and K makes the further study
of Rb timely: although early studies on K isotope cosmochemistry
did not find resolvable K isotope variations (Humayun and Clay-
ton, 1995), recent work has uncovered a small difference between
the K isotope composition of the Earth and the Moon (Wang and
Jacobsen, 2016a, 2016b).

Here we present a new method for the chemical separation
of Rb for high-precision isotope ratio measurements by multi-
collector inductively-coupled-plasma mass-spectrometer (MC-ICP-
MS). This method is used to report new Rb isotope data for a broad
suite of planetary materials, including chondrites from the Car-
bonaceous (CC), Ordinary (OC), and Enstatite (EC) groups, achon-
drites (eucrite, angrite), terrestrial igneous rocks (basalt, andesite,
granite), and Apollo lunar samples (basalt, alkali suite). The goal of
this work is to present an updated overview of Rb isotope varia-
tions in the inner Solar System and to provide an initial assessment
of the possible causes of any variations.

2. Samples and methods
2.1. Samples

A variety of terrestrial samples were selected in order to gain
insight into the behavior of Rb during igneous differentiation. The
terrestrial rocks used in this study include one granite (GS-N), one
andesite (AGV-2), and four basalts. The basalts include samples
from a variety of settings: one Columbia River continental flood
basalt (BCR-2), one Mid-Ocean Ridge Basalt (MORB) from the mid-
Atlantic ridge (EW9309 10D), and Ocean Island Basalts (OIB) from
Hawaii (BHVO-2) and Galapagos (AHANEMO2 D20B).

Meteorite samples were selected from a variety of groups to
achieve an overview of Rb isotope variations in the inner Solar
System. This study focuses on observed meteorite falls when pos-
sible in order to avoid the effects of terrestrial weathering on Rb
isotope compositions. The chondrites used in this study include

the CC Orgueil (CI1), Murchison (CM2), Cold Bokkeveld (CM2), Fe-
lix (C0O3.3), Lancé (C03.3), Allende (CV3, oxidized type), Vigarano
(CV3, reduced type), and Karoonda (CK4). Other chondrites ana-
lyzed include the unequilibrated OC Krymka (LL3.2) and the EC
Abee (EH4), Indarch (EH4), and Khaipur (EL6). In addition, two
thermally metamorphosed CM2 were selected (PCA 02012 and PCA
02010). These samples display indicators of significant volatile loss
suggesting that they have been heated to temperature of ~900°C
(Nakato et al., 2013; Beck et al., 2014).

A primary goal of this work was to investigate the Rb isotope
composition of volatile-depleted bodies, including HED meteorites,
angrites, and lunar basalts. The achondrites analyzed include two
HED meteorite falls: the monomict eucrites Juvinas and Stannern.
One angrite, SAH99555, was also measured for Rb isotope compo-
sition.

The comprehensive suite of Apollo mission lunar basalts in-
cludes two low-Ti olivine basalts (12012, 15555), one low-Ti il-
menite basalt (12016), one low-Ti low-K ilmenite basalt (10003),
two low-Ti high-K ilmenite basalts (10017, 10057). One Alkali suite
cataclastic norite (77215) from Apollo 17 was also selected for Rb
isotope analysis.

2.2. Chemical purification of Rb

Whole rock samples were crushed by hand using an agate mor-
tar until a fine powder was obtained. A minimum of 0.5 g of
terrestrial rock or meteorite and 100 mg of lunar samples was
crushed in order to avoid non-representational sample analysis. An
aliquot of <125 mg of powdered sample was weighed depending
on the Rb concentration of the sample; masses were calculated
to yield >20 ng Rb for isotope ratio measurements. Sample pow-
ders were digested using a mixture of concentrated HF/HNO3; and
heated at 130°C in closed Teflon bombs for >48 h. After evapora-
tion of the HF/HNO3, 6N HCl was added and the samples were
again heated at 130°C to achieve dissolution of fluoride com-
plexes. Samples were then evaporated to complete dryness and
were ready for chemical purification.

Previous work on Rb isotopes utilized Zr doping for correc-
tion of mass bias on Rb (Nebel et al., 2005, 2011a). The goal of
this study was to develop an improved chemical purification pro-
cedure to avoid the necessity of doping and improve analytical
precision. To that end, a multi-step column chemistry procedure
was developed in order to ensure complete separation of Rb from
matrix elements and quantitative recovery of Rb (see Supplemen-
tary materials for additional discussion of the methods developed
by this work). This chemistry achieves efficient separation of Rb
from elements with isobaric and molecular interferences (in par-
ticular 87Sr from 87Rb, but also double-charged Er or Yb isotopes),
on mass/charge of interest (84, 85, 86, 87, 88; Sr isotopes are
monitored for the correction of 87Sr on 87Rb). A major focus was
sufficient removal K to avoid any potential matrix effects on the
measured Rb isotope compositions (see supplementary materials).

Samples were first subjected to a Ca removal step using
Eichrom normal DGA resin (50-100 pm). Following digestion,
samples were dissolved in 1IN HNO3 and loaded on BioRad Poly-
Prep chromatography columns containing 1.8 mL conditioned DGA
resin; Rb was collected by washing with 1N HNO3; while >90% Ca
was effectively retained by the resin. Our tests have shown that
this is an important step to avoid two adverse effects caused by
Ca: first, Ca may change the shape and placement of the Rb peak
on cation exchange resin; this can lead to either loss of Rb (i.e.
not collecting full Rb cut) or the presence of Ca in Rb cut (see
supplementary materials).

After the Ca removal step, the collected sample was evaporated
to dryness and the residue was dissolved in 3N HCl. The Rb was
separated from matrix elements using cationic resin in three suc-
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Table 1

Typical running conditions for the Neptune

Plus MC-ICP-MS.
Parameter Setting
RF power 1200 W
Cool gas 16 L/min
Aux gas 1.01 L/min
Sample gas 1.03 L/min
Peristatic pump 5 rpm
Sample cone Jet
Skimmer cone H
Extraction voltage —2000 V

Table 2

Cup configuration for the Neptune Plus MC-ICP-MS.
Cup L2 L1 C H1 H2
Mass 84 85 86 87 88
Isotope(s) 84gp 85Rb 865y 87Rb, 87Sr 885y

cessive steps to achieve an increasingly finer separation of Rb from
other elements. The first and second steps utilized 3N HCl and
BioRad AG50 X12 200-400 with 20 mL of resin (BioRad Econo-
Pac columns) and 10 mL of resin (PP chromatography column with
0.8 cm inner diameter, 10 cm length), respectively. The collected
Rb fractions were evaporated between each column pass. The final
column step used 0.5N HCl and 1 mL of BioRad AG50 X8 200-400
resin (homemade PTFE column with 0.6 cm inner diameter, 3.5 cm
length). The final Rb cut was evaporated and then dissolved in 0.1N
HNOs3 for MC-ICP-MS analysis. This chemical purification procedure
reduces K/Rb by a factor of 200 (to yield final K/Rb < 2) and results
in final 8Sr/8°Rb < 0.005; neither K nor Sr has any resolvable ef-
fect on measured Rb isotope compositions under these conditions
(see supplementary materials for further discussion). Although the
full column procedure developed by this work is long and requires
large volumes of acid, the benefit is a >5x improvement in ana-
lytical precision compared to previous work (Nebel et al., 2011a).

2.3. Mass spectrometry

Rubidium isotope ratio measurements were made on the
Thermo Scientific Neptune Plus MC-ICP-MS at the Institut de
Physique du Globe in Paris. Samples were introduced using an
ESI PFA MicroFlow nebulizer (flow rate: 100 pL/min) into either
a quartz cyclonic spray chamber or an APEX desolvating sample
introduction system to increase measurement sensitivity. Sample
solutions were prepared to yield Rb concentrations of 10 ppb when
using the spray chamber and 4 ppb when using the APEX. At
these concentrations, a beam intensity of ~1.0 V was measured
on 8°Rb using 10~11Q resistors and under typical MC-ICP-MS run-
ning conditions (Table 1). High Rb beam intensities were found to
lead to memory effects and were therefore avoided. Measurements
were made in static mode using the cup configuration shown in
Table 2 with the instrument operating in low-resolution. A typ-
ical mass scan of the Rb peak is shown in the supplementary
materials (Fig. S1). Strontium was monitored using the 88Sr ion
beams. Instrumental background was measured at the beginning
and throughout each analytical session (typically <1 mV on 8°Rb);
sample measurements were subjected to a blank correction us-
ing these background measurements. The low Rb beam intensity
(<1 V) coupled with a 3 min wash times between samples were
sufficient to prevent memory effects over the duration of an ana-
lytical session (typically 12-24 h). Total procedural blank for the
sample preparation and chemical purification was <0.04 ng Rb, an
amount corresponding to less than 0.05% of the Rb contained in a
sample aliquot.

Isotope ratios were measured using blocks of 20 cycles with
8.389 s integration times; any ratio outside 2o was discarded.
Measurements were made using standard-sample bracketing to
correct for instrumental mass bias. The NIST SRM984 RbCl stan-
dard was used as the bracketing standard for most sample mea-
surements. The terrestrial basalt geostandard BCR-2 was used as
alternative bracketing standard in some analytical sessions. Rubid-
ium isotope compositions are expressed relative to the bracketing
standard (either SRM984 or BCR-2) using the following delta nota-
tion:

8%Rb = [ (®’Rb/*°Rb) 1] x 1000.

(1)

Reported isotope ratios are averages of repeated measurements of
each sample when multiple analyses were possible. Errors are de-
termined from repeated measurements; the 2 standard error (2 se)
is reported unless stated otherwise. For the samples that have been
analyzed less than 3 times, the largest 2 se reported for a sample
analyzed multiple times has been used.

A variety of steps were taken to ensure robust Rb isotope mea-
surements were obtained. First, an aliquot of the bracketing stan-
dard (SRM984) was passed through the complete chemical pro-
cedure to test if the column chemistry induced any Rb isotope
fractionation. The results of this test are shown in Table 3. The
standard passed through the chemistry is identical within error to
the standard before chemistry (§37Rb = 0.00 + 0.03%0), confirm-
ing that no isotope fractionation is caused by the Rb purification
procedure. One sample (Allende) was analyzed in duplicate splits
from the same powder aliquot, including the full dissolution and
chemical purification procedure; the Allende replicates are identi-
cal within error (837Rb = 0.1240.02%0 and §37Rb = 0.14:0.04%y).
In addition, a pure Rb ICP-MS solution was analyzed as an ex-
ternal standard during each analytical session to monitor the re-
producibility of Rb isotope measurements; the long-term repro-
ducibility was £0.01%o (n = 40). Finally, in almost all cases, sample
solutions were analyzed over multiple analytical sessions and were
measured using both the spray chamber and the APEX sample in-
troduction systems as an added confirmation of the results. No
difference in 837Rb was observed between the two sample in-
troduction systems, with the exception that the APEX routinely
yielded lower precisions (by ~0.03%o).

sample standard

3. Results

The Rb isotope data obtained for terrestrial samples relative
to SRM984 are presented in Table 3 and Fig. 1. The terrestrial
rocks measured in this study define a narrow range of §37Rb, from
—0.09%0 to —0.16%. The terrestrial basalts span nearly the entire
range defined by all terrestrial samples (§37Rb range from —0.09%
to —0.14%0). The Galapagos OIB and the MORB have identical
587Rb values within error despite the difference in degree of par-
tial melting (degrees of ~10-15% for MORB but lower degrees for
OIB; Hofmann, 2003). The MORB (EW9309, §87Rb = —0.10 + 0.06)
and the granite (GS-N; §%7Rb = —0.14 + 0.01) represent a range
in Rb concentration (denoted [Rb]) of more than two orders of
magnitude, but there is no resolvable difference in their Rb iso-
tope composition. The average obtained by analysis of all terrestrial
rocks in this study is §87Rb = —0.12 4 0.06 (2 sd).

The 587Rb values for chondritic meteorites (see Table 3 and
Fig. 1) span a wider range than that measured for terrestrial
rocks. The group averages for CC (587Rb = 0.02 & 0.25%0, 2 sd)
and EC (8%7Rb = —0.03 & 0.21%0, 2 sd) are similar, while the sin-
gle OC measured in this study is significantly offset from these
averages (887Rb = —0.37 £ 0.01%o). In detail, the CC have pro-
gressively lower 887Rb values in the order CI (Orgueil, §%7Rb =
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Table 3
Rb isotope compositions of terrestrial, lunar, and meteoritic material relative to SRM984.
Sample Type Find/fall 5%7Rb 2 sd? 2 sel n¢ [Rb]
(ppm)
SRM984¢ 0.00 0.07 0.03 4
ICP —0.12 0.08 0.01 40
Terrestrial
BHVO2 Basalt —0.09 0.05 0.02 10 9.8
BCR-2 Basalt —0.14 0.12 0.04 9 48
AHANEMO?2 D20B OIB (Galapagos) —0.10 0.07 0.02 9 55
EW9309 10D MORB (MAR) —0.10 0.06 2 1.0
AGV-2 Andesite —0.16 0.12 0.04 8 68.6
GS-N Granite —0.14 0.02 0.01 3 183
Average-terrestrial —-0.12 0.06 6
Lunar
12012 Low Ti ol. basalt 0.08 0.01 2 0.64
15555 Low Ti ol. basalt 0.07 0.07 0.03 5 0.7
12016 Low Ti il. basalt 0.02 0.08 0.04 3 0.6
average Low Ti 0.06 0.07 3
10003 High Ti il. basalt (low K) 0.14 0.08 0.05 3 0.64
10017 High Ti il. basalt (high K) —0.05 0.08 0.04 5 5.6
10057 High Ti il. basalt (high K) 0.06 013 0.06 5 5.0
average High Ti 0.05 0.19 3
77215 Alkali suite cataclastic norite 0.02 0.08 0.04 5 35
Average-lunar 0.05 012 7
Carbonaceous chondrites
Orgueil ca fall 0.19 013 0.06 5 2.0
Murchison CcM2 fall 0.02 0.03 0.02 5 1.6
Cold Bokkeveld M2 fall —0.02 0.10 0.05 5 1.6
PCA 02012 M2 find 212 0.19 0.07 7 0.9
PCA 02010 M2 find 8.59 1 0.2
Felix C03.3 fall —0.06 0.02 2 1.23
Lancé C03.5 fall —0.03 0.08 0.03 7 14
Allende | Ccv3 fall 0.12 0.04 0.02 3 1.2
Allende I Ccv3 fall 0.14 0.09 0.04 5 1.2
average Allende 0.13 0.03 2 12
Vigarano Cv3 fall —0.10 0.07 0.03 6 1.04
Karoonda CK4 fall —0.22 0.05 0.03 3 0.64
Average-carbonaceous chondrites® 0.02 0.25 10
Ordinary chondrites
Krymka LL3.2 fall —0.37 0.02 0.01 3 2.2
Enstatite chondrites
Abee EH4 fall —0.01 0.08 0.03 5 34
Indarch EH4 fall —0.14 0.09 0.03 7 31
Khaipur EL6 fall 0.07 0.11 0.05 5 0.77
Average-enstatite chondrites —0.03 0.21 3
Achondrites
Juvinas Eucrite (mm) fall 1.51 1 0.2
Stannern Eucrite (ST, mm)f fall 0.55 0.12 0.05 5 0.56
SAH 99555 Angrite find 012 0.03 0.02 3 0.4

@ 2 sd =2 x standard deviation.

b 2 se =2 x standard deviation/\/n.

¢ n=number of measurements.

4 Rb standard passed through column chemistry.

€ Excluding PCA02012 and PCA02010.

f ST = Stannern trend eucrite and mm = monomict breccias.

0.19 & 0.06%0), CM (on average, §87Rb = 0.00 + 0.05, 2 sd), CO
(on average, §37Rb = —0.05 & 0.04%0, 2 sd), CV (Vigarano, §37Rb =
—0.10 £ 0.03%0), and CK (Karoonda, §87Rb = —0.22 & 0.03%). The
oxidized-type CV3 Allende is a notable exception, with a replicate
average value of §37Rb = 0.13 & 0.02. This may be due to inher-
ent sample heterogeneity in Rb isotope composition, as observed
by Nebel et al. (2011a). The values for EH are similar on average
(837Rb = —0.08 4 0.19%, 2 sd) to those of terrestrial rocks within
error, although the EL6 Khaipur (887Rb = 0.07 & 0.05%o) is shifted
toward a heavier Rb isotope composition compared to the BSE.
The heated CM chondrites and the achondrites display signif-
icant 887Rb variations, with 8’Rb enrichments of up to nearly 10
per mil compared to other chondritic meteorites (see Table 3 and

Fig. 2). The largest Rb isotope variations measured in this study
are observed in the heated CM, PCA 02010 (§%7Rb = 8.59%0) and
PCA 02012 (887Rb = 2.12 £ 0.07%o). The eucrites Juvinas (§37Rb =
1.51%0) and Stannern (8%7Rb = 0.55 %+ 0.05%) also display signif-
icant enrichments in 37Rb compared to primitive (i.e. non-heated)
chondrites. The heated CM PCA02010 and Juvinas represent the
samples with the lowest [Rb] measured in this study, at 0.2 ppm
for both samples. Due to the limited amount of Rb, only one anal-
ysis was possible for each of these samples. However, the heated
CM PCA02012 contained sufficient Rb for multiple measurements
(notably over multiple analytical sessions); the positive §87Rb val-
ues for this sample were well reproduced by all measurements.
Therefore, a precision of +0.07%0 of this sample is considered to
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Fig. 1. Plot of §87Rb values for terrestrial and lunar rocks and carbonaceous, or-
dinary, and enstatite chondrites (error bars are 2 se). Terrestrial samples span a
narrow range in 887Rb; the average of the terrestrial samples (+2 sd) is indicated
by dotted line and the shaded grey bar. Lunar samples are offset towards positive
587Rb values compared to terrestrial rocks. The chondrites exhibit a wider range in
Rb isotope variations, with both positive and negative §37Rb values compared to ter-
restrial rocks. (For interpretation of the colors in this figure, the reader is referred
to the web version of this article.)
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Fig. 2. Plot of 8%7Rb values for terrestrial rocks, lunar samples, chondrites, and
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order to show the extreme positive §37Rb values measured for the heated CM chon-
drites, the eucrites and the angrite. Heavy Rb isotope enrichments of several per mil
compared to terrestrial rocks are observed in these volatile depleted materials. (For
interpretation of the colors in this figure, the reader is referred to the web version
of this article.)

be representative of the precision for the Rb isotope ratio mea-
surements of PCA 02010 and Juvinas. The single angrite measured
by this study has a §37Rb value (§%7Rb = 0.12 & 0.02%o) that is
resolvable from terrestrial but shifted towards heavy Rb isotope
compositions to only a small degree.

The Rb isotope data for lunar rocks are presented in Table 4 and
Figs. 1 and 3a. Lunar samples are consistently offset towards heav-
ier Rb isotope compositions (on average, §8’Rb = 0.05 £ 0.12%q,
2 sd) compared to terrestrial rocks. The averages for low-Ti lu-
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Fig. 3. (a) Detail plot of 8%7Rb for terrestrial and lunar rocks (error bars are 2 se).
The average of the terrestrial samples (42 sd) is indicated by dotted line and the
dark grey bar. The average of the lunar samples (+2 sd) is shown by the dashed line
and the light grey bar. There is a clear difference in §87Rb between terrestrial and
lunar samples, with rocks from the Moon showing heavy Rb isotope enrichments
compared to rocks from the Earth. (b) Plot of §87Rbpcg for terrestrial and lunar
rocks, showing Rb isotope measurements using the terrestrial basalt BCR-2 as the
bracketing standard. The §%7Rb value of BCR-2 (42 se) is indicated by the dashed
line and shaded grey box. Lunar samples are again enriched in 87Rb compared to
the terrestrial basalt by ~0.2%. (For interpretation of the colors in this figure, the
reader is referred to the web version of this article.)

nar basalts (887Rb = 0.06 4 0.07%s, 2 sd) and high-Ti lunar basalts
(887Rb = 0.05 & 0.19%o, 2 sd) are similar, although more variations
are present in the high-Ti basalts. The alkali suite rock, 77215,
has a §%7Rb value of 0.02 & 0.04%. The difference between the
Rb isotope composition of the Moon and the BSE is denoted by
A87Rbyoon-Bse = 887Rb (Moon average) — §87Rb (BSE average); all
the lunar and terrestrial rocks measured in this study yield a value
of A8"Rbpoon-gse = 0.17 & 0.13%o (2 sd).

To confirm the heavy Rb isotope enrichments observed for
the lunar samples relative to terrestrial rocks, additional measure-
ments using the terrestrial basalt BCR-2 as the bracketing standard
were performed. These measurements are denoted §37Rbgcr, and
are presented in Table 4 and Fig. 3b. These direct comparisons
against a terrestrial basalt makes small differences easier to re-
solve and avoids the necessity of error propagation when compar-
ing the 887Rb values of two different samples. The relative differ-
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Table 4
Rb isotope compositions of terrestrial and lunar material relative to the terrestrial
basalt BCR-2.

Sample Type 58"Rbgcrz 2sd®  2se®  nC

SRM984 017 0.02 0.01 2
ICP 0.12 0.07 0.05 2
GS-N Granite 0.05 0.04 0.03 3
Lunar

15555 Low Ti ol. basalt 0.20 0.10 0.06 3
12016 Low Ti il. basalt 0.24 1
10017 High Ti il. basalt (high K) 017 0.11 0.06 3
10057 High Ti il. basalt (high K) 0.26 0.05 0.03 3
77215 Alkali suite cataclastic norite 0.19 0.06 0.04 3
Average-lunar 0.21 0.07 5

@ 2 sd =2 x standard deviation.
b 2 se =2 x standard deviation/\/n.
¢ n=number of measurements.

ences observed between lunar samples and terrestrial rocks during
bracketing by the normal Rb standard SRM984 (see Table 3 and
Fig. 3a) are well reproduced in the data using BCR-2 as the brack-
eting standard (Table 4 and Fig. 3b). In addition, the granite GS-N
was measured against BCR-2 (887 Rbgcrz = 0.05 & 0.03%0) to con-
firm the homogeneity in the Rb isotope composition of terrestrial
rocks. In every case, lunar samples display resolvable differences
from the terrestrial rocks (both BCR-2 and GS-N), with positive
shifts in 887Rbgcr2. On average, the lunar samples have a value of
587 Rbgcrz = 0.21 + 0.07%q, 2 sd. This confirms that lunar basalts
and BSE have distinct Rb isotope compositions.

4. Discussion
4.1. An estimate of the Rb isotope composition of the Bulk Silicate Earth

The previous study of Rb isotope in terrestrial samples (Nebel et
al., 2005) and found no resolvable variation in §87Rb values outside
their analytical uncertainty (£0.5%c). This study finds a similar
lack of variations in terrestrial Rb isotope variations but with a
10 times improvement in precision. The terrestrial rocks analyzed
in this study define a very narrow range in Rb isotope composi-
tion, with an average 587Rb of —0.12 4 0.06 (2 sd). Although the
MORB (EW9309, §37Rb = —0.10 + 0.06%0) and the granite (GS-N;
587Rb = —0.144-0.01%o) represent differences in [Rb] of more than
two orders of magnitude, there is no resolvable difference in their
Rb isotope composition. In addition, basalts from a variety of geo-
logical settings, including mid-ocean ridge, intraplate plume, and
continental, show no resolvable differences in §%7Rb. Finally, no
clear trend is present between 587Rb and [Rb] across the suite of
terrestrial rocks analyzed in this study (see Fig. 4), suggesting that
Rb isotope fractionation during igneous differentiation is limited
to less than 0.05%o. This indicates that the major reservoirs of Rb
on Earth (i.e. the crust and the mantle, with ~55% and ~45% of
the BSE Rb budget, respectively) have similar Rb isotope composi-
tions, and that crustal rocks may be used to estimate the §87Rb of
their parent body. Therefore, the §87Rb value for the Bulk Silicate
Earth (BSE) is well represented by the average of terrestrial rocks
measured in this study, §37Rb = —0.12 £ 0.06 (2 sd).

4.2. Rubidium isotope variations in chondrites

The chondrites analyzed in this study display small but resolv-
able variations in 5§87Rb. However, since Rb has only two isotopes,
it is not possible to attribute the variations in §87Rb to solely mass-
dependent isotope fractionation by the measurement of Rb isotope
ratios alone. Mass-independent isotope variations (such as inher-
ited nucleosynthetic differences) would also be evident as varia-
tions in 5§87Rb values. However, comparisons of §37Rb values with
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Fig. 4. Plot of §%7Rb versus Rb/Sr for terrestrial and lunar samples (error bars are
2 se). Terrestrial samples do not display a clear trend between §87Rb and Rb/Sr,
suggesting that Rb isotope fractionation during igneous differentiation is limited to
less than 0.05%. Lunar rocks may become slightly shifted towards positive §37Rb
values with decreasing Rb/Sr ratio; however, samples with the same Rb/Sr can span
a range in 8%7Rb of ~0.1%o so the existence of this trend is unclear. Lunar low-Ti
basalts and the alkali suite sample have a narrower range in §%7Rb than high-Ti
basalts. (For interpretation of the colors in this figure, the reader is referred to the
web version of this article.)
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Fig. 5. Plot of §87Rb versus Rb/Sr for bulk carbonaceous chondrites, including sam-
ples from the CI, CM, CO, CV, and CK groups (error bars are 2 se). There is a trend
toward light Rb isotope enrichments with decreasing Rb/Sr. This is opposite the ef-
fect expected if Rb abundance variations between CC groups was due to volatile loss
of Rb. Mixing of isotopically distinct reservoirs is the most likely cause of the trend
between 837Rb and Rb/Sr observed in CC.

the isotope systems of other moderately volatile elements may
provide distinguishing information into the cause of the Rb iso-
tope variations in planetary materials.

There is a relationship between §87Rb and Rb/Sr ratio between
the CC measured in this study. The CC display a trend toward
lighter Rb isotope composition coupled with decreasing Rb/Sr ra-
tio (see Fig. 5). This is opposite to the effect expected if volatile
element abundance variations in CC were caused by evaporation,
which would produce heavy Rb isotope enrichments coupled with
Rb loss if evaporation occurred under Rayleigh conditions. A sim-
ilar inverse volatility trend has also been observed in bulk CC for
the Zn isotope system, where mass-dependent light Zn isotope
enrichments are observed with decreasing Zn (Luck et al., 2005;
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Pringle et al., 2017). This relationship for Zn indicates that the
volatile element abundance variations in CC are not due to evapo-
ration or condensation, but rather are due to the mixing of chem-
ically and isotopically distinct primordial reservoirs consisting of
refractory component and a volatile-rich (CI-like) component (Luck
et al., 2005; Pringle et al., 2017). The similar behavior of the two
moderately volatile elements, Rb and Zn, suggests that the Rb iso-
tope variations may also be attributed to a mixing of primordial
reservoirs.

The unequilibrated OC Krymka has the lightest Rb isotope com-
position of all chondrites measured in this study, with §87Rb =
—0.37 £ 0.01. Nebel et al. (2011a) also found resolvable light iso-
tope enrichments in OC compared to terrestrial basalts, with values
ranging between 0 and —1%o but no systematic variations related
to type or degree of metamorphism. At this time, the 5%7Rb sig-
nature of OC may be attributed to either metamorphism or it may
be a signature of the Rb isotope reservoir from which OC formed.
The higher precision possible with our new analytical method will
allow for further investigation into the nature of Rb isotope varia-
tions among OC.

The EH have a similar Rb isotope composition as the BSE, with
an average of 8%7Rb = —0.08 4 0.19%o (2d). The similarity in §37Rb
values between EC and Earth is further confirmation that the Earth
and EC were likely derived from the same isotopic reservoir (e.g.
Javoy et al.,, 2010; Moynier and Fegley, 2015). However, the EL6
measured in this study (Khaipur, 37Rb = 0.07 + 0.05%o) is shifted
toward a heavier Rb isotope composition compared to the BSE. No-
tably, Khaipur is depleted in Rb compared to the EH chondrites
measured in this study (with [Rb] of 0.7 ppm versus 3 ppm, re-
spectively). One EL6 analyzed by Nebel et al. (2011a) also displayed
a positive §37Rb value compared to terrestrial samples. Heavy Zn
isotope enrichments in EL6 have been previously attributed to
thermal metamorphism on the EL6 parent body (Moynier et al.,
2011); this process may be responsible for the heavy Rb isotope
compositions observed in EL6 compared to other EC. These results
indicate that further study into the effects of thermal metamor-
phism on Rb isotope compositions is warranted.

4.3. The heavy Rb isotope enrichments in achondrites and volatile loss
during accretion

This is the first study to present high-precision Rb isotope data
for achondrites. This work shows that there may be a strong en-
richment in the heavy isotope 87Rb in volatile depleted materials
compared to chemically primitive meteorites. The one exception
is the angrite measured in this study, SAH 99555. Although SAH
99555 has a measured §87Rb value (0.12 £ 0.03%0) that is re-
solvable from terrestrial composition, it is within the range of
chondritic compositions (although only those of the CI Orgueil
and the CV Allende) despite the extreme depletions in Rb found
in this sample. Unfortunately, meteorite samples of angrites are
limited to finds, so analysis of an observed fall is not possible
in the case of angrites. This raises the question of whether ter-
restrial weathering had an effect on the Rb isotope composition
of SAH 99555 due to the extremely low [Rb] in angrites. Fur-
ther evidence for this comes from the Rb-Sr chronometer; data
show that the Rb-Sr system and highly siderophile elements are
disturbed for SAH 99555 and other angrites (Hans et al., 2013;
Riches et al., 2012). For these reasons, the most likely explana-
tion for the near-chondritic Rb isotope signature measured in the
SAH 99555 is overprinting of any inherent heavy Rb isotope signa-
ture by terrestrial Rb. An important future test will be a prelim-
inary sample wash step to remove terrestrial contamination prior
to sample dissolution and Rb isotope analysis.

In contrast, heavy Rb isotope enrichments are observed in eu-
crites and the heated CM relative to chondrites. The two eucrites
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Fig. 6. Plot of 887Rb versus fraction of Rb remaining in the solid for a typical CM
as well as the two heated CM measured in this study (error bars are much smaller
than the sample symbols). Shown are the calculated Rayleigh fractionation curve
for open system evaporation of Rb (represented by the dotted curve) and the equi-
librium evaporation fractionation line (represented by the solid line). The fraction
of Rb remaining for the heated CM was calculated by assuming that their initial
Rb concentration was that of a typical CM. The heated CM have §87Rb values that
represent ~40% of the 8’Rb enrichment predicted by a Rayleigh distillation model.

measured for Rb isotope composition in this study include Juvinas
and Stannern, which are both observed falls. These samples have
587Rb values of 1.51%¢ and 0.55%, respectively, and are clearly
distinguishable from chondrites. The heated CM display the highest
587Rb values observed to date for planetary materials, with heavy
Rb enrichments of more than 8%o on 87Rb/%>Rb relative to any of
the terrestrial or chondritic samples measured in this study. These
samples have lost between 40 and 90% of their Rb, assuming that
their initial [Rb] was equal to that of a typical CM. The most likely
cause of the heavy Rb isotope enrichments coupled with Rb de-
pletions observed in these samples is volatile loss of Rb during
evaporation.

The Rb isotope composition of the heated CM is plotted as a
function of fraction of Rb loss in Fig. 6. Also shown are the theo-
retical Rayleigh distillation curves for open system evaporation of
Rb and the equilibrium evaporation fractionation line. The Rayleigh
equation is expressed as:

8%7Rb = 65"Rbg + [ (1000 + 8% Rbiniciar) (F* " — 1)] 2)

where the 0 superscript indicates the unfractionated material and
F is the fraction of initial 8°Rb left in the melt. If the isotopic frac-
tionation factor, «, is taken to be (mass of 8°Rb/mass of 87Rb)%
the heated CM have §87Rb values that approach but do not match
those predicted by these theoretical evaporation models. The best
matching fractionation factor is 0.996 suggesting that Rb isotope
fractionation did not occur under pure vacuum but under partial
isotope equilibration between the evaporated gas and the residue.
The loss of Rb from a planetesimal requires sufficiently high tem-
peratures to evaporate Rb host phases followed by gravitational
escape of Rb. The efficiency of Rb loss may be aided by the incom-
patible nature of Rb; during silicate differentiation on achondritic
parent bodies Rb will be enriched in the surface crustal materials.

Furthermore, the fact that §%7Rb varies by ~1%o between the
two eucrite samples suggests that the Rb loss rather occurred dur-
ing planetary processes than during nebular processes (for which
an homogeneous Rb isotopic composition for the HED parent body
would be expected). This goes in lines with the suggestions that
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the volatile loss from the HED parent-body occurred in more oxi-
dizing conditions than the solar nebula based on the variation of
the Mn/Na ratio (O’Neill and Palme, 2008).

4.4. Accounting for the similarity in Rb isotopic composition between
Earth and chondrites

The general similarity in §37Rb between the Earth and chon-
drites (despite the Earth’s ~90% depletion in Rb relative to chon-
drites) argues against open-system evaporative loss of Rb on Earth.
However, early evaporative Rb loss from a proportion of Earth’s
building blocks before their accretion to Earth is a viable mecha-
nism to create Rb depletions without a significant shift in 587Rb.
As demonstrated by this work, small volatile-depleted bodies ini-
tially formed from volatile rich material, but lost volatile elements
during accretion. These planetesimals may represent a significant
component of the building blocks of Earth, consistent with hetero-
geneous accretion models (Schonbdchler et al., 2010). A mixture
of differentiated (857Rb > 0, Rb depleted) and chemically primi-
tive (887Rb ~ 0, Rb rich) materials may reproduce the Rb isotope
composition and concentration of Earth, since the material with
fractionated Rb isotope compositions would be strongly diluted by
the chondritic isotopic signature of the volatile-rich material (see
also Nebel et al,, 2011a).

4.5. The origin of the heavy Rb isotope enrichment in the Moon
compared to Earth

This study is the first to reveal a resolvable difference in Rb
isotope composition between the silicate Moon and Earth, with lu-
nar rocks enriched in heavy Rb isotopes by 0.2%c on 87Rb/7>Rb.
This difference is small but resolvable, and it has important impli-
cations for the origins of volatile element depletion in the inner
Solar System and for the dynamics of the Moon-forming Giant Im-
pact.

The first case to consider is that the 8/Rb enrichment observed
in the Moon compared to the Earth is due to non-mass depen-
dent isotope variations, e.g. if the lunar Rb isotope composition
is derived from a distinct nucleosynthetic reservoir of Rb and re-
flects the Rb isotope composition of the impactor rather than
the Earth’s mantle. In canonical Giant Impact dynamical models
the Moon is formed primarily from material sourced from the
impactor, rather than from Earth’s mantle (Canup, 2014). How-
ever, no non-mass dependent differences between the Earth, the
Moon, or EC (the proposed compositional analogue for the Moon-
forming impactor, Theia) in stable isotope systems have been ob-
served. An exception is the debated small differences in A70
(Herwartz et al., 2014; Young et al., 2016). Although bulk mete-
orites exhibit large variations in stable isotope anomalies of >*Cr
and °Ti, there are no resolvable differences between the £>*Cr
or the £°°Ti values of the Earth, the Moon, or EC (Warren, 2011;
Dauphas and Schauble, 2016). For this reason, it is unlikely that the
heavy Rb isotope enrichments in basalts from the Moon compared
to terrestrial basalts is due to the presence of a distinct nucleosyn-
thetic component derived from Theia.

Due to the volatile nature of Rb, one possibility is that the
heavy Rb isotope enrichments in lunar basalts compared to ter-
restrial basalts is due to volatile loss during some stage of the
Moon-forming Giant Impact. Further evidence of this should be
present in the stable isotope compositions of other elements with
a volatility similar to Rb, such as Zn and K. Heavy isotope enrich-
ments in the Moon compared to the Earth are observed for both
Zn (by ~1-2%0 on %6Zn/%4Zn) and K (by ~0.4%. on 4'K/3°K); these
variations are variously attributed to volatile loss during the Gi-
ant Impact (Paniello et al., 2012) or magma ocean degassing in

the case of Zn (Day and Moynier, 2014; Kato et al., 2015) or in-
complete condensation from the protolunar disk in the case of K
(Wang and Jacobsen, 2016a, 2016Db).

No clear correlation is observed between 5%7Rb values mea-
sured in this study and 856Zn values measured in lunar samples,
likely due to the narrower range in §37Rb than in §%6Zn (Herzog et
al., 2009; Paniello et al., 2012; Kato et al., 2015), although the lu-
nar sample with the lowest §87Rb value (the high-Ti basalt 10017,
887Rb = —0.05 £ 0.04%) is one of the samples that exhibits a very
large enrichment in light Zn isotopes (8%6Zn = —5.42%0; Herzog
et al,, 2009). Although a comparison of the specifics of the iso-
tope data for Rb, K, and Zn does not provide much insight into
the cause of positive §87Rb values in lunar rocks, the identification
of heavy isotope enrichments in all three systems is a key indica-
tor that some degree of volatile loss was recorded in the isotope
composition of the Moon.

A localized redistribution of Rb due to degassing is unlikely to
account for the Rb isotope variations observed in lunar rocks since
no complementary lunar reservoir with negative §87Rb values has
been identified at this time; additionally, the plutonic rock ana-
lyzed here (norite 77215) also has a heavy §%7Rb value compared
to the BSE. The evaporative loss of Rb during either the Giant Im-
pact or the magma ocean stage remains a possibility for generating
the heavy Rb enrichment relative to the BSE as long as temper-
atures are high enough to allow for Rb escape from the Moon.
One possibility may be the accretion of volatilized Rb by the Earth
during the proto-lunar disk stage following the Giant Impact. The
proposal that the K isotope composition of the Moon is created
through incomplete condensation from the proto-lunar disk (Wang
and Jacobsen, 2016a, 2016b) is dependent on a high energy, high
angular momentum Giant Impact in which the Moon-forming ma-
terial equilibrates with vaporized terrestrial mantle material in a
disk that extends outside the Roche limit (Lock et al., 2016). How-
ever, this is just one of many proposed dynamical models for the
Giant Impact.

However, one important point is that previous stable isotope
studies have failed to account for the geochemical processing expe-
rienced by Theia (or the precursors of Theia) during accretion prior
to the impact event that formed the Moon. It is possible that Theia
experienced chemical processing during the early stages of accre-
tion, including silicate differentiation and earlier impact events,
resulting in volatile loss and associated heavy isotope enrichments
in volatile elements. These geochemical events could modify the
chemical and (stable) isotopic composition of Theia but would not
affect the nucleosynthetic signature (or lack thereof) that is a key
constraint on models of lunar formation. If this is the case, it
is possible that the volatile element isotopic composition of the
Moon is a memory of the processes experienced by the building
blocks of the terrestrial planets during volatile loss in the early So-
lar System.

5. Conclusions

The Rb isotope compositions of terrestrial rocks define a nar-
row range in Rb isotope composition, with an average 5%7Rb of
—0.12+0.06 (2 sd). The homogeneity of §87Rb values for a variety
of terrestrial basalts allows this value to be used as an estimate of
the 887Rb for the BSE.

Carbonaceous chondrites display a trend toward lighter Rb iso-
tope composition coupled with decreasing Rb/Sr, opposite to the
effect expected if volatile element abundance variations in CC were
caused by evaporation loss of Rb. This relationship indicates that
the volatile element abundance variations in CC are not due to
evaporation or condensation, but rather are due to the mixing of
chemically and isotopically distinct primordial reservoirs.
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This study is the first to measure the Rb isotope composi-
tion of important examples of volatile-depleted materials, includ-
ing achondrites and lunar rocks. Significant heavy isotope enrich-
ments on the order of several per mil for 8’Rb/3>Rb are found for
volatile-depleted planetesimals, including eucrites, which display
587Rb values between 0.5 and 1.5%. In addition, lunar rocks also
display heavy Rb isotope enrichments, with positive §87Rb shifts
of ~0.2%0 compared to the BSE. The most likely cause of these
variations in 887Rb is Rb isotope fractionation due to evaporation
during accretion.
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