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1 Introduction

Precise measurement of chromium isotopes by
MC-ICPMS

Martin Schiller,* Elishevah Van Kooten, Jesper C. Holst, Mia B. Olsen
and Martin Bizzarro

We report novel analytical procedures allowing for the concurrent determination of the stable and mass-
independent Cr isotopic composition of silicate materials by multiple collector inductively coupled mass
spectrometry (MC-ICPMS). In particular, we focus on improved precision of the measurement of the
neutron-rich isotope >*Cr. Because nitride and oxide interferences are a major obstacle to precise and
accurate >*Cr measurements by MC-ICPMS, our approach is designed to minimize these interferences.
Based on repeat measurements of standards, we show that the mass-independent **Cr and >*Cr
compositions can be routinely determined with an external reproducibility better than 2.5 and 5.8 ppm
(2 sd), respectively. This represents at least a two-fold improvement compared to previous studies.
Although this approach uses significantly more Cr (30-60 pg) than analysis by thermal ionization mass
spectrometry (TIMS), our result indicate that it is possible to obtain an external reproducibility of 19 ppm
for the p>*Cr when consuming amounts similar to that typically analyzed by TIMS (1 ug). In addition, the
amount of time required for analysis by MC-ICPMS is much shorter thereby enabling a higher sample
throughput. As a result of the improved analytical precision, we identified small apparent mass-
independent differences between different synthetic Cr standards and bulk silicate Earth (BSE) when
using the kinetic law for the mass bias correction. These differences are attributed to the Cr loss by
equilibrium processes during production of the synthetic standards. The stable isotope data concurrently
obtained have a precision of 0.05%, Da~%, which is comparable to earlier studies. Comparison of the
measured isotopic composition of four meteorites with published data indicates that Cr isotope data
measured by the technique described here are accurate to stated uncertainties. The stable Cr
composition of the Bilanga and NWA 2999 achondrites suggests that the differences in the stable Cr
isotope composition of Earth and chondrites may reflect heterogeneity of their precursor material rather
than Cr isotope fractionation during metal-silicate segregation of Earth. Lastly, a step wise dissolution
experiment of the Cl chondrite Ivuna reveals previously unknown carriers of large mass-dependent Cr
stable isotope variations that co-vary with the known presence of carriers of large nucleosynthetic
anomalies, demonstrating one advantage of this technique.

small, improving the precision of Cr isotope measurements can
potentially allow for a better understanding of the processes

Chromium has four naturally occurring isotopes - *°Cr, *>Cr,
*¢r and *Cr - with relative abundances of 4.35%, 83.79%,
9.50% and 2.36%, respectively. Variations in the relative abun-
dances of these isotopes in meteorites and the terrestrial rock
record can be used to study processes associated with the
formation and evolution of the earliest solar system as well as
ancient and modern terrestrial environments (e.g., ref. 1-4). In
cosmochemistry, chromium is particularly useful because the
abundance of **Cr and *Cr provides temporal and spatial
information on early solar system processes (e.g., ref. 1 and 5-7).
Given that the documented Cr isotope variations are typically
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that shaped our solar system.

Of the two Cr isotopes particularly relevant to cosmochem-
ists, namely **Cr and °Cr, the neutron-rich **Cr nuclide is
predominantly produced by neutron-rich statistical equilibrium
or quasi-equilibrium processes occurring in a type Ia super-
nova.®® In contrast, *°Cr, **Cr, and >°Cr are primarily the
products of explosive oxygen and silicon burning in super-
novae.'® The major nucleosynthetic source of **Cr does not
significantly synthesize the other Cr isotopes and, therefore,
variable contribution from a **Cr producing source to the
nascent solar system is not predicted to significantly modify the
abundance of the remaining Cr isotopes. It is now firmly
established that heterogeneity in **Cr/>>Cr ratios exists between
different bulk solar reservoirs,® which is thought to reflect
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admixing of variable amounts of pre-solar carriers heavily
enriched in **Cr."** The presence of nucleosynthetic >*Cr
variability between different bulk solar system reservoirs
provides a means to explore genetic relationships between early
solar system condensates, diverse asteroids and the terrestrial
planets.® However, the total range of known **Cr variability in
bulk meteorites is limited to only ~250 ppm.°® Thus, taking full
advantage of potential **Cr variability to track genetic rela-
tionships between early solar system reservoirs requires highly-
precise **Cr/>’Cr measurements.

A minor additional component to the nucleosynthesis of
>3Cr comes from the decay of the short-lived radionuclide
»Mn.**"* With a halflife of 3.74 Ma, the **Mn->*Cr decay
system is a powerful chronometer to date asteroidal differ-
entiation processes in the early solar system (e.g., ref. 5, 15
and 16). However, the relatively low initial solar system
>Mn/**Mn ratio of ~6 x 107 ° (ref. 15) coupled with the
relatively long half-life of the decay system results in >’Cr
excesses in bulk basaltic meteorites that are typically less than
150 ppm (e.g., ref. 5). Thus, similarly to **Cr, improving
measurements of the radiogenic **Cr component may allow
for a refined chronology of early solar system events based on
the >*Mn->*Cr system.

Precise measurement of the radiogenic and nucleosynthetic
components of Cr isotopes in meteoritic materials has so far
primarily been performed by thermal ionization mass spec-
trometry (TIMS). This approach allows for the analysis of small
quantities of Cr on the order of 0.5-1 pg with a typical external
reproducibility of 10-20 ppm for *>*Cr/>*Cr ratios,>’>* making
the uncertainty a limiting factor in the resolution of potential
small differences between distinct reservoirs. Moreover,
significant improvement in Cr isotope measurements beyond
the current state-of-the-art is limited by complications inherent
to TIMS analyses such as, for example, filament poisoning and
reservoir fractionation effects (e.g, ref. 21). In contrast, isotope
ratio measurements by multiple collector inductively coupled
plasma mass spectrometry (MC-ICPMS) may allow for signifi-
cant improvement in reproducibility owing to the sample-
standard bracketing technique. Indeed, recent studies have
demonstrated that it is possible to obtain external reproduc-
ibilities below 5 ppm for the analysis of internally normalized
Mg and Ca isotope ratios of chemically purified silicate
matrices by MC-ICPMS.>>?* Although some attempts have
already been conducted to measure nucleosynthetic and
radiogenic isotope effects on **Cr and **Cr by MC-ICPMS,***
the external reproducibility of these measurements has not
been significantly improved compared to typical TIMS
measurements. This primarily stems from the presence of
irresolvable isobaric interferences that affect the Cr mass array
resulting from residual impurities in the Cr analyte solution
such as, for example, *°Ti, *°V and >*Fe. Corrections for these
isobaric interferences are much more important in MC-ICPMS
work compared to TIMS given the high ionization efficiency of
the plasma source. Additional isobaric interferences from
molecular species include argon nitride (*°Ar'*N) and oxide
(*°Ar*®0), which affect mass >*Cr and °°Fe, respectively.
Appropriate monitoring of the *°Fe peak is critical to correct
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for any remaining Fe in the Cr solution that may affect the
measured **Cr abundance via a direct isobar from °*Fe.
Therefore, it is apparent that a prerequisite to high-precision
Cr isotope analysis by MC-ICPMS is the efficient removal of
interferences and careful assessment of the accuracy of applied
corrections.

Here we describe a novel analytical approach utilizing
MC-ICPMS that addresses these issues and allows us to measure
the nucleosynthetic and radiogenic isotope effects on **Cr and
%Cr to a precision that is comparable to traditional TIMS
analysis for similar sized samples and offers a significant
improvement where the sample is not limited. In addition, this
approach allows for concurrent determination of the stable Cr
isotopic composition of the sample allowing for better quality
assessment of the data.

2 Analytical methods
2.1 Chromium separation from the sample matrix

Chromium occurs in nature either as trivalent Cr(m) or hex-
avalent Cr(vi). The difference in valance state affects the ion
chromatographic properties of Cr, which is commonly utilized
to separate the two species (e.g., ref. 28). Therefore, to maxi-
mize total Cr yields, care was taken to ensure the conversion of
all Cr into the required oxidation state prior to each chemical
separation step. We describe below a four step column chro-
matographic procedure (summarized in Table 1) aimed at
providing high Cr yields and efficient purification from matrix
elements.

Table 1 Four step Cr purification scheme for a 10 mg silicate sample

Eluent Vol.“ (mL) Elements eluted
Step 1: Fe removal’

6 M HCI 2 Conditioning
Load sample in 6 M HCl 1

6 M HCl 2 Cr + matrix
Remaining on column Fe

Step 2: matrix removal’

0.5 M HCI 4 Conditioning
Load sample in 0.5 M HCl 3

0.5 M HNO; 20 Cr

6 M HCl 10 Matrix

Step 3: Ti removal”

14 M HNO; 4 Conditioning
Load sample in 14 M HNO; 0.5

14 M HNO, 4 Cr

Step 4: V removal’

8 M HCI 4 Conditioning
Load sample in 8 M HCI 0.5

8 M HCI 2 Cr

“Volume of the eluent. ® Biorad poly-prep column with 2 mL AG1-X4
200-400 mesh resin. ¢ Biorad poly-prep column with 2 mL of AG50W-
X8 200-400 mesh resin. ¢ Pipette tip column with 0.75 mL of TODGA
resin. All resins are discarded after use.
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First, all samples were purified for Fe by passing the sample
through AG1-X4 200-400 mesh anion resin in 6 M HCI
(Table 1). The resin bed was typically 2 mL for sample sizes of
50 mg. Cr was collected with the initial load and an additional
4 mL of 6 M HCL

In a second step, total sample equivalents of 10 mg were
passed through ~2 mL of BioRad AG50W-X8 200-400 mesh
resin. For larger samples, volumes were scaled accordingly. In
preparation of this separation step, samples were fluxed for 12 h
in 6 M HCI to convert Cr to its trivalent form. The solution was
diluted then to 0.5 M HCI with distilled water and loaded onto
the resin. The Cr cut was collected in the initial load and an
additional 20 mL of 0.5 M HNO;. The remaining matrix was
eluted from the column in 10 mL 6 M HCI. To ensure near
complete recovery of Cr in this step, the eluted matrix was
collected and reprocessed through the same column and the Cr
cuts from both elutions were combined.

Remaining trace amounts of Ti and V were specifically tar-
geted in the last two separation steps using Eichrom TODGA
resin. The first TODGA resin step utilizes the high retention of
Ti on the resin in concentrated HNO;, while the second step
takes advantage of the retention of Vin 8 M HCL.*®* Samples were
loaded onto a 0.75 mL resin bed in a pipette tip column in
0.5 mL 14 M HNO; and Cr was collected in the load and an
additional 4 mL of 14 M HNO;. Subsequently the resin was
cleaned by alternate washing with distilled water, 6 M HCI and
7 M HNO;. Following this step, the Cr fraction was converted
into chloride form and loaded in 0.5 mL 8 M HCI onto the same
resin bed. The Cr was collected with the load and an additional
2 mL of 8 M HCI.

Because any remaining trace of Fe in the sample requires
significant interference corrections on *Cr, samples were
passed through a final anion chemistry identical to the first
Cr separation step but using a smaller resin bed and elution
volume of 0.25 mL and 3 mL, respectively. Each sample was
monitored prior to analysis by MC-ICPMS for Fe concentra-
tion and samples that required more than 100 ppm correc-
tion on **Cr from >*Fe were re-processed through the Fe
separation step. Total procedural blanks of this procedure
were on the order of a few ng of Cr and inconsequential
considering the size of the samples and their Cr isotopic
anomalies.

2.2 Chromium isotope measurements by MC-ICPMS

Chromium data were acquired with the ThermoFisher Neptune
Plus MC-ICPMS located at the Centre for Star and Planet
Formation (Natural History Museum of Denmark, University of
Copenhagen). Because the gas based *°Ar'°0 and *°Ar'*N
interferences increase significantly when using high sensitivity
cones such as the Jet sample cone and the skimmer X-cone
offered by ThermoFisher, a lower sensitivity approach was
taken by combining a Jet sample cone with a skimmer H-cone.
This lowers the sensitivity by about 30% compared to a Jet
sample cone and skimmer X-cone, but reduces oxide and
nitride interferences by a factor of at least 2-3. To further
reduce these interferences, samples were introduced into the
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plasma in 2.5% HNO; via an ESI Apex IR desolvating nebulizer
with trifluoro-methane (CHF;) as the supplementary gas
instead of using N,. Although the introduction of carbon
creates a significant ‘°Ar'”C interference on *>Cr, the gas
significantly reduces the nitride and oxide interferences and
has a positive influence on overall signal sensitivity and
stability. Optimal sensitivity combined with minimal oxide and
nitride production was achieved by running in ‘cold plasma’
mode with an RF power of 600 to 800 W depending on daily
tuning conditions. Under these analytical conditions, the
1410 and “°Ar''N signals were typically below 0.5 V and
0.2 V, respectively, when using the high (16 um) resolution slit
of the Neptune. With this setup and a sample aspiration rate of
~60 pL min~', a concentration of 1 ppm resulted in a *>Cr
signal of ~30 V.

Chromium isotope data were acquired in static mode using
seven Faraday collectors. Apart from the four Cr isotopes (*°Cr,
Cr, *3Cr, *'Cr), *°Ti, *'V and >°Fe were also monitored to
correct for unresolvable isobaric interferences on *°Cr from *°Ti
and °°V as well as on **Cr from **Fe. Faraday collectors were
connected with 10'* Q feedback resistors for *°Cr, **Cr, **Cr and
51y. The largest beam *>Cr was monitored using a 10'° Q feed-
back resistor to allow for beam intensities larger than 50 V
whereas low noise 10" Q feedback resistors were used for
measurement of the small *“°Ti and °Fe signals. Data were
acquired on the low mass side of the Cr peak typically at a centre
mass of 51.910 or ~0.030 atomic mass units (Da) from the peak
centre using the 16 um entrance slit with a resolving power
(M/AM as defined by the peak edge width from 5-95% full peak
height) that was always greater than 8000 for **Cr to ensure a
interference-free peak flat plateau. At this given resolution, this
peak position allows the collection of carbide, oxide and nitride
interference-free signals for all Cr isotopes as well as *°Ti, *'V,
and °°Fe (Fig. 1).

Peak centres were performed only at the beginning of an
analytical session and no peak drift was observed for sessions
lasting more than 48 h. Because the Neptune peak centre
routine was applied to the **Cr signal, which also comprised of
a 5-10% “°Ar'’C interference signal, slight differences in the
peak centre position exist between different analytical sessions.
Therefore, after determining the peak centre position, the
position of the interference-free plateau was determined by
measuring the Cr isotopic ratios across the low mass side of the
Cr peak at different individual mass positions prior to each
analytical sessions in a similar fashion as described by Weyer
and Schwieters (2003).*° Based on this experiment, an ideal
mass position for analysis was determined and used for the
remainder of individual analytical sessions.

Samples were typically analysed at a >>Cr signal intensity of
100 V and beam intensities of standard and sample were
matched within 5% of each other. Each analysis comprised a
total of 1259 s of combined wash out and baseline measure-
ments obtained on-peak (in the same 2.5% HNO; solution
used to dissolve samples and standards) and 1667 s of data
acquisition (100 scans integrated over 16.67 s). In between
each step the auto sampler probe was cleaned for 30 s in a
rinse solution of the same molarity. From the 1259 s of data
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Fig. 1 In (A) a typical peak scan of the Cr isotopes and *¢Fe is shown
with approximately 20 V on the >2Cr signal and when measuring under
the analytical conditions described in the text. (B) depicts the inter-
ference area of the Cr peak at the low mass end when measuring the
blank solution. Indicated in both figures is the approximate mass
position at which the isotopic measurement was typically conducted.

collected in the on-peak zero solution, only the last 800 s were
used as baseline measurement. This approach allowed close
monitoring of the wash out behaviour of the sample and
standard. Where sufficient Cr is available, samples were
systematically analysed 10 times over a time span of ~18 h
consuming a total of 30 to 60 ng Cr.

2.3 Data reduction

All data reductions were conducted off-line using the freely
available Iolite** data reduction software that runs within Igor
Pro. The Cr data reduction module used for the data reported
here can be freely obtained from the authors on request.
Background intensities were interpolated using a smoothed
cubic spline, as were changes in mass bias with time. Iolites
‘Smooth spline auto’ choice was used in all cases, which
determines a theoretically optimal degree of smoothing based
on variability in the reference standard throughout an analytical
session. For all reported data the baseline subtraction was
conducted using the ‘automatic’ spline option of Iolite, while

This journal is © The Royal Society of Chemistry 2014

View Article Online

JAAS

standard interpolation was done using the ‘smooth spline auto’
option. Stable isotope ratios are reported in the ¢ notation
according to the following formula:

X C 52C
(X I'/52 r.)sample 1] x 103 [1)
(*Cr/?Cr)spmorg

where x is either 50, 53 or 54. The mass-independent compo-
nent of **Cr (u>*Cr) and **Cr (u**Cr) is reported in the same
fashion, but in the u notation as parts per million (ppm) instead
of parts per thousand (%,). We use mass-independent as a
generic term to describe radiogenic ingrowth on *>Cr, nucleo-
synthetic anomalies on **Cr or, alternatively, inappropriate
mass fractionation correction on both **Cr and **Cr. However,
we emphasize that latter is in fact an apparent mass-indepen-
dent effect, as it reflects an artefact of using an inappropriate
mass fractionation law to account for a mass dependent
process. The reported mass-independent component is the
deviation from the internally normalized **Cr/*’Cr and
34Cr/*2Cr of the sample from the reference standard (SRM 979),
normalized to a *°Cr/°>Cr = 0.051859 (ref. 32) using the expo-
nential mass fractionation law.

6" Cr[%,] =

3 Discussion
3.1 Reduction of gas based interferences

A major challenge when measuring Cr isotopes with an Ar-
based plasma is the isobaric molecular interference resulting
from the Ar gas. In particular, “°’Ar*®0 and *°’Ar'’N are trou-
blesome because they produce interference on the masses 54
and 56 and, thus, resolving these interferences is necessary for
acquiring precise and accurate **Cr data. As such, we focused
on minimizing the contribution of molecular argon species to
the Cr mass array. This was achieved by taking several steps. (1)
Instead of using the highest sensitivity sample introduction
sampler and skimmer cone setup of the Neptune Plus, a
combination of the Jet and X-cone, we opted for a somewhat less
sensitive combination of the Jet sampler cone and H skimmer
cone. This results in at least 30% sensitivity loss for the Cr
signal, but reduces the oxide and nitride production rate by a
factor of 2-3, effectively improving the sample over oxide and
nitride signal. (2) Reduction of the RF power has long been
known to be an effective mechanism to reduce the oxide
production rate (e.g., ref. 33). In the case of our approach
measuring Cr isotopes, a lower RF power of 700 W compared to
the usually applied 1200 W also resulted in a slight sensitivity
improvement of the Cr signal of 10 to 20%, while suppressing
the oxide and nitride production by a factor of (~2-3). Finally,
the usual additive gas of the apex sample introduction system is
N,. While addition of an additive gas is not essentially required,
it does improve signal stability and can enhance the sensitivity
of the system. However, considering that one of the biggest
challenges in measuring a precise >*Cr signal is resolving the
“°Ar'N interference, unnecessary addition of N, is counter-
productive. To circumvent this problem, we turned to tri-
fluoromethan (CF;H) as an additive gas. A positive effect on the
reduction of molecular interferences through the addition of
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CF;H to the Ar plasma has previously been reported** and can
also be observed for *°Ar'*N and “°Ar'®0. However, the addi-
tional introduction of CF;H produces also a significant *°Ar'>C
interference on mass 52. Fortunately, this interference requires
the lowest mass resolving power of the three discussed molec-
ular interferences and it is also an isobar on the most abundant
Cr isotope, which results in a favourable signal to isobar ratio.
The *°Ar*’C signal was typically between 5 and 15 V compared to
a °>Cr signal of 40 to 100 V. When using the high or medium
resolution slits of the Neptune Plus, it is possible to obtain an
interference-free plateau of 5 to 10 milli mass units on the low
mass side of the peak. The position of and centre of this plateau
were determined prior to each analytical session.

3.2 Correction of atomic isobaric interferences

Because the Ar plasma has a very high ionization efficiency,
another critical step in acquiring accurate Cr isotope data by
MC-ICPMS is an effective correction for the atomic isobaric
interferences “°Ti, >'V, and *°Fe, which cannot be resolved. The
effect of these isobars is slightly different because the presence
of Ti and V interferes with the mass bias correcting isotope *°Cr
and affects all measured Cr isotope ratios, while the presence of
Fe solely affects the >*Cr data. In order to test the accuracy of the
interference corrections, a Cr ICPMS standard solution was
doped separately with Ti, V and Fe at a level significantly larger
than that of any sample after chemical Cr purification.

For Ti, the °°Ti interference was subtracted from *°Cr by
calculating a mass-bias corrected *°Ti signal from the measured
“Ti beam. For mass-bias correction a *°Ti/**Ti = 0.97377 (ref.
35) was inferred and the fractionation factor was derived from
the >*Cr/>*Cr-ratio that is free of isobaric interferences using a
natural ratio of 0.11339 assuming a negligible difference in the
mass fractionation behaviour of Ti and Cr. Because >*Cr can be
affected by the decay of **Mn, this correction scheme is only
robust for samples with small Mn/Cr ratios (and **Cr anomalies
of less than a few hundred ppm) or that formed after extinction
of **Mn (such as all terrestrial rocks). For samples where >*Cr
anomalies are significant and result in noticeable effects in the
mass bias correction, an iterative approach can be taken with an
initial correction of *°Cr and then a secondary mass bias
correction using the preliminary corrected *°Cr/>>Cr-ratio for
precise determination of the size of the *°Ti interference.

The Ti correction was tested by measuring a Cr solution
containing a contribution of *°Ti of more than 1609 ppm to the
>0Cr signal (Table 2), which is at least a factor of ten larger than
that measured for natural samples processed through the Cr
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purification, versus the pure Cr solution. Prior to the interfer-
ence correction this amount of Ti resulted in apparent excesses
in the mass bias corrected pu**Cr and p’*Cr of +777.2 and
+1532.2, respectively. After correction both p*>*Cr and p>*Cr were
+1.2 + 2.2 and +3.6 + 2.6 (uncertainties are 2 se if not stated
otherwise), respectively, within an analytical uncertainty of zero
when considering the external reproducibility of our approach
(see below). Given the fact that the Ti concentration in this test
exceeds that of typical samples after Cr purification by more
than one order of magnitude, we feel confident that no bias
during sample analysis is introduced from the Ti correction.
The correction of a potential vanadium contribution to the
>°Cr signal was conducted by calculating a *°V signal based on
*lV assuming a natural *°V/>'V of 2.425 x 107> (ref. 36). The
correction of mass bias experienced by *'V in the MC-ICPMS
and signal subtraction of the calculated >’V beam contributing
to °°Cr was done in the same manner as for Ti. A similar V
interference test as for Ti was conducted to verify the accuracy of
the approach. For this a Cr solution containing a ~24 ppm
contribution of *°V to the *°Cr signal was measured versus a
pure Cr solution (Table 2). The tested V contribution is much
smaller than that of the Ti test given the much lower natural
abundance of the *°V isotope (*'V/>°V ~ 400). As a result, the
apparent excesses on both p>*Cr and p**Cr of +10.2 £ 2.6 and
+24.9 + 2.9, respectively, are also small but resolvable. No
apparent excesses remained after the V correction with a p*>>Cr
and p**Cr of —0.4 + 2.1 and —0.3 + 1.7, respectively (Table 2).
Lastly, the correction for the isobaric Fe interference on **Cr
was tested. The correction for any contribution of **Fe to the
>4Cr signal is non-trivial because the geometry of the Neptune
Plus does not allow the measurement of the relatively interfer-
ence-free *’Fe simultaneously with all Cr isotopes and “°Ti.
Instead this correction must be based on *°Fe. A Fe correction
using *°Fe is complicated by the typically large isobaric *°Ar'®0
interference and hence requires careful assessment. While the
mass resolution of the Neptune does in principle allow the full
resolution of *°Fe and *’Ar'°0, the interference is significantly
larger by orders of magnitude than the >°Fe signal. Thus, even
small tailing contributions of “°’Ar'®0 can lead to overcorrection
and additional noise in the calculated **Fe signal. Because no
Fe isotope interferes with the °°Cr and °>Cr signals, the
contribution of **Fe to the *Cr signal was calculated using a Ti
and V corrected *°Cr/>’Cr for mass bias correction and a natural
isotope abundance fraction of 0.05845 and 0.91754 for **Fe and
3®Fe, respectively.’” Similar to the tests for Ti and V, a pure Cr
solution was doped with Fe at a level that significantly exceeds
that of purified Cr samples and was measured versus a pure

Table2 Summary of interference correction tests performed on the pure SRM 979 Cr standard doped with single element solutions of Ti, V, and

Fe. Shown uncertainties are the 2 se of the replicate analyses

ISObar Inf' contrib‘ (ppm) “Sscruncor (ppm) }'L54cruncor (ppm) u53crcor (ppm) I’L54crcor (ppm) n

20T 1609.2 +777.2 + 2.0 +1532.2 + 2.1 +1.2 £ 2.2 +3.6 + 2.6 10
oy 23.6 +10.2 £+ 2.6 +24.9 + 2.9 —0.4+2.1 —0.3+1.7 10
*IFe 558.1 +1.4 + 1.8 +555.7 &+ 4.6 +1.7 £ 2.1 +1.2 + 2.3 10
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solution to test the accuracy of the applied correction. In the
test, the >*Fe contribution to the **Cr signal was calculated to be
558.1 ppm, compared to typically less than 50 ppm for purified
Cr samples. Prior to the interference correction, this resulted in
an apparent excess on p>*Cr of +555.7 + 4.6 that was fully cor-
rected for to +1.2 £ 2.3 through the Fe-subtraction. At this iron
concentration, the interference correction is also the only one of
the tested atomic interferences where the uncertainty in the
isotope ratio used for correction has a quantifiable effect (3
ppm) on the final corrected p**Cr and could potentially intro-
duce a bias to the data. However, the successful correction to
within uncertainty of zero demonstrates that even large
contributions of Fe to the Cr signal can be completely corrected
for and no resolvable bias is introduced in the calculated p>*Cr
composition by the applied isotope ratios for interference
correction.

3.3 Reproducibility and comparison with previous data

3.3.1 Cr stable isotope data. High precision chromium
stable isotope data have already been routinely collected by MC-
ICPMS (e.g., ref. 38-40). Based on all repeat measurements
presented in this study (Table 3), the sample-standard brack-
eting approach taken here results in a similar reproducibility of
0.05%, Da~ ' compared to that of studies using either standard-
sample bracketing 39 or the use of a Cr double spike 38. The
3°3Cr offset of —0.152 + 0.045 for the DTS-2B dunite standard
with respect to SRM 979 is in excellent agreement with that of
terrestrial igneous silicates of —0.124 £ 0.101 determined by
Schénberg et al.’® The 3°*Cr of —0.290 + 0.010 and —0.310 =+
0.010 for the CI chondrite Ivuna and the H6 chondrite Portales
Valley, respectively, analysed here are also in good agreement
with that of the average carbonaceous [—0.31 &+ 0.11 (2 sd)] and
ordinary [—0.20 + 0.13 (2 sd)] chondrites (Fig. 2).*
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Fig. 2 Stable isotope data (3°*Cr and 8°°Cr normalized to represent
one atomic mass unit difference from the normalizing isotope) for
meteorites compared with those of published values. Data for BSE are
from (ref. 38) and those for ordinary and carbonaceous chondrites
were taken from (ref. 40).

The 3°*Cr composition of the diogenite Bilanga (—0.120 =+
0.010) is indistinguishable from that of DTS-2B and bulk silicate
Earth (BSE; Fig. 2). In contrast, the NWA 2999 angrite has a
lighter 3°*Cr of —0.288 =+ 0.027, which is comparable to chon-
drites. The compositional difference between Bilanga and NWA
2999, which are both products of differentiated planetesimal, is
surprising because an isotopically heavier stable Cr composi-
tion of BSE with respect to chondrites has been used to argue for
Cr isotope fractionation during low temperature parent body
differentiation on planetary embryos.*® In particular, Moynier
et al. suggested that the oxygen fugacity may play a role in the
isotopic fractionation with higher fugacity imparting larger
isotopic fractionation during metal-silicate differentiation.
This, however, is not supported by the stable isotopic

Table 3 Stable and mass-independent Cr isotope data for standards and meteorites. Shown uncertainties are the 2 se of the replicate analyses

Sample Type 3°°Cr (%) 3°3Cr (%) d3*Cr (%) w3cr (ppm) pCr(ppm) n  **Mn/**Cr

vs. Peak performance:

Cr peak perf. Cr standard +0.003 + 0.007  —0.003 +£ 0.003 —0.002 £ 0.006 -1.2+22 +1.0 + 2.5 10 —

Cr + Ti peak perf. Cr standard  —0.017 £ 0.031 +0.008 + 0.015 +0.019 =+ 0.030 +1.2 £2.2 +3.6£26 10 —

Cr + V peak perf. Cr standard +0.018 + 0.006  —0.009 £ 0.003 —0.018 £ 0.008 —0.4 +2.1 -03+17 10 —

Cr + Fe peak perf.  Cr standard  +0.020 + 0.012  —0.007 £+ 0.007  —0.017 +£ 0.012 +1.7 £ 2.1 +1.2+23 10 —

Average and 2 sd +0.006 + 0.034 —0.003 £ 0.015 —0.002 £ 0.034 +0.3 £ 2.7 +1.4 + 3.3 4 —

vs. SRM 979:

Cr peak perf. Cr standard  —0.340 £ 0.039 +0.160 + 0.020 +0.310 £ 0.041 —9.0 £2.2 —-203+42 10 —

Cr peak perf. Cr standard  —0.327 £ 0.047  +0.150 £ 0.023  +0.300 £ 0.049 —8.0+ 1.4 -169+1.8 10 —

Cr peak perf. Cr standard  —0.323 £ 0.043 +0.152 + 0.022  +0.299 + 0.045 —6.4 £ 1.6 —-14.5+2.7 10 —

Average and 2 sd —0.330 £ 0.018 +0.154 £ 0.011 +0.303 £ 0.012 —7.8+26 —17.2 £ 5.8 3 —

DTS-2B 1 Dunite +0.325 + 0.008 —0.156 £ 0.003 —0.307 £ 0.010 +3.5+t 1.1 +84+£32 10 —

DTS-2B 2 Dunite +0.385 + 0.009  —0.183 +£ 0.003 —0.360 £ 0.010 +3.6 £+ 2.0 +89+3.0 10 —

DTS-2B 3 Dunite +0.276 £ 0.019  —0.132 £+ 0.010 —0.270 £ 0.017 +3.4 £ 1.5 +3.8 £ 4.1 10 —

DTS-2B 4 Dunite +0.294 + 0.013 —0.139 £ 0.008 —0.274 £ 0.013 +4.8 £ 1.5 +104 £2.8 10 —

Average and 2 sd +0.320 £ 0.096 —0.152 £ 0.045 —0.303 = 0.083 +3.8 £ 1.3 +7.9 £ 5.7 4 —

Ivuna CI +0.637 + 0.019 —0.290 £ 0.010 —0.445 £ 0.011 +16.4 £ 2.0 +155.2 + 4.8 10 0.748 £ 0.003
Portales Valley H +0.680 + 0.010  —0.310 + 0.010 —0.690 + 0.010  +15.2 £+ 2.0 —39.4+4.0 10 0.797 £ 0.004
Bilanga Diogenite +0.280 + 0.010 —0.120 £ 0.010  —0.340 £ 0.010 +15.0 £ 2.4 —62.6 3.8 10 0.653 £ 0.002
NWA 2999 Angrite +0.616 + 0.054  —0.288 + 0.027  —0.640 £+ 0.053  +10.2 £ 2.2 —49.5 + 4.5 10  0.802 £ 0.003

This journal is © The Royal Society of Chemistry 2014
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composition of the Bilanga and NWA 2999 meteorites coupled
with estimates of the oxygen fugacity during angrite and eucrite
formation, which appear to have been more oxidising on the
angrite parent body.** Considering that no single type of
chondrite can explain the chemical and isotopic composition of
the Earth,” this suggests that differences in the stable isotopic
composition of Cr between meteorites and Earth are not
predominantly controlled by metal-silicate fractionation but
are instead the product of differences in the stable isotopic
composition of their precursor material. This scenario is
apparently consistent with the lack of Cr isotope homogenisa-
tion amongst bulk solar system reservoirs as evidenced by the
presence of widespread >*Cr nucleosynthetic heterogeneity.® In
agreement with earlier work,* we conclude that accurate and
reproducible stable Cr isotope data can be obtained by stan-
dard-sample bracketing using MC-ICPMS. Moreover, the lack of
an isotopically enriched spike in our approach offers the
possibility to concurrently determine stable, radiogenic and
nucleosynthetic isotope effects, which are of particular interest
in cosmochemistry.

3.3.2 Mass-independent data. As discussed earlier, the
mass-independent compositions of **Cr (u**Cr) and **Cr (u**Cr)
are of particular interest in meteoritic materials as they provide
time information and trace potential genetic relationships
amongst early solar system reservoirs, respectively. Thus,
improving the precision and accuracy of p**Cr and p**Cr data is
the focus of the technique described here. The external repro-
ducibility was determined by repeated analysis of a pure Cr
ICPMS standard solution (peak performance) and Cr chemically
purified from the USGS dunite DTS-2B rock standard, which
were both measured against the SRM 979 Cr isotopic standard.
However, the peak performance and SRM 979 standards con-
tained traces of Fe at a concentration equivalent to a few
hundred ppm correction on *'Cr. Thus, the SRM 979 was
purified for Fe through step 1 of the Cr separation procedure
described here. No such clean up was conducted for the peak
performance Cr standard as this was used as an additional
measure to test the reproducibility of a ‘dirty’ sample. However,
we emphasize that the traces of Fe present in the peak perfor-
mance standard are in much greater concentration (by a factor
of ~10) compared to that remaining in the natural samples
analyzed in this study. Repeated analysis of the peak perfor-
mance Cr ICPMS solution including the contaminant tests with
variable concentrations of interfering elements versus a pure
peak performance solution (n = 4) resulted in p>*Cr and p>*Cr
of +0.3 + 2.7 (2 sd) and +1.4 + 3.3 (2 sd), respectively, indis-
tinguishable from zero. While this represents near ideal
conditions (no chemical separation procedure), it offers an
indication of the best possible accuracy that can be obtained by
MC-ICPMS using the analytical conditions employed in this
study.

The Cr peak performance solution was also measured versus
the purified SRM 979 standard. This test reveals a difference in
the stable isotopic composition of 3°*Cr = +0.154 £ 0.011
between these two standard solutions (Table 3). Further, when
the kinetic (=exponential) law is used for the correction of mass
discrimination experienced by the standard solutions a
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difference in p*3Cr = —7.8 + 2.6 and p**Cr = —17.2 + 5.8 is
obtained, indicating that the law used for mass discrimination
is not appropriate to correct for the stable isotope difference
between these two standards.*® The stable isotope fractionation
between the two standards is better, but not perfectly, described
by a mass-dependence that follows the equilibrium law, which
results in p**Cr = —3.2 £+ 2.6 and p**Cr = —4.2 + 5.8. These
p>3Cr and p**Cr values indicate that the difference in the stable
isotope compositions between the two standards reflects
predominantly variable equilibrium isotope fractionation
during the production of the standards. When comparing the
isotopic composition of both SRM 979 and peak performance
standards to DTS-2B, which is a good representation of the Cr
isotopic composition of BSE, it is evident that both standards
experienced equilibrium isotope fractionation but to a variable
degree (Table 3). Importantly, the different stable isotope
compositions and the systematic offset between DTS-2B and
SRM 979 of u*3*Cr = 3.8 + 1.3 and p**Cr = 7.9 + 5.7 can also, in
part, be explained by loss of Cr through an equilibrium process
experienced by SRM 979 during its production. The presence of
resolvable fractionation effects in the Cr standards highlights
the significance of the precise and accurate isotopic character-
ization of the Cr isotope standard used in future studies. For
example, although this issue has recently been recognized,®
little attention has been paid to the isotopic composition of the
Cr standard used for comparison to meteoritic samples in
earlier studies,>*'*”** allowing for potential biases in the
data and complicating a detailed comparison.

The most reliable assessment of the external reproducibility
of our technique comes from measurements of Cr purified from
multiple individually processed aliquots of the DTS-2B standard
versus SRM 979 (Table 3). In fact, the reproducibility obtained
for these samples is similar to or better than that achieved for
repeat measurements of pure standard solutions, indicating
that no variable bias was introduced through the chemical
purification procedure. In combination with all repeat
measurements of Cr standards performed in this study, the
repeated analyses of DTS-2B indicate that it is possible to ach-
ieve an external reproducibility that is better than 2.5 and 5.8 for
p>*Cr and p’*Cr, respectively. This represents a two-fold
improvement compared to all earlier published work.

To further assess the accuracy of our approach, we also
measured the Cr isotopic composition of four meteorites that
have a known range of nucleosynthetic **Cr anomalies.®'#2°
Within uncertainties, all four samples have **Cr anomalies that
are in agreement with the published data. A good correlation
and no resolvable systematic bias between the new high preci-
sion data and previously published data for the same meteorite
or class of meteorite exists (Fig. 3), suggesting that our
measurements are accurate to the stated uncertainties for
samples with very distinct matrices.

Comparison of p>*Cr for the analysed meteorites is compli-
cated by differences in the standards used, secondary correc-
tions in older literature and divergent >>Mn/>*Cr ratios. Previous
data for CI chondrites appear to be bimodal with average values
of ~+23 (ref. 15 and 18) and ~+43 (ref. 16 and 20) for reasons
that are not clear but could be related to distinct Cr isotopic

This journal is © The Royal Society of Chemistry 2014
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Fig.3 Comparison of measured >*Cr for different meteorites with that
published for the same type of meteorite. Also shown is a linear fit to
the data approximating a 1 : 1 correlation. Data from (ref. 6).

compositions of the respective standards used (e.g., ref. 18). Our
value of +16.4 + 2.0 for the CI chondrite Ivuna is at the lower
range of the lower estimates for this type of meteorite. However,
we also measured a *>Mn/**Cr for our sample that is slightly
lower (~15%) than the inferred bulk rock composition of this
meteorite. Therefore, our data for Ivuna agrees well with that for
the same type of meteorite determined by*>*® but not with that
of.1%2° Very good agreement of the measured u>>Cr exists for the
H chondrite Portales Valley and the diogenite Bilanga with
published values for meteorites of the same type.*>** No pub-
lished p**Cr bulk data for NWA 2999 is available, although the
smaller p>*Cr excess compared to Bilanga is apparently
consistent with the relatively young age of this angrite.*®

3.4 Precision for small sample sizes

The high-precision Cr isotope analysis described here takes
advantage of the relatively high Cr concentration of bulk
meteorites and, therefore, large amounts of Cr are typically
available for analysis. However, when aiming to analyse, for
example, individual components in chondrites such as chon-
drules or refractory inclusions, the amount of available Cr is
generally only in the order of a few pg or less. For such sample
sizes, traditional TIMS measurements are well-suited although
each individual measurement with uncertainties of ~20 ppm
on **Cr requires several hours of machine time. On the other
hand, single sample analysis of our method consumes between
3-6 pg of Cr, but results in uncertainties of ~10 ppm within
~1.5 hours when including the bracketing standard analyses.
Thus, the MC-ICPMS potentially provides a much higher
throughput of samples with comparable reproducibility.

To evaluate the external reproducibility of our methods for
small sample sizes, we reprocessed our peak performance versus
SRM 979 data and divided the individual 1660 s peak

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 Data for p>*Cr from three individual measurements of peak
performance ICPMS Cr standard solution versus SRM 979 (Table 3)
shown as individual measurements of 415 s of data acquisition or
representing ~1 ug Cr consumed during each analysis. Indicated in
grey is the 2 sd of all data.

performance sample analyses into 4 segments of 415 s to
simulate a Cr consumption of ~1 pg per individual sample
measurement, while SRM 979 standard and baseline measure-
ments were left unchanged (Fig. 4). The reproducibility reached
in this test for p>*Cr of 120 individual sample measurements is
19 ppm (2 sd). This shows that our approach using MC-ICPMS
results in comparable precision to measurements of similar
amounts of Cr by TIMS, but with MC-ICPMS analysis being
significantly faster and yielding additional stable isotope
information.

3.5 Acid stepwise dissolution of the Ivuna CI chondrite

As part of the analytical development for the methods presented
here, we measured Cr extracted from eleven separates from a
stepwise dissolution experiment of the Ivuna CI chondrite that
has previously been analysed for the isotopic composition of
other elements.*” The presence of distinct presolar carrier phases
of chromium isotopes in primitive chondrites such as Ivuna has
been identified in a number of studies using a similar approach,
which results in the crude separation of different mineralogical
components within a meteorite according to their acid resis-
tance."®'" Because this produces a wide spread in the isotopic
and chemical composition of each step, comparison with
previous results for the step wise dissolution provides a good test
of our analytical method. In addition, the stable isotope data
obtained in our study provide additional information that was
previously not available. Because these data were produced as
part of the development of the analytical protocol developed
here, some of the data have been measured with a lower degree of
precision and have larger attached uncertainties (Table 4).

We compare in Fig. 5 our new results for this experiment
with previously published Cr isotopic data for the CI chondrite
Orgueil obtained by TIMS.® Although there are differences in the
size of the dissolved sample and the exact number of leaching
steps, both datasets follow the same isotopic trends, indicating
that the >*Cr and **Cr obtained by MC-ICPMS and TIMS are
comparable. In detail, the higher resolution dissolution exper-
iment employed here displays larger u>*Cr excesses, whereas
the deficits are nearly indistinguishable. The larger excesses
may point to a better preservation of the carriers of anomalous
34Cr in Ivuna compared to Orgueil. A better preservation of the
>4Cr carrier is also supported by the observation that the p>>Cr
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Table 4 Stable and mass-independent Cr isotope data for the step wise dissolution experiment of the Cl chondrite Ivuna. Shown uncertainties
are the 2 se of the replicate analyses except where stated otherwise. Uncertainties for the calculated bulk composition were determined by
Monte Carlo simulation using uncertainties on shown isotope ratios and assuming a 10% uncertainty on the absolute Cr abundance

wt% Cr Step 3°°Cr p>cr pcr n **Mn/**Cr
<0.1 L1 — — — — 44
0.1 L2 +0.210 £ 0.130 +246 + 20 —592 + 17 4 189
14.9 L3 +0.614 £ 0.031 +110.7 £ 2.3 —579 £ 5.2 5 1.79
2.1 L4 +0.829 + 0.033 +87.5 £ 4.6 —649 + 10 5 3.86
7.3 L5 +1.346 £ 0.079 +51.4 £ 1.3 —876 £ 10 5 0.58
48.8 L6 +0.795 £ 0.010 +22.4 £ 1.5 —799 £ 2.9 10 0.21
1.4 L7 +0.770 £ 0.064 —11.7 £ 3.9 +3369 £ 19 5 1.27
0.5 L8 +2.052 £ 0.015 +56.4 £ 2.0 +5306 + 8.7 5 2.47
0.9 L9 +0.538 =% 0.008 —46.0 £ 1.6 +15753 & 8.5 10 1.53
4.3 L10 +0.807 + 0.049 —-29.4 + 7.9 +9194 + 19 5 0.07
7.7 L11 —0.218 £ 0.007 —96.5 £ 0.7 +3353 £ 5.0 4 0.09
11.8 L12 —0.418 £ 0.007 —77.3+84 +777 £ 8.8 5 0.11
Calc. bulk (+2 sd) +0.590 + 0.08 +15.0 £ 5.4 413 + 129 0.73
data of both meteorites, although measured by different
300 methods, are in excellent agreement with each other. Mass
ol A * :’:L”:jet R bala%nce:* c?lcul.ations further indicate that both u*>>Cr and 3°*°Cr
200 are indistinguishable from those of the bulk measurement. The
1501 calculated bulk p**Cr composition of Ivuna (413 4 129) is more
e 100 positive than the measured bulk composition (155.2 + 4.8).
é’ ] Most likely, this overestimation is caused by inaccuracies in
= determining the absolute Cr abundance in each leaching step.
°] Because variations in the individual p**Cr composition of the
0] dissolution steps are more than ten times larger than those of
1001 p>Cr and 3°°Cr, the recalculated bulk p>*Cr composition is
1;2?) significantly more susceptible to this effect. Thus, considering
160001 B the uncertainties involved in reconstituting the bulk composi-
14000 - tion, the calculated pu*>*Cr is also in agreement with that of the
12000 4 measured bulk Ivuna.
100001 The stable isotope composition for the individual dissolu-
g 8000 tion steps provides additional information previously not
= 6000 available (Fig. 5C). While the **Cr data apparently suggest that
4000 the nucleosynthetic variability of >*Cr in the solar system is the
2000 1 result of variable contribution of a single carrier phase, the
01 stable isotope data indicate that there are also large stable
-22?;) isotopic variations in the mineral assemblage of Ivuna.
c Although some of the variations are likely related to partial
201 extraction and fractionation of Cr from a single carrier in
154 different dissolution steps (e.g:, steps L2-L5), the observation of
1o reversing trends and individual peaks in the pattern of the
5 dissolution experiment cannot be caused by a single and
8, 057 homogeneous Cr stable isotope composition. In contrast, this
01 observation suggests that multiple carriers of Cr isotopes with
diverse stable isotopic composition are present in Ivuna. Such
05 presence of minerals with differences in their stable Cr isotope
-1.0 composition has the potential to explain the Cr stable isotope

6 8 10 12 14
dissolution step

N
P

Fig. 5 Shown are the u®>3Cr (A), p>*Cr (B), and 3°°Cr (C) data for the
step wise dissolution experiment of the Cl chondrite Ivuna. Detailed
information about the applied procedure can be found in Paton et al.#’
Similar data for an experiment using the CI chondrite Orgueil from
Trinquier et al.® are also shown for comparison.
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heterogeneity that exists between bulk solar system reservoirs.*
In detail, carbonaceous chondrites are on average isotopically
lighter than ordinary chondrites and Earth. The dissolution
experiment reveals that some of the carriers of isotopically
heavy Cr are mineralogically linked with the carriers of **Cr
enrichments (dissolution steps L8-L10). Although a direct
correlation of the Cr stable isotopic composition and variable
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>4Cr enrichment is not apparent from the meteorite data pre-
sented here, the presence of large stable isotopic variations in
the step wise dissolution of Ivuna that appear to coexist with
nucleosynthetic variability suggests that at least in part stable
isotopic differences in bulk solar system reservoirs might be a
result of the same process that imparted the nucleosynthetic
variability in the same reservoirs.

4 Conclusions

In this paper we describe novel analytical protocols for the
highly precise and accurate determination of the stable and
mass-independent Cr isotopic composition of silicate samples
by MC-ICPMS. Our results can be summarized as follows:

(1) Repeat measurements of standards indicate that p>*Cr
and p**Cr can be measured with a precision that is better than
2.5 and 5.8, respectively. Although the method described here
consumes substantially more Cr than traditional TIMS anal-
yses, it also allows for a significantly improved (by a factor of at
least two) reproducibility. The stable Cr isotope composition
obtained concurrently to the mass-independent data has a
precision of 0.05%, Da*, which is comparable to other studies.

(2) Our high precision data reveal small differences in the
mass-independent composition between different Cr standards
and BSE when using the kinetic law for mass bias correction.
These differences are best explained by the loss of Cr during the
production of the standards by equilibrium mass fractionation.
This highlights the importance of carefully assessing and
stating the Cr isotopic composition of the standard with respect
to Earth when making precise measurements of the mass-
independent composition.

(3) When comparing data blocks equivalent to 1 pg of Cr
consumption a reproducibility of the MC-ICPMS data of 19 ppm
for u>*Cr was achieved. This is comparable to the amount of Cr
used by traditional TIMS analysis for similar precision, while
the MC-ICPMS data also contain stable Cr isotope information
and require significantly less time allowing for increased
sample throughput.

(4) Stable Cr data for the achondrites Bilanga and NWA 2999
do not agree with the interpretation of Moynier et al*® that
differences in the stable Cr isotope composition of Earth and
chondrites are the result of fractionation during metal-silicate
differentiation, but suggest, in agreement with the presence of
mineralogical phases with distinct Cr stable isotopic composi-
tion in the CI chondrite Ivuna, that these differences are
predominantly a result of slightly diverse Cr stable isotope
compositions of the precursors they accreted from.

(5) Step wise dissolution experiment of the CI chondrite
Ivuna demonstrates the advantage of using the MC-ICPMS over
the TIMS by revealing previously unknown carriers of large Cr
stable isotope variations that co-vary with the known presence
of carriers of large mass-independent anomalies.
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