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Multi-element ion-exchange chromatography and
high-precision MC-ICP-MS isotope analysis of Mg
and Ti from sub-mm-sized meteorite inclusions¥

K. K. Larsen,@* D. Wielandt® and M. Bizzarro®

The analytical improvement of new generation mass spectrometers has reached a level required for high-
precision isotope analysis of very small and unique natural samples. The multi-element isotopic signatures
of meteorite inclusions can potentially provide detailed insight into the origin of our solar system. As such,
in-line separation and isotope analysis of multiple elements from such unique samples is highly desirable,
but rarely accommodated by current chromatographic purification procedures necessary for accurate
isotope analysis using multiple collector inductively coupled plasma source mass spectrometry (MC-ICP-
MS). Here, we report a new multi-element ion chromatographic purification procedure, specifically
developed for the separation of very small amounts of Mg (~5 pg) and Ti (0.7-1 pg) from individual
samples. Highly isotopically anomalous sub-mm sized materials, such as Ca-Al-rich inclusions in
primitive meteorites, can be routinely analysed for their mass-independent u?Mg*, p*eTi*, p*eTi*, p4°Ti*
and p°°Ti* isotope compositions with an estimated external reproducibility of 4.1, 11, 8.8, 18 and 12 ppm
(2sd), respectively. These procedures consume significantly less material than previous methods and as
such represents a 6- to 10-fold improvement in precision. The method ensures >99.9% Mg and >97% Ti
recovery, thereby allowing for the accurate determination of mass-dependent compositions with
a precision better than ~60 ppm amu~! for both Mg and Ti. It can further be adapted to accommodate
the in-line separation of e.g. Ca, Cr, Fe, Ni, W, Mo, Ru, V, Zr and Hf from the same sample matrices.
Doping tests on a synthetic Ti standard demonstrate that isobaric interference can be adequately
corrected for provided that atomic ratios are Ca/Ti < 0.07, V/Ti < 0.04 and Cr/Ti < 0.005 and Zr?*, Mo**
and Ru?* have no influence on Ti measurements when atomic ratios are Zr/Ti < 0.002, Mo/Ti < 0.01 and
Ru/Ti < 0.001, which is ensured by the chromatographic procedures. Magnesium and titanium isotope
data for terrestrial geostandards and isotopically anomalous chondrite meteorites (OC, CR, CV, and Cl)
and two CV CAls are in excellent agreement with literature values, demonstrating the accuracy of our
methods. The two CAls plot on an extension of the mass-independent correlation line between p*®Ti*
and p°°Ti* defined by inner solar system materials, suggesting residual nucleosynthetic effects in CAl
precursors.

protoplanetary disk,”® thermal processing of presolar dust,"
nucleosynthetic sources that contributed to the astrophysical
birth environment of our young Sun," biogeochemical

Magnesium and titanium are both important elements in
natural environments on Earth and throughout the solar
system. While Mg is an important ingredient of terrestrial
planets,’ Ti is a major refractory element, which are enriched in
the solar system's first solids, Ca-Al-rich inclusions (CAIs),
found in primitive meteorites.” Studying their isotope compo-
sition potentially provides constraints on, for example, the
timing and efficiency of planetary differentiation processes,’*®
mixing and transport of primitive components in the solar
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processes on Earth’ and evaporation and condensation
processes.***

Given that Mg is a moderately volatile element and Ti
a highly refractory one, potential differences in the degree of
stable isotope fractionation may discern the condensation
and/or evaporation history of CAls. Also, the identification of
planetary-scale mass-independent heterogeneity in both Mg
(most likely associated with heterogeneities in the short-lived
radioactive nuclide *°AI****”) and Ti isotopes® calls for an
evaluation of the large-scale mixing/unmixing processes of
pre-solar components associated with the establishment of
the protoplanetary disk and the formation of the first plane-
tesimals. The coupled isotope systematics of various elements
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(including Mg and Ti) from unique solar system components,
including disk solids such as CAls, AOAs (Amoeboid Olivine
Aggregates) and chondrules from primitive meteorites, may
aid in such a quest.

Ion chromatographic purification required for high-
precision isotope analysis using Multi-Collector Inductively
Coupled Plasma Mass Spectrometry (MC-ICP-MS) and Thermal
Ionisation Mass Spectrometry (TIMS) is often accomplished
using chromatographic separation protocols tailored for
specific elements involving a combination of various ion
exchangers.'®?” The combined analysis of the isotope compo-
sition of multiple elements extracted from the exact same
sample matrices may, however, be very valuable for a critical
evaluation of their prehistory. Such multi-element isotope
analyses are especially advantageous when handling small and
unique samples, such as sub-mm meteoritic inclusions.

With the advent of new generation high-precision mass
spectrometers, such as the Thermo Scientific Neptune Plus MC-
ICP-MS and its Jet/X cone interface, the precision of isotope
measurements has increased significantly. This has unlocked
the possibility of precisely analysing very small amounts of
analytes for the isotope composition of sub-mm inclusions in
primitive meteorites. However, such an increase in analytical
precision further tightens the demands on ion chromato-
graphic purification protocols required to diminish the number
of matrix elements generating instrumental interference and
thus inaccurate measurements. It also puts constraints on the
amount of impurities, known as ‘blanks’, introduced through
chemical purification of the analyte. The scarcity of material
available in small silicate samples calls for effective purification
procedures that allow for the separation and high-precision
isotope analysis of many elements from the same samples,
while at the same time minimizing impurities introduced into
the sample through chemical processing.

Given these requirements, we present a novel multi-element
chromatographic separation protocol that allows for high-
precision isotope analysis of Mg and Ti from the same diges-
tion aliquots of small silicate samples. We show that sub-mm
meteoritic inclusions, such as highly isotopically anomalous
CAIs, can be accurately and precisely measured for their Mg and
Ti isotope compositions with a resolution significantly
exceeding that required to resolve mass-dependent and mass-
independent variability amongst most inner solar system
materials.

2. Sample preparation and ion
exchange chromatography
2.1 Materials, reagents and sample digestion

Experimental and analytical procedures were carried out in
ultra-clean laboratory environments with HEPA-filtered laminar
flow hoods. All reagents were either purchased as ultrapure
chemicals (HF, H,0,, and NH,OH) or purified through distil-
lation (HNOs, HCl, acetone, and Milli-Q water). These reagents
were all blank tested to ensure a sufficiently low level of impu-
rities prior to chromatographic purification. CAIs were
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microdrilled using tungsten-carbide drill bits on a computer-
assisted New Wave Micromill at the Centre for Star and Planet
Formation, University of Copenhagen. Whole-rock powders,
crushed silicate rock specimens and microdrilled samples (0.1-
2 mg) were digested in Savillex PFA beakers in a mixture of
concentrated HF : HNO; (3 : 1) (~0.5 ml) for 2 days at 120 °C
and evaporated to dryness. To ensure complete dissolution of
all samples, this step was followed by digestion in concentrated
aquaregia (HCl : HNO;z; = 3 : 1) (~0.5 ml) at 120 °C for another 2
days, thereby also destroying any fluorides formed during HF-
HNO; digestion. The aqua regia treatment was repeated until
there were no remaining solids. Prior to sample digestion all
PFA beakers were pre-cleaned using the same mixture of acids
as that used for sample digestion. Following decomposition, all
samples were converted to NOj; salts through two evaporation
cycles with 7 M HNO; in preparation for chromatographic
purification.

2.2 In-line chromatographic separation and purification of
Mg and Ti

To ensure a minimum impurity contribution from resin and
reagents, we developed a new low-level chromatographic sepa-
ration protocol for in-line separation and purification of
multiple elements from small amounts of silicate samples. This
ensures a sample load of <5% of the full cation exchange
capacity (CEC) of the 1% chromatographic column, thereby
preventing peak fronting during elution and thus ensuring the
availability of sufficient ion exchange sites.”* For the current
setup of the exchanger columns, this corresponds to a typical
sample load of approximately 1-2 mg (from which Si has been
removed prior to chromatographic separation by volatilization
through HF-HNO; digestion) depending on cation valences in
individual sample matrices. The capacity of the exchanger
columns can be scaled up to accommodate larger amounts of
samples. This may be of relevance for the separation of
elements, such as W, Mo, Ru, V, Zr and Hf, given their common
presence in trace amounts in most types of sample matrices.

The ion chromatographic separation protocol involves
a series of discrete ion chromatographic separation steps, as
summarized in Fig. 1. It takes advantage of novel sample pre-
treatment procedures to ensure a high Cr recovery (>95%)>
and is further refined from a Mg purification protocol for larger
samples (~100 pg Mg), known to provide high-purity Mg for
high-precision isotope analysis by MC-ICP-MS.** Although
applicable to most types of inorganic sample matrices, the
purification method described here is specifically tailored for
samples with highly anomalous isotope compositions whose
measured isotope composition may be compromised by minute
analyte impurity contributions. The protocol is well suited for
sample matrices with particularly high amounts of Mg, Al, Ca
and Fe, such as CAIs and chondrules.

Sample pre-treatment procedures for Cr speciation prior to
using the 1% column. The extremely sluggish kinetics of Cr
speciation in acidic media at room temperature and the large
differences in the selectivity of a cation exchanger for various
Cr(m) species are known to be problematic for high Cr recovery

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic diagram of the multi-element ion chromatographic separation protocol.

through chromatographic Cr purification.”” Thus, to speciate
>97% of the Cr into the Cr(H,0)s’" form characterized by a high
affinity for the cation resin, we used a sample pre-treatment
procedure involving dissolution in 2 M HNO; followed by
dilution and equilibration in 0.5 ml of 0.5 M HNO; + 3 wt%
H,O0, for 5-7 days at room temperature according to procedures
described in Larsen et al. 2016.>* This allows for retention and
subsequent elution of Cr together with Mg, resulting in >97% Cr
recovery from the first column. To ensure high Ti solubility in
the sample load, 0.01 M HF was added to this mixture before
equilibration.

1% column (A1). The initial column separates Ti from Mg
and Cr (Fig. 1) using a Savillex PFA high-resolution column
(ID = 3.2 mm, ID = inner diameter) packed with 640 pl of
AG50w-x8 200-400 mesh (Bio-Rad Laboratories) cation
exchange resin at a resin-filled column length of 80 mm (in
0.5 M HNO;) (Table 1, Fig. 2a). Prior to sample loading, the resin
was cleaned in ~7 M HNOj;, 1 M HF, and MilliQ water, followed
by ~6 M HCI and distilled MilliQ water. To ensure sufficiently
low impurity contributions from the resin, we dried down and
screened the last 0.5 ml of cleaning 6 M HCI eluted from all
columns for possible contaminants using an XSeries ICP-MS.
The resin blank contributions were in all cases <0.5 ng Mg,
<0.1 ng Ti, and <0.3 ng Cr. The resin was subsequently pre-
conditioned in 0.5 M HNO; in preparation for sample loading.

After the 5-7 day equilibration procedure described above,
the sample was loaded directly onto the column in 0.5 M HNO;
+ 3 wt% H,0, + 0.01 M HF. Titanium was subsequently collected
together with Fe, Al, V, Re, W and Mo by elution in 4 ml of 1 M
HF (Table 1). This was followed by Mn elution using a 95%
acetone + 0.5 M HCI mixture.** Calcium was finally separated
from the residual sample matrix by unloading Mg, Ca, Ni, Cr,
Na and K from the cation exchanger using 10 ml of 3 M HNO;
and eluting directly onto a pre-cleaned faster-flowing Bio-Rad
column containing 0.7 ml DGA-N (TrisKem) resin. The high
affinity of Ca for the DGA resin in 3 M HNO; (ref. 25) ensures its
efficient separation from Mg, Cr, Ni, Na and K, which is

This journal is © The Royal Society of Chemistry 2018

collected for further purification. The pore-volumes of DGA and
AG50w-x8 resin were subsequently emptied into the collected
aliquot using 2 ml of 1 M HNO; and 3 ml of 6 M HCl, respec-
tively. Calcium can be unloaded from the DGA column using
a few column volumes of 0.001 M HCI. Alternatively, Ca can be
cleaned up in a separate step by eluting Mg, Na, K, Cr and Ni
together with Ca from the cation exchanger in 4 ml of 6 M HCI
(instead of 3 M HNO; elution directly onto DGA) and later
eluting Mg, Na, K, Cr and Ni through a 0.5 ml DGA column in
5 ml of 1 M HNO;, while efficiently retaining Ca. Chromato-
graphic recoveries from this 1° column, as asserted on elution
aliquots around the collected Ti and Mg/Cr cuts for different
types of sample matrices (including BHVO-2, BIR-1, BCR-2,
chondrites (CCs & OCs) and CAIs), were >99% for Ti and Cr
and >99.95% for Mg.

2" Mg/Cr column (M1). The second step in the Mg/Cr
separation reuses the resin and column from the first step
after conditioning of the resin bed. Samples were converted to
the Cl form by using two consecutive dissolution-evaporation
cycles in 6 M HCIL This time we employed a sample pre-
treatment procedure which promotes the formation of
neutral, mono- and divalent Cr(m)-Cl complexes with low cation
exchanger selectivities, thereby allowing for efficient elution of
Cr (>97.5%) from the column.?” This speciation was ensured by
sample exposure to 10 M HCl on a hotplate at 130 °C for ~1 day.
To effectively minimize any back-reaction of the Cr species to its
Cr(H,0)¢>* form prior to column loading, this 10 M HCI sample
aliquot was allowed to cool down for no more than 10 minutes
and diluted to 0.5 M HCI using cold (about 5 °C) distilled MQ
water. The sample was subsequently loaded onto the column at
room temperature. Cr (in the form of Cr(m)-Cl complexes) was
then unloaded from the column together with Na and K in
15 ml of 0.5 M HNO; (Table 1, Fig. 2b). The residual sample
matrix, consisting of Mg and Ni, was eluted in 4 ml of 6 M HCI
in which elution tests showed that >99.9% of the Mg is collected
in the 1° ml of 6 M HCI eluant. To ensure a robust elution
sequence, this separation step was designed such that Mg is

J. Anal. At Spectrom., 2018, 33, 613-628 | 615
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Table 1 Mg/Cr purification protocol
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Volume
Elutants [ml]  Procedures and eluted elements
Step 1: Ti separation from Mg/Cr + matrix
AGsow: 7 MHNO; 3
1M HF 3
MilliQ H,0 2 Cleaning
6 M HCI 8
MilliQ H,0 2
0.5 M HNO;, 2 Conditioning
Load in 0.5 M HNO , + 0.01 M HF + 3 wt% . .
0.5 Smp loading + Ti, Al, Fe, V -
H,0, D
=&
1 MHE ¢ Ti, Al, Fe, V, W, Hf, Mo, Zr, Ri 8
. i € 0, Zr, Ru
MilliQ H ,0 0.5 P e e
95% Ac + 0.5 M HCl 2.5 Mn
MilliQ H,0 1
DGA-N (or 6 M HCl unload from AG50w-x8 + separate DGA Ca-cleanup w/1 M HNO,):
0.001 M HCI 8 )
- Cleaning
MilliQ H,0 5
3 M HNO, 2 Conditioning
3 M HNO; elute from AG50 onto DGA 10 8 =
: o 9
1M HNO ; unload from DGA 2 Mg, Cr, Ni, Na, K 35 %D
o}
6 M HCl unload from AG50 3
0.001 M HCI DGA unload (optional) 10 Ca
Step 2: Mg and Cr separation
AG50w: 0.5 M HCI 2 Conditioning
Load in 0.5 M HCI 5 Smp loading 5
0.5 M HNO , 12 =8
- Cr, Na, K S
MilliQH ,0 0.5
, 8 o
6 M HCl 4 Mg, Ni 2 3
o}
Step 3: Ni clean-up
Ni-spec: MilliQ H,0 1 Cleaning
0.2 M NH,OH + 0.1 M HCI 6 Conditioning + cleaning
Load in 0.2 MNH ,OH + 0.1 M HCl 1.5 Smp loading + Mg 8 %ﬂ
0.2 M NH ,OH + 0.1 M HCl 5 Mg S
3 M HNO; unload (optional) 2 Ni
Step 4: Final Mg purification
AG50w: 0.5 M HCI 0.3 Conditioning
Load 0.5 M HCI 0.3  Smp loading
1M HF 0.3  Ti, Al Feblk
0.5 M HNO, 1 Org., anions, Na blk
MilliQ H,0 0.1
"
S o
6M HCl 0.65 Mg 5 3
}
Volume
Step Resin [ml]] Column
1+2 AG50w-x8 200-400 mesh, Biorad Lab. 0.64  Savillex; ID = 3.2 mm, length = 80 mm
1 DGA normal, 50-100 pm, Triskem 1.0 Pasteur pipette; ID = 5.8 mm, length =38 mm
3 Ni-spec resin, Triskem 0.26  Pasteur pipette; ID = 3.5 mm, length =27 mm
4 AG50w-x8 200-400 mesh, Biorad Lab. 0.1 Savillex; ID = 1.6 mm, length = 50 mm
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Fig.2 lon chromatographic elution profiles of elements separated on

(a) the 1°* separation column (A1) using a cation exchanger (AG50w-x8
200-400 mesh, ID = 3.2 mm, L = 80 mm) for eluting AL, Ti, Fe and Mn,
followed by Mg, Cr, Ni, Na, K and Ca elution onto a faster-flowing
DGA-N (50-100 pm) resin-filled anion exchange column, which
retains Ca while eluting the other elements and (b) the 2" Mg/Cr
separation column (M1), which separates Cr (together with Na and K)
from Mg and Ni by reusing the cation exchange column in Al.

retained even with an additional >50% of the volume of 0.5 M
HNO; loaded onto the column. Thus, the procedure ensures
>99.99% recovery of Mg and >98% Cr recovery from this
column. Cr can be further purified from Na and K using
a sample pre-treatment procedure involving 5-7 day equilibra-
tion in 0.5 ml of 0.5 M HNO; + 3 wt% H,0, at room temperature
in order to speciate >97% of the Cr into its Cr(H,0)s>" form. The
sample can then be loaded onto a miniaturized 260 pl AG50-x8
200-400 mesh (Bio-Rad) cation exchange column (ID = 3.5 mmy;
length = 27 mm), and Na and K were eluted using 6 ml of 0.5 M
HNO;, followed by collection of Cr in 3 ml of 6 M HCI (Fig. 1).
The Cr pre-treatment procedure and the cation exchange step
may be repeated on the Na/K elution cut in order to recover the

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 Diagram showing the effect that impurity contribution (known
as ‘blanks’ with isotopically normal composition) from chemical puri-
fication of an analyte has on the maximum isotope anomaly, which can
be accurately determined within the stated uncertainty. For example,
a procedural Ti ‘blank’ contribution of 0.8 ng introduced intoa 1 pug Ti
sample through chemical purification provides an anomaly/uncer-
tainty contrast of 1250. With a stated external reproducibility of 12 ppm
for p®°Ti*, this allows for the accurate analysis of materials with
anomalies in p>°Ti* of up to 15 000 ppm.

last 3% Cr. This approach should result in a total Cr recovery of
>94%, thereby avoiding significant mass-dependent isotope
fractionation effects.?

3" Mg column (M2). The third Mg purification column
involves in the separation of Ni using 260 pul of Ni specific resin
(Triskem) loaded onto a custom-made column made from
Pasteur pipettes with an inner diameter of 3.5 mm (Table 1).
The Mg/Ni aliquot from the preceding column was converted to
the Cl form by using two consecutive dissolution-evaporation
cycles in 6 M HCI, redissolved in 0.5 M HCI on a hotplate to
ensure complete dissolution and subsequently diluted to 0.1 M
HCI using NH,OH and distilled MilliQ water to obtain a 1.5 ml
loading solution of 0.2 M NH,OH + 0.1 M HCI at pH > 9. This
alkaline solution allows the complexation of Ni with dimethyl-
glyoxime (DMG) bound to the resin, which would otherwise be
irreversibly destroyed by reaction with H' in acidic solutions.
Magnesium was loaded onto the column and collected in 5 ml
of 0.2 M NH,OH + 0.1 M HCI Following this separation
procedure, NH, salts were destroyed by sample exposure to HCl/
HNOj3(3 : 1) on a hotplate at 130 °C and subsequently converted
to the CI form using ~6 M HCI in preparation for the final Mg
purification step. The resin-bound Ni-DMG complex can be
destroyed and Ni can be eluted with a few column volumes of an
acidic solution, such as 2 M HNO;. The chromatographic Mg
recoveries from this column were >99.99%.

4™ (final) Mg column (M3). Magnesium was finally purified
from residual organics introduced during chromatography that
may generate drift and signal spikes during data acquisition
using MC-ICP-MS. To this effect, samples were loaded in 300 pl
of 0.5 M HCI on a pre-cleaned 100 pl AG50w-x8 200-400 mesh
(Bio-Rad) resin-filled Savillex micro-column (ID = 1.6 mm;
length = 50 mm) (Table 1). Organics, together with potential Al,

J. Anal. At Spectrom., 2018, 33, 613-628 | 617
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Table 2 Ti purification protocol
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Volume
Elutants [ml]  Procedures and eluted elements
Step 1: same as Step 1 in Table 1
Step 2: Ti (+Zr,Hf) separation from Al, Fe, V, Ru, Mo, W
AG1: 1 M HF + 0.2 M HNO, 3
3 M HCI +0.03 wt% H,0, 3 X :
Cleaning
Dil. HCI 4
MilliQ H,0 2
1 M HF + 0.2 M HNO, 3 Conditioning
Load in 1 M HF + 0.2 M HNO, 0.4 Smp loading + Fe, Al, V, Ru
3 M HF Fe, AL, V, Ru (+Ca + Cr blank)
1 M HF + 0.2 M HNO, 6 v
-
3 M HCI +0.03 wt% H ,0, 3 i, Zr, Hf 2a
=
(®]
0.5 M HCl unload (optional) 7 Mo, W
Step 3: Ti separation from Zr (+Hf)
DGA: 0.001 M HCI 3 Cleaning
MilliQ H,0 2 Cleaning
1 M HNO; + 0.5 wt% H,0, 3 Conditioning + cleaning
Load in 1 M HNO ; + 0.5 wt% H ,0, 0.4  Sample loading +
2 o
= &
1M HNO; + 0.5 wt% H ,0, 5 Ti (Ca blk retained) S
1 M HNO, + 1 M HF (optional) 5 Elute Zr, Hf
Step 4: Final Ti purification
AG50w: 6 M HCI 2 Cleaning
MilliQ H,0 1 Cleaning
0.5 M HNO, 0.3 Conditioning
Load in 0.5 M HNO, 0.3  Smp loading + Org. + Na blk
0.5 M HNO; 1 Organics + Na blk
3]
0.1 M HF 1 Ti (Ca, Cr, Fe blks retained) 2B
5]
o
Volume
Step Resin [mlI] Column
1 AG50w-x8 200-400 mesh, Biorad Lab. 0.64  Savillex; ID = 3.2 mm, length = 80 mm
1 DGA normal, 50-100 pm, Triskem 1 Pasteur pipette; ID = 5.8 mm, length =38 mm
2 AG1-x8 200-400 mesh, Biorad Lab. 0.60  Pasteur pipette; ID = 3.5 mm, length = 62 mm
3 DGA normal, 50-100 pm, Triskem 0.26  Pasteur pipette; ID = 3.5 mm, length =27 mm
4 AG50w-x8 200-400 mesh, Biorad Lab. 0.1 Savillex; ID = 1.6 mm, length = 50 mm

Ti, Fe and Na blanks, were eluted from the column in 0.3 ml of
1 M HF followed by 1 ml of 0.5 M HNO;. The purified Mg
fraction was finally collected in 0.65 ml of 6 M HCI and con-
verted to the NO; form through two evaporation-dissolution

618 | J Anal. At. Spectrom., 2018, 33, 613-628

cycles with ~7 M HNO; in preparation for mass-spectrometric
analysis using MC-ICP-MS. Magnesium recoveries from this
column were >99.99%, thereby ensuring a final chromato-
graphic Mg recovery of >99.9%. Total procedural blanks were
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Fig. 4 lon chromatographic elution profiles of elements separated on (a) the anion exchanger (600 pl AG1-x8 200-400 mesh) column T1(ID =

3.5 mm, L = 62 mm), which separates Ti (together with Zr and Hf) from AL, Fe, Ru, V, W and Mo, and (b) the 3" Ti purification column (T2, ID = 3.5

mm, L = 27 mm) packed with 250 pl of DGA-N 50-100 um resin.

typically <5 ng (n = 29), which is insignificant compared to the
amount of Mg processed through the columns (~5 pg). We note
that with a reproducibility of 4.1 ppm for u**Mg*, such a low
blank level allows for accurate analysis of materials with p**Mg*
anomalies up to 4100 ppm (Fig. 3), i.e. about 4 times more
anomalous than most CAls (uW**Mg* ~ 1000 ppm) and well
within the range of most solar system materials, as well as the
rare and extremely anomalous FUN (Fractionation and
Unidentified Nuclear effects, p>**Mg* down to ~—2000 ppm)
CAIs found in primitive meteorites.

2™ Ti column (T1). Titanium (together with Zr and Hf) was
separated from Al, Fe, V, Ru, Mo and W on a pre-cleaned 600 ul
AG1-x8 200-400 mesh (Bio-Rad) anion exchange column (ID =
3.5 mm; length = 62 mm) (Table 2, Fig. 4a). The sample was
loaded in 0.4 ml of 1 M HF + 0.2 M HNO; and Al, Fe, and Ru (and
some V) were eluted in 3 ml of 3 M HF, followed by V elution in
6 ml of 1 M HF + 0.2 M HNOj;. Titanium (incl. Zr and Hf) was
subsequently collected using 3 ml of 3 M HCI + 0.03 wt% H,0,
and converted to the NO; form using ~7 M HNO;. When drying
down from 3 M HCI, care was taken not to exceed 110 °C,
thereby avoiding the loss of Ti in the form of TiCl, (boiling
temperature of 136 °C (ref. 26)). Chromatographic Ti recoveries
from this column were >99.3%, as asserted on >40 samples.

3" Ti column (T2). Titanium was then separated from Zr and
Hf (and potential Ca blanks introduced through the chemistry)
using a pre-cleaned 260 pl DGA-N (50-100 pm, TrisKem)
column (ID = 3.5 mm; length = 27 mm) (Table 2, Fig. 4b). The
sample is loaded in 0.4 ml of 1 M HNO; + 0.5 wt% H,0, and
collected in another 5 ml of 1 M HNO; + 0.5 wt% H,0,. In
preparation for the final purification step, the sample was
subsequently subjected to three evaporation-dissolution cycles
in ~7 M HNO; to make sure that only trace H,0, was present in
the loading solution, which is known to reduce the selectivity of
the cation exchanger for Ti through the formation of anionic
species. Chromatographic Ti recoveries from this column were
>99.7%.

4™ (final) Ti column (T3). Titanium was finally purified from
potential organics and Ca and Cr blanks introduced into the

This journal is © The Royal Society of Chemistry 2018

sample during chromatography using the same type of pre-
cleaned micro-column as that used for the final Mg purifica-
tion step (Savillex column (ID = 1.6 mm; length = 50 mm)
containing 100 pl AG50w-x8 200-400 mesh, Bio-Rad) (Table 2).
The samples were loaded in 300 pl of 0.5 M HNO; after which
organics and residual Na were eluted with another 1 ml of 0.5 M
HNO;. Titanium was finally collected and separated from
potential Ca, Cr and Fe blanks using 1 ml of 0.1 M HF. The
purified Ti was then converted to the NO; form through three
evaporation-dissolution cycles in ~7 M HNO; in order to
sufficiently reduce the HF concentration in preparation for
isotope analysis using MC-ICP-MS. Titanium recoveries from
this column were >99.2%, thereby ensuring a final chromato-
graphic Ti recovery of >97%. Total procedural blanks were
typically <0.8 ng Ti (n = 12), which is insignificant compared to
the amount of Ti processed through the columns (~1 pg). The

50T} + 36ArTAN+
36Ar 4N+
30 1

25 1

L3 (mass 46)
——L2 (mass 47)
—L1 (mass 48)
—C (mass 49)
——H1 (mass 50)
——H2 (mass 51)

H3 (mass 52)

20 4

Intensity normalized to intensity at 926 millimass units
48.926 (typical measurement position)

4890 48.91 48.92 48.93 48.94 48.95 48.96 48.97 48.98 48.99 49.00 49.01 49.02

m/z (at center cup)

Fig. 5 Mass peak scan profile of a dilute (0.1 ppb) mixture of Ti, V and
Cr demonstrating that gas-based molecular interference from
SBArN* on 2OTi, YN0, on *°Ti and *°Ar'°0O* (+*%Ar**N*) on **Cr is
clearly resolved from the typical measurement position at X.926 in
high-resolution mode. The abundances of other potential molecular
interference on the other titanium isotopes (*’Ti, “®Ti and “°Ti) and Vv
are negligible.
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reproducibility of 12 ppm in p’°Ti* allows for the accurate
analysis of materials with p*°Ti* anomalies up to 15 000 ppm
(Fig. 3), i.e. well within the range of most solar system materials,
including FUN-type CAlISs.

3. Mass spectrometry
3.1 Mg isotope analysis using MC-ICP-MS

High-precision Mg isotope analysis was performed using the
Thermo-Finnigan Neptune Plus MC-ICP-MS located at the
Centre for Star and Planet Formation (Natural History Museum
of Denmark, University of Copenhagen), using procedures
based on Bizzarro et al. 2011.> In brief, purified Mg was intro-
duced into the plasma source by means of an Apex IR des-
olvating nebuliser in a 2% HNO; run solution at 50 pl min~*
using a Thermo Fisher Jet sample cone and skimmer X-cone
interface in high-resolution mode. The typical sensitivity of
the instrument was ~200 V ppm ™" of >**Mg and samples were
typically analysed at ~50 V. Magnesium isotope data were
acquired in static mode using three Faraday collectors con-
nected to amplifiers with 10'* ohm feedback resistors. Samples
and standards were analyzed 10 times with each analysis con-
sisting of 100 cycles of 16.78 second integrations separated by
a total of 822 seconds of on-peak zero blank measurements in
clean 2% HNO; solution.

Corrections for instrumental mass bias were obtained by
sample-standard bracketing with sample/standard peak inten-
sities matching to better than 5%. Stable Mg isotope ratios are
reported in parts per million (ppm) deviation relative to the
composition of the Mg reference standard DTS-2B* according
to: p'Mg = [(‘Mg/**Mg)sampie/(Mg/**Mg)prs2p — 1] x 10°, where
i = 25 or 26. The mass-independent p**Mg* (radiogenic
ingrowth and nucleosynthetic effects) is calculated as the
deviations of the corrected **Mg/>**Mg from the reference stan-
dard, normalized to **Mg/**Mg = 0.126896 (ref. 23), assuming
that instrumental mass discrimination follows the exponential
mass-fractionation law. Data reduction was conducted offline
using the freeware software package Iolite.*®

3.2 Ti isotope analysis using MC-ICP-MS

High-precision Ti isotope analysis was performed by standard-
sample-standard bracketing using the Thermo-Finnigan
Neptune Plus MC-ICP-MS located at the Centre for Star and
Planet Formation (Natural History Museum of Denmark,
University of Copenhagen). Following Ti purification, the
samples were dissolved in 0.3 M HNO; + 0.001 M HF and
introduced into the plasma source by means of an Apex HF
desolvating nebuliser (with Ar + N,) at a sample uptake rate of
30-45 pl min~". To enhance ion transmission and sensitivity,
we used a Thermo Fisher Jet sample cone and skimmer X-cone
interface. The measurements were performed on the low mass
side of peak shoulders. We used high mass resolution mode,
defined as mass resolving power > 8000(m/(mg.o5 — Mo.05)),
measured in the center cup. These conditions are sufficient to
efficiently filter out slightly heavier polyatomic interference
from e.g. *°Ar'*N* on °°Ti, “N,'®0" or **Ne" on *'Ca, and

This journal is © The Royal Society of Chemistry 2018
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Y0Ar2C* or *°Ar'®0* (+*®Ar'*N*) on *’Cr (shown in Fig. 5 for
a 0.1 ppb solution of Ti, V and Cr); see Section 4.4 for detailed
discussion on the measurement conditions. For a 250 ppb run
solution, this resulted in a typical sensitivity of ~12 V of **Ti.
Standard and sample intensities were matched to within 5%
and tune settings were optimized before each analytical session
to maximize the sensitivity and signal stability.

Ti isotope data were acquired in dynamic mode by peak
jumping using Faraday collectors connected to amplifiers with
10"! ohm feedback resistors for 4647484950 51y 52Crand **Ca
and a 10" ohm feedback resistor to monitor doubly charged
917r*" at half-mass 45.5. Each sequence consisted of a number
of repeated measurements on a sample bracketed by standards
and blanks, each consisting of one cycle of 33.6 seconds of
integration for **Ca in line 1 followed by 200 cycles of 2.1
seconds of integration for Ti isotopes, *'V and *>Cr in line 2
(Table 3). A peak centering procedure was automatically per-
formed prior to each standard analysis. With a sample uptake
time of 100 seconds, this corresponds to a total effective anal-
ysis time of 8.9 hours for 10 repeats.

After correction for isobaric interference, stable Ti isotope
ratios were calculated as parts per million (ppm) deviation from
the composition of the Origins Laboratory Ti reference standard
(OL-Ti)*® according to: nw'Ti = [("Ti/*"Ti)sampte/("Ti/* Ti)orzi — 1]
x 10°, where i = 46, 48, 49 or 50. The mass-independent p*°Ti*,
w*Ti*, p**Ti* and p®°Ti* components represent deviations in
part per million (ppm) from the bracketing standard, OL-Ti,
after correction for mass-dependent fractionation by internal
normalization to either *°Ti/*'Ti = 0.749766 or **Ti/*'Ti =
10.070565 using the exponential mass-fractionation law.'®**3%3
Data reduction was conducted offline using the freeware soft-
ware package Iolite.*®

4. Results and discussion

4.1 Minimizing procedural blanks and optimizing the
performance of chromatographic procedures

Due to potential matrix effects and isobaric interferences,
isotope analysis by MC-ICP-MS requires sufficient ion exchange
chromatographic purification of analytes to ensure measure-
ment accuracy.*” The need for such chemical processing of
samples prior to data acquisition, however, unavoidably results
in small impurity contributions, known as ‘blanks’, introduced
either through (1) release from the ion exchange resins, (2) the
chemical reagents used for sample digestion and during chro-
matographic purification, or (3) other exogenous contributions
introduced during sample handling. Blanks introduced
through chromatographic purification can potentially dilute the
true isotopic signature of the ‘purified’ element and thus
generate false results. This delicate balance between chemical
purification and blank contributions becomes increasingly
important when handling samples that are highly isotopically
anomalous. This is because of the large isotopic contrast
between the sample and typical ‘Earth’-like blanks. Amongst
some of the most isotopically anomalous samples are the first
solids known to have formed in our solar system, namely Ca-Al-
rich inclusions (CAIs) in primitive chondritic meteorites. These
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inclusions commonly exhibit large mass-dependent and/or
mass-independent anomalies in the permil range in a wide
range of elements and thus contain important isotopic finger-
prints of the very earliest evolution of our solar system.'®*333%7
As such, the chemical and analytical procedures described here
were optimized to obtain accurate and precise isotope data from
isotopically anomalous materials.

Taking advantage of the increased precision of modern mass
spectrometric techniques and thus the small amount of sample
that can be precisely analysed simultaneously requires suffi-
cient reduction of procedural blanks introduced through
chemical processing. Minimizing procedural blanks demands
a sufficient reduction in the amount of resins and acid used
through chromatographic purification. Thus, in order to ensure
effective separation of most of the sample matrix during the
first purification step, the first column ensures a removal of
>75% of matrix elements (Fe, Al, Ti, Ca, V and Mn) from Mg and
Cr for a variety of rock samples (Table S17). Ti is effectively
separated from the residual matrix in its 2" purification step,
requiring subsequent removal of only Zr. This effectively mini-
mizes the amount of resins and reagents required in the
subsequent purification steps, thereby reducing major blank
contributions.

The separation of Mg from elements that may generate
doubly charged interference (e.g. **Ca**, **Ti*", *°Ti**, *°v**,
*0Cr** and **Cr**) and/or affect the instrumental mass bias of
the sample as compared to the bracketing standard during
analysis (e.g. Al, Fe, Na, Ni, Mn and Ca) is critical for reliable and
accurate Mg isotope measurements using MC-ICP-MS.**?*® Ca is
specifically known to be problematic for isotope analysis of
meteoritic materials, as it may induce significant isobaric
interference on mass 24 from doubly charged *®Ca and can
result in apparent u**Mg* anomalies.’>*® Thus, in handling
sample matrices with high Ca levels compared to Mg, such as
CAIs, efficient separation of Ca from Mg is important. Cation to
Mg ratios were monitored in purified samples processed
through the chromatographic separation protocol and found to
be <~0.001 (examples are given in Table S17).

Accurate and precise mass spectrometric analysis of Ti is
further compromised by direct isobaric interference from Ca
(on masses 46 (*°Ca ~ 0.004%) and 48 (**Ca ~ 0.187%)), V (on
mass 50 (°°V ~ 0.2497%)) and Cr (on mass 50 (*°Cr ~ 4.3452%))
and potential doubly charged interference from Zr (on masses
46, 47 and 48), Mo (on all Ti isotopes) and Ru (on masses 48, 49
and 50) (Table 3). Therefore, the chromatographic purification
procedure was designed to ensure sufficient separation of these
elements from Ti. However, Ca blanks may be especially prob-
lematic, since Ca can be introduced through general sample
handling from gloves and pipette tips. Thus, all chromato-
graphic columns used in the purification of Ti were designed to
separate potential Ca blanks introduced on the sample from Ti.
The last column further ensures the effective separation of
potential Ca and Cr blanks from the purified Ti fraction.
Moreover, all reagents used in the chromatographic chemistry,
as well as analytical solutions, were blank tested in order to
ensure a sufficiently low Ca blank introduced on the samples.
Finally, to eliminate potential interference from chlorides

622 | J. Anal At Spectrom., 2018, 33, 613-628

View Article Online

Paper
50
0 Y
§ y
& -50 8Ca
— Typical Ca
=] <= impurity level
<
3
G -100 A
~
=
x
>
£ -150 A
3
=3
46Cq
-200 1
-250 B EE— Aoy
10 10% 104 103 102
46Ca/*Ti or “8Ca/*8Ti
350
S0cr
250 1
Typical Cr
<=l impurity level

150 4
~
X 50 A
o
N (o) a
* = U
=
2, 50 A

-150 1

<---
-250 A1 Typical V
impurity level < 1046 50y
-350 E— E— g i
10 104 103 102 107

50Cr/50Ti or S0V /507

Fig. 6 Titanium isotope composition of a Ca-, V- and Cr-doped Alfa
Aesar Ti standard solution after interference correction showing their
impact on the accuracy of Ti isotope measurements. Grey shaded
regions represent the external reproducibility (2sd) on p*®Ti*, p*eTi*
and p*®Ti* as asserted on repeated measurements on the Allende CV
CAI 'A3'. Error bars represent the 2se external error in individual runs.

(**CI™N" on *°Ti, **CI"’N* and "H"*N**CI" on *°Ti, **CI"’N* and
3C1'®0" on *'V and **CI'®*0'H' and **C1'70" on *’Cr), HCI-
based reagents were avoided on the last two columns.

4.2 Efficiency of the multi-element ion chromatographic
separation protocol

Our protocol allows for the efficient separation of multiple
elements from the same sample aliquots (Fig. 1). Fig. 2 and 4 show
the high resolution achieved for individual elution peaks as
exemplified by a synthetic CAI composition. The elution profiles of
other types of sample matrices (including a dunite (DTS-2B),
basalt (BIR-1), lherzolite (J11), ordinary chondrite (Tennasilm),
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Table4 Doping tests on a pure Alfa Aesar Ti standard for uncorrected interference from Zr, Mo and Ru. The bracketing standard was an undoped

aliquot of the Alfa Aesar Ti standard

Atomic ratio w*Ti w*eTi* (49/47) w*®Ti* (49/47) w*Ti* (48/47) WOTi* (49/47) N*
Zr/Ti = 0.002 7+63 1.3 +8.1 —0.6 £ 3.5 134+ 7.0 —5.8 £4.3 3
Zr/Ti = 0.0005 11 £ 23 10.0 & 10.0 -1.8+3.3 3.6 £ 6.5 —14.0 £+ 11.0 7
Mo/Ti = 0.01 29 + 33 19.0 &+ 21.0 —0.2 5.7 0.0 +11.0 —12.6 &+ 8.2 3
Mo/Ti = 0.001 1+19 -5.8+6.6 —0.6 + 5.3 1.0 + 10.0 —0.1+ 8.4 10
Ru/Ti = 0.001 2+16 -4.8 £9.0 -1.1£3.0 2.2 £ 5.9 -55+7.5 10

“ Number of repeated measurements.

a CAI, and synthetic mixtures) were equally well resolved,
demonstrating the reproducibility and efficiency of the chro-
matographic procedures in separating multiple elements from
various types of sample matrices. The efficiency of the chro-
matographic protocol in separating elements other than Mg, Ti
and Cr was evaluated by measuring K, Ca, V, Fe, Ni, Zr, Mo, Ru, Hf,
and W eluted from the respective columns. Their recoveries were
found to be near 100% for K, Ca, V, Fe, Ni, Zr, Mo, Hf and W, and
>92% for Ru in their respective collection aliquots (Tables 1 and
2). The lower recovery of Ru most likely results from complications
associated with chemical speciation and redox conditions in the
eluting acid, thereby distributing Ru species with variable selec-
tivity over the column. Prior to future isotope work on these
elements, their purity in the collected aliquots needs to be
addressed and further purification for some is required.

4.3 Accuracy and reproducibility of Mg isotope
measurements

The procedures described here for Mg purification and analysis
are optimized to handle considerably smaller samples than
previous high-precision Mg isotope protocols,* i.e. 20 times

less. This is attained by minimizing the amount of resin and
reagents used in the chemical processing of the sample and
optimizing the chromatographic separation scheme, as well as
by taking advantage of the Jet and X cone interface. Our results
show that isotopically anomalous samples, such as CAls, can be
routinely analysed to an external long-term reproducibility for
their stable Mg isotope composition of +61 ppm (2sd) on p**Mg
and +4.1 ppm for the mass-independent u**Mg* component
(Table 5). This is comparable to, although less precise, the
protocols designed for high-precision Mg isotope analysis of
larger samples.”® The typical internal standard error in each
repeated measurement was on the order of 5-15 ppm for u>*’Mg
and 4-6 ppm for p”’*Mg*, whereas the external precision (2se)
for 10 repeated measurements on the same aliquot was on the
order of 3-10 ppm for p>*Mg and 2-5 ppm for u>**Mg*. This level
of precision is adequate to resolve the often very large isotope
differences (a few 9,,) between refractory inclusions, such as
AOAs and CAls, in primitive meteorites."**** 5 ug Mg typically
consumed during a full analysis corresponds to the amount of
Mg typically found in a spherical CAI of about 350 pm in
diameter. This allows for the measurement of the Mg isotope

Table 5 Mg isotope data summary. The bracketing standard was DTS-2B

Sample Type of material Mg p*eMg* N*
Terrestrial rock standards and samples

J11(1) Olivine separated from spinel lherzolite —13+4 —-1.1+5.5 10
J11(2) Olivine separated from spinel lherzolite —-19 + 19 —4.3+4.2 10
BIR-1 Icelandic basalt, USGS rock standard 33+4 —04+24 10
BCR-2 Basalt, Columbia River, USGS rock standard 0+3 —-1.3+1.3 10
Meteoritic samples

Ivuna CI chondrite 12+5 42 +21 10
Allende CV3,x chondrite 1+8 10.4 + 3.1 10
Alfianello Ordinary chondrite (L6) 25+ 3 —4.0 £2.6 10
Tennasilm Ordinary chondrite (L4) 4+ 26 —43+13 10
NWA 6043 CR2 chondrite 14+4 —4.6 +2.2 10
31E CAI from Efremovka (CV3,eq) 6050 + 7 1166.2 + 4.2 10
Reproducibility test

A3 (1) CAI from Allende (CV3,,) —1486 + 8 1321.2 + 4.9 10
A3 (2) —1512 £ 10 1323.5 + 2.7 10
A3 (3) —1501 + 10 1321.0 + 3.8 10
A3 (4) —1442 £ 3 1318.5 + 4.6 10
Average and 2sd —1485 + 61 1321.1 + 4.1

“ Number of repeated measurements.
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composition of inclusions in non-CV carbonaceous chondrites,
such as CR, CO and CM chondrites, which have previously been
inaccessible to high-precision isotope analysis by MC-ICP-MS
due to their small sizes.

An external reproducibility of 4.1 ppm on p**Mg* restricts
the Mg blank contribution (with p**Mg* ~ 0) allowed on
a sample with e.g. a very extreme anomaly in p**Mg* of
5000 ppm (such as a canonical CV CAI fragment with an
anomalously high ?’Al/**Mg ratio of 13.5) to <1%,. Thus, for
typical 5 pg Mg required for high-precision isotope analysis
following the present analytical procedures, this corresponds to
a maximum blank level of 5 ng Mg (Fig. 3), which is fulfilled by
our ion chromatographic procedures.

In addition to the reproducibility test, our analysis shows that
three terrestrial rock standards (J11, BIR-1 and BCR-2) are all
within the error of the bracketing standard DTS-2B (Table 5).
Similarly, measurements on a range of chondritic meteorites (CI,
CV, CR and OC) and another CAI (31E) are within the error of other
high-precision p*>Mg and p*°Mg* data previously reported in ref.
3, 8, 15 and 39. This demonstrates the accuracy of our methods.

4.4 Optimization of Ti mass-spectrometric analytical
protocols

Interference corrections and doping tests. Given that the
accuracy and precision of Ti isotope analysis are compromised
by direct isobaric interference from *®*%Ca, *°v and *°Cr, as well
as doubly charged interference from °*°*%7y, 929496.98,100p1q
and °®°®1°°Ru, we monitored **Ca, *'v and **Cr in order to
correct for direct isobaric interference on masses 46, 48 and 50.
Doubly charged interference from °*°*%°Zr was further moni-
tored at half-mass 45.5 (*'Zr*"). Their intensities were sub-
tracted from the intensities of *°Ti, **Ti and *°Ti isotopes. To
test the performance of our interference correction routines and
evaluate their influence on our measurements, we performed

50Tj + 36ArT4AN+

0.8 A
L3 (mass 44)
0.6 ——L2 (mass 47)
——L1 (mass 48)
—C (mass 49)
——H1 (mass 50)

0.4

=
48.926 (typical measurement position) {

0.2 1

Intensity normalized to intensity at 926 millimass units

\L 36ArIAN+
0.0 T T T T T T T T + T T 1
48.90 48.91 48.92 48.93 48.94 4895 48.96 48.97 48.98 48.99 49.00 49.01 49.02

m/z (in center cup)

Fig.7 Mass peak scan profile of a 250 ppb Ti run solution (0.3 M HNO+
+ 0.001 M HF) showing the alignment of individual Ti cups and
a sufficiently flat low-mass shoulder plateau of >15 millimass units
between peak edges and interference from *6Ar**N* on >°Ti in high-
resolution mode. The typical measurement position at X.926 is posi-
tioned in the middle of this plateau.

624 | J Anal. At. Spectrom., 2018, 33, 613-628

View Article Online

Paper

doping tests on a pure 250 ppb Alfa Aesar Ti standard solution.
The doped solutions were analysed for their isotope composi-
tion by bracketing against a Ti pure aliquot of the Alfa Aesar Ti
solution. The results show that our interference correction
routines are sufficient up to a cation/Ti atomic ratio of 0.07 for
Ca, 0.04 for V, and 0.005 for Cr (Fig. 6). Further doping tests
showed that uncorrected interference from doubly charged Zr,
Mo and Ru is insignificant at atomic ratios Zr/Ti < 0.002, Mo/Ti
< 0.01 and Ru/Ti < 0.001 (Table 4), i.e. comparable to or higher
than the ratios found in typical unprocessed CAIs and most
types to rocky materials. Residual Zr, Mo and Ru, present in the
purified Ti samples, should therefore not affect the measure-
ment accuracy. Measured Ca/Ti, V/Ti and Cr/Ti atomic ratios in

| —8—50/47 (49/47corr)  —©--48/47 (49/47corr)  ---0--- 46/47 (49/47corr) |
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o

-5
-100

oo

—0—

—o—

R

——

-
=
—0—
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46/47 (49/47cor)
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Millimass units

Fig. 8 Anexample of a ‘peak-shoulder-flatness test’ used for asserting
the mass range on the low-mass side of peaks where the internally
“Ti/*Ti normalized mass-fractionation corrected isotope ratios
approach constant values, i.e. a flat plateau. The typical measurement
position at 926 millimass units is in the middle of this flat shoulder
plateau, which was acquired by repeated scans over peaks at 8.4
seconds of integration for 1 millimass unit increments from 914 to 941
for a duration of ~15 minutes. Top panel shows the internally
normalized mass-fractionation corrected Ti isotope ratios measured
over the full mass range. Ratios diverge to extreme values at low-mass
peak edges due to small misalignments of individual cups of a few
millimass units. The >°Ti/*"Ti ratio becomes anomalously high at >935
millimass units because of gas-based interference from *Ar'*N* on
59Ti. The three lower panels show the finer details of the flat plateau
from 917 to 936 millimass units. This routine was performed prior to
each analytical session and the measurement position was adjusted if
necessary, thereby ensuring the accuracy, precision and reproduc-
ibility of our isotope analysis. Error bars represent the 2se at each mass
position.
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standards and samples were all insignificant for the precision of
our measurements (Table S27).

Peak-shoulder-flatness test - optimizing measurement
position. The accuracy, reproducibility and precision of high-
resolution Ti-isotope measurements are strongly dependent
on the alignment of detectors and the measurement position on
peak shoulders. This is due to the combined effects of magnet
drift, tailing from comparatively large interfering molecular
interference on the high mass side of Ti peaks, small peak
misalignments typically on the scale of a few millimass units,
and variations in the peak shape among the detectors used to
determine an isotope ratio (Fig. 7). The main analytical chal-
lenge is finding a position sufficiently far away from the centre
of the peaks to robustly resolve interference, while not moving
so far down a peak shoulder that a combination of magnet
instabilities and asymmetric decreases in signal intensity
compromises the measurement of the isotope ratios of interest.
Hence, to ensure a sufficiently flat measurement plateau that
minimizes these effects, we performed a series of short-term
repeated measurements (each of 8.4 second integrations)
interspaced with 1 millimass unit on the low-mass side of peak
shoulders before each analytical session. In contrast to tradi-
tional peak flatness definitions that describe the effective peak
flatness for a single isotope in a single cup, we employ a ratio-
based definition that provides a probe of the actual measure-
ment protocols, including a partial data reduction pipeline. The
peak-shoulder-flat plateau is defined as the mass range where
the internally normalized mass-fractionation corrected isotope
ratios approach constant values. Fig. 8 shows an example of
such a peak-shoulder-flatness test and the sufficiently flat
shoulder plateau around the typical measurement position at
X.926 mass units.

Instrumental drift due to magnet instabilities between two
peak centers (prior to each standard measurement) was typi-
cally less than 1 millimass unit, which is much less than the
peak-shoulder-flat plateau of >15 millimass units on the low-
mass shoulder. With a typical measurement position in the
middle of the shoulder plateau at X.926 mass units, this ensures
a flat peak plateau of >7 millimass units on either side of the
shoulder measurement position, ie. sufficient to neglect
measurement inaccuracy associated with magnet instabilities
during an analytical session.

Optimizing Ti analytical protocols. The observation of large-
scale p*°Ti* heterogeneity in the solar protoplanetary disk'®
suggests that the Ti isotopic signature of sub-mm-sized disk
solids, such as chondrules and CAIs, may provide a tool for
disentangling the very earliest processing and transport of
material in the solar system. To this effect, and contrary to
Trinquier et al. 2009 (ref. 10) and Zhang et al. 2011 (ref. 18) who
positions *’Ti in the central Faraday cup, our cup configuration
positions *°Ti in the central Faraday cup. This configuration
allows for the optimization of the peak shape for *°Ti in Faraday
cup H1, since high mass resolution is generally easier to achieve
close to the axial Faraday cup ie. the centre cup for our
instrument. This ensures optimal resolution in H1 to robustly
resolve *°Ar'*N" interference on °°Ti, while at the same time
allowing for the *°Ar'®0O" (+**Ar'*N") interference on the high-
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mass side of the **Cr peak to be sufficiently resolved. Using
this analytical setup with an integration time of 2.1 seconds in
200 cycles typically resulted in internal standard errors in each
repeated measurement of 30-40 ppm for 3*°Ti and 25-30 ppm
for w”°Ti*. The internal precision (2se) for 10 repeats was typi-
cally on the order of 15-30 ppm for 3*°Ti and 7-10 ppm for
p*°Ti*, The initial tests with longer integration times and fewer
cycles (i.e. 4.2 seconds x 100 cycles and 8.2 seconds x 50 cycles)
had no effect on the internal precision of individual
measurements.

Another obstacle towards optimizing measurement preci-
sion during Ti isotope analysis in dynamic peak jumping mode
is the idle times (prior to actual measurement) needed for
amplifiers and magnets to settle when jumping between peaks
in two cup configuration lines. Conventional analytical proto-
cols for Ti isotope analysis utilize consecutive peak-jumping
between two cup configuration lines for a given number of
cycles,*™*® thereby measuring each line an equal number of
times. This approach, however, uses a relatively large volume of
sample solution because of the idle time necessary for magnet
stabilization between two peak jumps. Our analysis shows that
an idle time of at least 3 seconds is required for magnet and
amplifier stabilization (Fig. 9). For 200 cycles at 2.1 second
integration with 10 repeated measurements at 250 ppb Ti, this
corresponds to 3-4 pg of Ti consumed during a full analysis.
Thus, in order to minimize sample consumption during anal-
ysis, without compromising the time spend on the actual Ti
isotope measurements (as well as V and Cr) in line 2, we
measured the Ca interference in line 1 only once at the begin-
ning of each repeated measurement at 33.6 seconds of inte-
gration. This limits the amount of Ti consumed per 10 repeats

—0—Line 1 (Cainterference) —@—Line 2 (Ti isotopes) |

3
5
S 300
2
& 200
£ 100
5 o
B -100
3 -200
)
S -300 50/47 (49/47corr)
8
O
o 100
Q
S 50
2
2 0
o .50
5
g -100
0;3 48/47 (49/47cor)
O
2 300
£ 200
£ 100
g 0 ¢ 4 —3
S -100
% -200
©
£ -300 46/47 (49/47com)
o
0.0 10 20 30 40 50 60 7.0 8.0 9.0
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Fig. 9 Test showing the influence of the idle time necessary for the
magnet and amplifiers to settle prior to the actual isotope measure-
ments when jumping between peaks in lines 1 (Ca interference) and 2
(Ti isotopes). Internally “°Ti/*’Ti normalized mass-fractionation cor-
rected Ti isotope ratios approach constant values after an idle time of
~3 seconds.
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Table 6 Tiisotope data summary. The bracketing standard was OL-Ti
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Sample Type of material WTi WTi* (49/47)  p'®Ti* (49/47) p'°Ti* (48/47) p’°Ti* (49/47) N ¢

Terrestrial rock standards and samples

Alfa Aesar Ti  Pure Ti ICP standard from Alfa Aesar 89 £ 16 —9.5+75 2.0+ 5.6 —5.0 £10.0 —3.6+£86 10

BIR-1 (1) Icelandic basalt, USGS rock standard —-244+12 -119+76 0.3 + 4.0 —0.6 + 8.0 -23+59 10

BIR-1 (2) Icelandic basalt, USGS rock standard —40 £ 19 —3.7+ 84 —-1.3+5.3 3.0 £ 10.0 -3.0+92 10

BCR-2 Basalt, Columbia River, USGS rock standard —38 + 30 —8.3 £5.0 2.9 + 2.6 —6.1 £ 5.2 —3.8+7.7 10

BHVO-2 (1)  Basalt, Hawaiian Volcanic Observatory, 10 + 37 45+ 6.6 1.4+29 —27+57 -29+70 10
USGS rock standard

BHVO-2 (2) Basalt, Hawaiian Volcanic Observatory, 56 + 11 —2.5+5.3 0.9 £ 3.6 -1.9+7.2 —-7.6 52 10
USGS rock standard

Meteoritic samples

Alfianello Ordinary chondrite (L6) 180 21  —15.3+ 8.5 -0.2£5.9 0.0+12.0 —-63.8%£9.5 8

NWA 6043 CR2 chondrite 1+42 29.9 £ 9.6 —14.0 £ 2.7 27.7 £54 228.0 £10.0 10

31E CAI from Efremovka (CV3,eq) 270 £ 67 169.5 + 4.6 344 £ 3.5 —68.2 = 7.0 947.0 £ 12.0 10

Reproducibility test

A3 (1) CAI from Allende (CV3,,) 479 £26  223.0 + 10.0 87+17 —1724+3.4  14595+4.3 10

A3 (2) 406 £ 23 232.6 £7.9 8.5 £2.9 —16.9 + 5.8 1460.0 = 10.0 10

A3 (3) 522 £ 32 224.0 £ 13.0 1.6 + 8.4 —3.0+17.0 1469.8+9.4 10

A3 (4) 397 £ 44 223.0 £ 11.0 12.1 £ 2.7 —23.9+5.4 1470.0 £ 11.0 10

Average and 2sd 451 + 120 2282 £+ 10.8 7.7 £ 88 —15.3 +£17.6 1464.8 + 11.7

¢ Number of repeated measurements.

to 0.75-1 pg, i.e. 4 times less than that by the conventional
mode. Hence, the precision of the actual Ti isotope measure-
ments stays the same, because all Ti isotopes are measured in
line 2. Although compromising the effectiveness of the Ca
interference correction routine, considerably less material is

£ ‘A
S CAI ‘A3
fiv}
1400 - B AOA/CAIs from Trinquier et al. 2009
@ This study
1000 4 CAIl '31E'
.
=
3
=1
600 A
CR
200 A
~ Earth
ocC ;
-200 T T T T T T T
-60 -20 20 60 100 140 180 220
46T

Fig.10 p°°Ti* versus p*®Ti* diagram showing the correlation between
inner solar system materials measured in this study (Earth, one ordinary
chondrite (Alfianello) and one CR chondrite (NWA 6043)), which is in
accordance with the observations of Trinquier et al. 2009 and Zhang
et al. 2011. The correlation extends to include Ca—Al-rich inclusions
(CAls) with divergent anomalies. The CAl, '31E’, from the Efremovka CV
chondrite has a Tiisotope composition similar to that reported for CAls
and AOAs in Trinquier et al. 2009, while the Allende CV CAl, ‘A3’, shows
significantly larger anomalies in both p*°Ti* and p*Ti*. Error bars are
the internal 2se precision or external reproducibility (2sd), whichever is
larger.
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being consumed. This is highly desirable when dealing with
very small and unique samples, such as sub-mm-sized CAIs.

Reproducibility and accuracy of Ti isotope measurements.
Similar to Mg, we used the CV CAI ‘A3’ to assert the external
reproducibility of our chemical and analytical procedures for
~1 ng Ti. Our results show that the stable mass-dependent Ti
(u*°Ti) isotope composition can be routinely measured to
a precision of +60 ppm amu ™' (2sd, Table 6), which is a factor
of 10 better than recent stable Ti isotope data acquired by
standard-sample bracketing.** Although 6 times larger than the
external reproducibility obtained from Ti double-spike tech-
niques,? this level of precision is adequate to resolve the p*Ti
variability observed amongst terrestrial magmatic rocks.*’
Contrary to double-spike measurements, our approach further
enables the combined analysis of both mass-dependent and
nucleosynthetic effects on the Ti isotope composition of extra-
terrestrial rocks. The mass-independent p*°Ti*, pu*3Ti*, p*oTi*
and p*°Ti* components can be measured to a precision of 11,
8.8, 18 and 12 ppm, respectively (2sd, Table 6). This is similar to
or 2 times better than previous analytical methods on 6-10
times more material.’® Thus, the 15 000 ppm accuracy limita-
tion on p°°Ti* of our Ti procedures (Fig. 3) fully allows the
accurate determination of minor inner solar system isotope
signatures, as well as the extreme isotopic signatures in FUN-
type CAIs and most hibonite crystals found in carbonaceous
chondrites.”***" Finally, both stable and mass-independent Ti
isotope data for terrestrial geostandards (BIR-1, BCR-2 and
BHVO-2) are normal within error, demonstrating the accuracy
of our methods.

Correlated Ti isotope anomalies in bulk meteorites and
CAIs. Significant departures from mass-dependent Ti isotope
fractionation have previously been observed for p*°Ti* and
w’Ti* in meteorites and their components.>***> While inner
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solar system materials (bulk chondrites and achondrites) range
in p*°Ti* from —200 to +500,'>* refractory inclusions (normal
CAIs) span a range from ~+500 to +1600.'**"**%* Our results for
one ordinary chondrite (Alfianello, L6) display negative p**Ti*
(—15.3 4 8.5 [2se]) and p°°Ti* (—63.8 4 9.5 [2se]) (Table 6) and
are in excellent agreement with the results previously reported
in Trinquier et al. 2009 (ref. 10), Zhang et al. 2012 (ref. 42) and
Gerber et al. 2017.° Some variability amongst CR chondrites is
reported in the literature, ranging from 140 to 339 ppm in
w’°Ti* (9, 10, 30, and 42). This most likely results from hetero-
geneous sampling of variable amounts of CAI material. Our
results for one CR2 chondrite (NWA 6043, p*°Ti* = 228 + 10
[2se]) are within this range. The two CAIs measured in this study
(31E and A3) show resolvable differences in all mass-
independent Ti components (Table 6) with 31E displaying
a composition (L*°Ti* = 947 + 12 [2se]) within the range of the
data reported in Trinquier et al. 2009 (ref. 10) and identical to
the median of normal CAIs reported in Davis et al. 2017.%* The
other CAI, A3, has larger anomalies in p*°*Ti* and p’>°Ti* (n>°Ti*
= 1464.8 £ 12 [2se], n = 4), which is in the upper range of CAI
values reported to date. The two CAIs plot on an extension of the
correlation line observed amongst inner solar system mate-
rials*® (Fig. 10). Stable Ti isotope data obtained for the two CAIs
display positive u*°Ti of a few hundred ppm (Table 6), which is
identical to the values reported in Davis et al. 2017 (ref. 31) and
Simon et al. 2017.** We note that natural mass-dependent
isotope fractionation, which diverges from kinetic processes
(i.e. follows the exponential fractionation law used for mass bias
correction), can potentially generate apparent excesses or defi-
cits in p*°Ti* and p’°Ti*. However, inappropriate mass bias
correction associated with mass-dependent fractionation in Ti
isotopes can only explain up to ~3 ppm variability in both
w>°Ti* and p*°Ti* per 100 ppm amu ™ * variation in p*°Ti. Hence,
stable isotope fractionation can only explain ~1% of the vari-
ability in p’°Ti* for CAIs, which instead must originate from
nucleosynthetic effects.

Conclusions

We have developed a new multi-element ion chromatographic
separation protocol, specifically tailored to handle small
amounts of isotopically anomalous material, such as Ca-Al-rich
inclusions in primitive meteorites, for which impurity contri-
butions must be minimized. We present refined analytical
procedures for high-precision Mg and Ti isotope analysis using
MC-ICP-MS. The high-precision isotope analysis results of
a range of isotopically anomalous chondritic meteorites and
refractory inclusions are identical to data previously reported
for the same types of materials, demonstrating the accuracy of
our methods. Data for terrestrial geostandards are within the
error of the OL-Ti standard used for standard-sample bracket-
ing. We show that the protocols allow for the accurate deter-
mination of the extreme mass-dependent and mass-
independent Mg and Ti isotopic signatures found in both
normal CAIs and FUN-type CAls, as well as some anomalous
hibonite crystals in CM chondrites (u>**Mg* up to +4000 ppm
and p*°Ti* up to 15 000 ppm). Finally, our results support the
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observation of correlated anomalies in p*°Ti* and p’°Ti* for
inner solar system materials, which extend to include two CAIs
(31E and A3) with highly divergent mass-independent Ti isotope
compositions. Such effects cannot be explained by mass-
dependent stable isotope fractionation and must invoke vari-
able nucleosynthetic effects in CAIs.
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