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New methods to determine the titanium (Ti) mass-dependent isotope fractionation of solar system materials to
high precision were developed by combining internally normalised Ti isotope data with double-spike analyses
utilising a 47Ti-49Ti double spike. The procedure includes a three-stage ion-exchange separation procedure to
isolate Ti from the sample matrix that provides high-purity Ti fractions that are necessary for high-precision Ti
isotope analyses. Analyses of sample aliquots that were spiked before and after the ion-exchange separation
procedure demonstrate that Ti isotope fractionation can be induced by the separation procedure. This outcome
requires the addition of the double spike before the ion exchange separation procedure in order to accurately
determine the natural mass-dependent Ti isotope fractionation of samples. Multiple double spike analyses of an
Alfa Aesar Ti standard performed over eight months yielded a reproducibility (2σ standard deviation) of 0.033‰
for δ49/47Ti (differences in 49Ti/47Ti relative to the OL-Ti standard). Terrestrial sample analyses display a 2σ
reproducibility of 0.018 to 0.031‰ for δ49/47Ti. Titanium isotope results for three terrestrial USGS magmatic
reference samples (AGV-2, BHVO-2 and BCR-2) agree well with literature data and therefore demonstrate the
accuracy and precision of the presented methodologies. Achondritic meteorites display an overall range of
0.75‰ for δ49/47Ti. The ungrouped achondrite NWA 7325 has a more positive composition by 0.64‰ for δ49/47Ti
compared to all other investigated samples likely reflecting Ti isotope fractionation induced by magmatic dif
ferentiation associated with highly reducing conditions and potentially associated with oxide and plagioclase
formation. In contrast, eucrites with δ49/47Ti of -0.020 ± 0.070 and -0.003 ± 0.033 and the first mass-dependent
Ti isotope data for an acapulcoite (Dhofar 125; δ49/47Ti = 0.094 ± 0.033) show only limited magmatic Ti isotope
fractionation. Chondrites also display a relatively restricted range of 0.085‰ for δ49/47Ti, including one cal
cium‑aluminum rich inclusion (CAI) from Allende and the first mass-dependent Ti isotope data for two Rumuruti
chondrites (NWA 753 and NWA 755). Furthermore, the mass-dependent Ti isotope composition of chondrites
overlaps with that of eucrites and the acapulcoite Dhofar 125 indicating that nebular processes induce only
limited Ti isotope fractionation. Additionally, the Ti isotope data indicate that thermal metamorphism also
produced marginal Ti isotope fractionation at the bulk sample scale for chondrites. Small mass-dependent Ti
isotope variations between different bulk meteorite samples are also evident, which might reflect sample het
erogeneity. Importantly, the mass-dependent Ti isotope composition of the Earth and Moon overlap with the
composition of the investigated chondrites, eucrites and acapulcoites within the 2 standard deviation
uncertainties.
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1. Introduction
Mass-dependent isotope fractionation of heavy elements is produced
by biotic and abiotic processes and, hence, metal stable isotope systems
have become powerful tools in both low and high-temperature

geochemistry (e.g., Teng et al., 2017). In cosmochemistry, massdependent isotope fractionation of major and trace elements provide
important constraints on processes in the solar nebula and planet for
mation (e.g., Georg et al., 2007). Titanium is a refractory lithophile
element, which occurs abundantly (wt% concentrations) in most solar
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system materials and is generally regarded as immobile during sec
ondary alteration processes due to its high field strength (charge/radius
ratio, Floyd and Winchester, 1978; Pearce and Norry, 1979). Hence, it is
expected that most geochemical processes induce only little if any Ti
isotope fractionation (Millet and Dauphas, 2014). However, Ti can be
mobilised under certain pressure and temperature conditions (Ayers and
Watson, 1991; Ayers and Watson, 1993). Experiments have furthermore
demonstrated that evaporation can induce isotope fractionation of Ti
(Zhang et al., 2014). Significant Ti isotope fractionation of up to 2.3‰ in
49
Ti/47Ti is produced by magmatic differentiation in terrestrial igneous
rocks (Deng et al., 2019; Deng et al., 2018a; Greber et al., 2017a; Hoare
et al., 2020; Millet and Dauphas, 2014; Millet et al., 2016). Titanium
isotope fractionation has also been documented for the achondritic
aubrites, lunar samples (Greber et al., 2017b; Kommescher et al., 2020;
Millet et al., 2016) and calcium‑aluminum rich inclusions (CAIs) from
carbonaceous chondrites (Davis et al., 2018; Niederer et al., 1985). In
contrast, achondrites from the howardite-eucrite-diogenite (HED)
group, angrites, martian meteorites and chondrites display only mar
ginal to no Ti isotope fractionation compared to the terrestrial mantle
composition (Deng et al., 2018b; Greber et al., 2017b).
Recent investigations of mass-dependent isotope fractionation uti
lising the double spike technique have revealed that it is a powerful
method for the investigation of geological and biological processes
(Arnold et al., 2010; Cameron et al., 2009; Gall et al., 2012; Ripperger
and Rehkämper, 2007; Siebert et al., 2001). This methodology has also
been applied in previous Ti isotope studies (e.g., Deng et al., 2018b;
Greber et al., 2017b; Millet and Dauphas, 2014; Niederer et al., 1985).
The presence of nucleosynthetic Ti isotope variations in meteorites (e.g.,
Leya et al., 2008; Trinquier et al., 2009) requires the combination of unspiked and double-spiked analyses of meteorite samples to determine
mass-dependent fractionation of Ti isotopes. This is in particular
important for carbonaceous chondrites and achondrites, which have
larger and more varied nucleosynthetic Ti isotope composition
compared to the Earth than ordinary and enstatite chondrites. This
approach has so far only been applied in combination with thermal
ionisation mass spectrometic (TIMS) analyses (Niederer et al., 1985).
Previous studies of meteorites that employed multi collector inductively
coupled plasma mass spectrometry (MC-ICP-MS) and a doube spike
technique have used literature data of un-spiked samples to correct Ti
isotope fractionation data for mass-independent Ti isotope variations.
This procedure is problematic due to sample heterogeneity in particular
for investigations of chondrites that contain CAIs, which have large
nucleosynthetic Ti isotope variations (Davis et al., 2018; Leya et al.,
2009; Niederer et al., 1985). In this study, MC-ICP-MS that provides
superior precision compared to TIMS is utilized to obtain high-precision
Ti isotope analyses to investigate mass-dependent isotope fractionation
of Ti in eleven chondritic and achondritic meteorite samples using a
47
Ti-49Ti double spike. This study was part of the PhD thesis of N. Wil
liams (Williams, 2014) and provides the first mass-dependent Ti isotope
data for two Rumuruti like chondrites (R chondrites), an acapulcoite,
and the unique ungrouped achondrite NWA 7325. Additionally, unspiked aliquots of digested samples were also analysed by MC-ICP-MS
to correct for mass-independent Ti isotope variations. The techniques
presented here include an improved anion-exchange separation pro
cedure for Ti, which represents a modified version based on Leya et al.
(2007) and Schönbächler et al. (2004). The accuracy of the methodol
ogies is verified through measurements of three terrestrial magmatic
reference samples.

(ungrouped achondrite)) were measured for their Ti isotope composi
tion. Also investigated was a CAI from Allende (CAI NV 1). In addition,
three terrestrial USGS magmatic reference samples were included:
BHVO-2 (Hawaiian basalt), BCR-2 (Columbia river basalt) and AGV-2
(andesite, Oregon).
3. Experimental
3.1. Sample preparation
Sample preparation was carried out in Class 10 work stations within
a class 1000 clean room facility at the University of Manchester. Nitric
acid and HCl were purified from AnalaR® grade reagents by triple subboiling distillation in quartz stills. Ultrapure grade HF (Romil), H2O2
(~30% vol. ultrapure grade) and H2SO4 (ultrapure grade) were pur
chased from Sigma Aldrich. 18.2 MΩ.cm grade H2O from a Millipore®
purification system was used throughout.
Meteorites were crushed in a boron carbide mortar under a laminar
flow of filtered air. Samples were digested in Parr Bombs® following the
procedures of Schönbächler et al. (2004). Terrestrial samples of up to
200 mg and meteorite samples of up to 100 mg were digested in 12 ml
Savillex® vials containing 3 ml of concentrated HF and 1 ml of
concentrated HNO3. Sample vials were placed inside a 125 ml Parr Bomb
and heated in an oven to 180 ◦ C for 4.5 days. After digestion, the samples
were dried down and re-dissolved in 5–10 ml of 6 M HCl.
Solutions were then split into two equal aliquots with terrestrial
standard rocks and single element standards containing 50 μg Ti,
whereas meteorite aliquots contained 9–35 μg Ti each. The first aliquot
was directly processed through the three-stage ion-exchange chro
matographic procedure described below to isolate Ti. The second aliquot
was spiked prior to column chemistry with Ti double spike. Spiked
sample aliquots were died down, redissolved using 1 ml 6 M HCl and
refluxed twice to achieve spike-sample equilibration. Additionally, Ti
fractions of samples that were prepared and analysed by Akram et al.
(2013, 2015) for Zr isotopes were investigated for their Ti isotope
composition. These samples were also measured both un-spiked and
spiked, although the Ti double spike was added after the ion-exchange
separation procedure. Titanium isotope results for samples that were
spiked before and after the separation procedure were compared to
investigate about possible fractionation due to the chemical separation
technique.
A three-stage ion-exchange procedure (Table 1) was utilised to
Table 1
Titanium ion-exchange procedurea.
Step

Volume

0.7 ml of Bio-Rad AG1-X8 resin, 200–400 mesh, chloride
Resin cleaningb
14 ml
5 ml
7 ml
Column 1: removal of sample matrix
Preconditioning
6 ml
Sample loading
5 ml
Matrix elution
5.5 ml
Ti and Zr
3 ml
Column 2: separation of Ti and Zr
Preconditioning
7 ml
Sample loading and Ti
1 ml
Ti
8.5 ml
Zr
4 ml
Column 3: removal of remaining Ca, V, Cr and S
Preconditioning
6 ml
Sample loading
1 ml
Matrix elution
5.5 ml
Matrix elution
5 ml
Ti
3 ml

2. Samples
Bulk samples of two carbonaceous chondrites (Allende CV3 and
Murchison CM2), two ordinary chondrites (Richardton H5 and Allegan
H5), two R chondrites (Northwest Africa (NWA) 753 and NWA 755) and
four achondrites (Pasamonte (eucrite, polymict breccia), Juvinas
(eucrite, monomict breccia), Dhofar 125 (acapulcoite), NWA 7325

a
b

2

Acid
formb
0.5 M HCl
6 M HCl - 1 M HF
H2O
4 M HF
4 M HF
4 M HF
6 M HCl - 1 M HF
0.25 M H2SO4 + 1% H2O2
0.25 M H2SO4 + 1% H2O2
0.25 M H2SO4–1% H2O2
6 M HCl - 1 M HF
4 M HF
4 M HF
4 M HF
0.5 M HCl - 0.5 M HF
6 M HCl - 1 M HF

Modified after Schönbächler et al. (2004) and Leya et al. (2007).
A fresh resin bed is prepared for each column stage.

N.H. Williams et al.

Chemical Geology 568 (2021) 120009

anomalies in bulk meteorite samples are largest for 50Ti (Leya et al.,
2008; Trinquier et al., 2009) and 50Ti has isobaric interferences from
both Cr and V. The optimal double spike composition without the use of
50
Ti is a 47Ti-49Ti spike mixed in the proportion 50:50 based on error
propagation simulations using the double spike toolbox by Rudge et al.
(2009). Moreover, such a 47Ti-49Ti spike provides a robust range of
double spike to sample mixtures over which the error propogation re
mains low (Millet and Dauphas, 2014; Rudge et al., 2009). Additionally,
double spike compositions that provide near optimal intersection angles
between the mass fractionation vectors of spiked and un-spiked samples
(Galer, 1999) were also identified. This confirmed that a 47Ti-49Ti
double spike mixed in the ratio of 47:53 is optimal based on own error
propagation simulations (Williams, 2014). The optimal fraction of
double spike in the sample-spike mixture was determined at 45% based
on Rudge et al. (2009).
The Ti double spike was created as a mixture from two single spike
solutions enriched in 47Ti and 49Ti. A total of 31 mg 47Ti oxide (94.55%
purity) and 29 mg 49Ti oxide (96.25% purity) purchased from the Oak
Ridge National Laboratory were separately dissolved for 3 days in 3 ml
concentrated HF and 1 ml concentrated HNO3 and subsequently diluted
to a concentration of around 200 ppm. The two single spike solutions
were mixed to obtain a final double spike solution with a total Ti con
centration of ~34 ppm in 2 M HNO3–0.2 M HF.

separate Ti from the sample matrix based on methodologies detailed in
Schönbächler et al. (2004) and Leya et al. (2007). Fluorinated ethylene
propylene (FEP) columns filled with 0.7 ml Bio-Rad© AG1-X8 200–400
mesh anion exchange resin were used for all three stages of the sepa
ration procedure. The resin was cleaned with two column volumes (7
ml) of 0.5 M HCl followed by 5 ml of 6 M HCl − 1 M HF before finally
washing it with 1 column volume of H2O for all three ion-exchange
separation stages. The resin was conditioned with 6 ml of 4 M HF and
samples were loaded utilising 5 ml of 4 M HF for the first separation step.
If precipitate of CaF was observed, the samples were split prior to
loading into two 1.5 ml centrifuge vials. The centrifuge vials were
centrifuged for 20 min in order to separate the CaF precipitate prior to
loading. This process was repeated three times such that a total volume
of 5 ml of sample was produced. After the sample was loaded onto the
column a further 0.5 ml of 4 M HF and 5 ml of 4 M HF were added to
elute the majority of matrix elements. Titanium was eluted next in 3 ml
of 6 M HCl - 1 M HF. The second ion-exchange separation step was
employed to separate Ti from Zr. For this procedure the resin was pre
conditioned using 7 ml of 0.25 M H2SO4–1% H2O2, which was prepared
on the same day in order to preserve the H2O2. The Ti was loaded using
1 ml of 0.25 M H2SO4–1% H2O2 and a further 0.5 ml of 0.25 M
H2SO4–1% H2O2 was added. Titanium was eluted in the loading phase
and an additional 8 ml of 0.25 M H2SO4–1% H2O2. The first columnstage of this procedure is repeated as an additional third column
compared to Leya et al. (2007) to improve the separation of V, Ca and Cr
from Ti and reduce the impact of these isobaric interfering elements onto
the Ti isotope analyses. Samples were loaded in 1 ml 4 M HF for this final
separation procedure, which also included an additional matrix elution
step using 5 ml 0.5 M HCl - 0.5 M HF. The ion-exchange separation
procedure of Schönbächler et al. (2004) was also employed by Akram
et al. (2013, 2015) and the Ti fractions of that study were additionally
processed using the described additional third ion-exchange separation
step.
Full procedural blanks averaged 3 ng with a range of between 0.6
and 16 ng Ti. This is negligible compared to the 9–50 μg of Ti processed
for samples and result in blank contributions of less than 0.2%.
Two in-house reference materials obtained from Alfa Aesar were
utilized in this study, a Ti single element standard (Ti Alfa Aesar solu
tion) and a Ti standard solution prepared from a Ti wire of 99.9985%
purity (Ti Alfa Aesar wire). For the Ti Alfa Aesar wire standard, 68 mm of
the Ti wire was cut off and then leached with 0.1 M HNO3 for 5 min
before being washed with H2O and distilled ethanol. The wire was
weighed and transferred to a Savillex® vial for digestion in 3 ml
concentrated HF and 1 ml concentrated HNO3.

3.2.2. Mass spectrometric procedures
All isotopic sample measurements were performed using a Thermo
Fisher Scientific Neptune MC-ICP-MS instrument at the Open University
in Milton Keynes utilising an Aridus II desolvating sample introduction
system, a normal sampler cone, and an X skimmer cone for analysis.
Measurements were performed using a dynamic analysis routine to
collect all five Ti isotopes and 44Ca simultaneously in a first cycle and
measure 50Ti, 51V and 53Cr in a second cycle (Table 2). All masses beside
51
V were measured on the peak shoulder in either medium or high- mass
resolution mode to resolve polyatomic interferences. This setup allows
for interference corrections of Ca, V and Cr on Ti masses. Samples and
standards were measured in 0.5 M HNO3–0.005 M HF (for un-spiked
analyses) or 0.5 M HNO3–0.017 M HF (for analyses with Ti double
spike). Data acquisition for samples and standards comprised collection
of 40 ratios with 8.4 s integration for cycle 1 and 40 ratios with 4.2 s
integration for cycle 2. On-peak background analyses were measured
before every sample and standard analyses through collection of 20
ratios with integration of 8.4 s and 4.2 s respectively for cycles 1 and 2. A
background correction was applied to sample and standard measure
ments by subtracting the average signal intensities of background
measurements taken before and after the sample and standard mea
surements. Calcium interferences on 46Ti and 48Ti, as well as V and Cr
interferences on 50Ti were corrected using the measured 44Ca, 51V and
53
Cr data and included a mass bias correction. Each sample analysis was
preceded and followed by a standard measurement. One sample mea
surement required 18 min and consumed ~800 μl sample solution.
Average sensitivity for Ti was around 70 V/ppm in high mass resolution.

3.2. Mass spectrometry and titanium double spike
3.2.1. Double spike preparation
Four of the five Ti isotopes (46Ti to 50Ti, Table 2) have to be selected
for the double spike procedure. Previous studies utilized a 46Ti-50Ti
(Niederer et al., 1985) or a 47Ti-49Ti double spike (Deng et al., 2018b;
Kommescher et al., 2020; Millet and Dauphas, 2014). The use of 50Ti in
the double-spike procedure is not ideal, as nucleosynthetic Ti isotope
Table 2
Collector configuration for Ti isotopes and isobaric interferences.
Cycle 1
Mass
Collector
Isotope
Abundance (%)
Interferences
Single charged
Double charged atomic
Other interferences

44
L4
44
Ca
2.08

Cycle 2
46
L1
46
Ti
8.25

47
C
47
Ti
7.44

48
H1
48
Ti
73.72

94

96

46

Ca
Zr2+
30 16 +
Si O
92

14

+
N16
2 O
Si16O+

28

48

Zr2+
28 19 +
Si F

Ca
Zr2+

3

49
H2
49
Ti
5.41

14

N35Cl+

50
H3
50
Ti
5.18

50
C
50
Ti
5.18

50

V,

50

Cr

50

V, 50Cr

14

N36Ar+

14

N36Ar+

51
H1
51
V
99.75

53
H3
53
Cr
9.50

13 40

C Ar+
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3.2.3. Unspiked mass-independent Ti isotope analyses
Titanium isotope measurements of un-spiked sample fractions (see
supplementary table S1) and standard solutions were internally nor
malised relative to 49Ti/47Ti = 0.749766 (Niederer et al., 1981) using
the exponential law to correct for mass bias. Using internal normaliza
tion for mass bias correction, the two in-house reference materials (Ti
Alfa Aesar solution and Ti Alfa Aesar wire) have identical Ti isotope
compositions within uncertainties (Table 3).

isotope variations, un-spiked mass-independent Ti isotope data (sup
plementary table S1) and double spike data are combined. For this, the
measured Ti isotope ratios of the un-spiked meteorite samples is used in
the double spike equations instead of the standard ratios. This combi
nation was performed using individual un-spiked sample analyses,
which were internally normalised and corrected for Ca interferences,
and individual spiked sample measurements. Therefore, uncertainties of
spiked and un-spiked measurements are included in the reported 2 SD
and reflect multiple combinations of individual un-spiked and spiked
sample analyses. The 2 SD reproducibility of 0.033‰ is given as 2 SD for
samples that were measured less than 4 times and that had a 2 SD of
<0.033‰.

3.2.4. Double spike calibration
To determine the Ti isotope composition of the double spike, two
separate techniques were applied. All double spike calibrations and
measurements were carried out relative to the gravimetrically prepared
Ti Alfa Aesar wire standard. The isotopic analyses of the spike were
externally normalised relative to Ca for mass bias correction of
50
Ti/47Ti. For the mass bias correction of 46Ti/47Ti, 48Ti/47Ti and
49
Ti/47Ti external normalization relative to Cr was utilised.
The 42Ca/44Ca and 53Cr/52Cr ratios that were used for this
correction were optimized such that the mass bias correction procedure
using Ca and Cr produced identical results for 46Ti/47Ti, 48Ti/47Ti and
50
Ti/47Ti as internal normalization to 49Ti/47Ti = 0.749766 (Niederer
et al., 1981). Finally, the optimised 42Ca/44Ca and 53Cr/52Cr ratios were
utilised for the mass bias correction of the pure Ti double spike solution
(Table 3).
The Ti concentration of the 47Ti-49Ti double spike was determined by
reverse isotope dilution relative to the gravimetrically prepared Ti Alfa
Aesar wire standard. This allows for Ti concentration determinations as
a by-product of the mass-dependent Ti isotope analyses.

4. Results
4.1. Titanium concentration data
Titanium concentration data of terrestrial reference and meteorite
samples, as determined by isotope dilution using the presented meth
odologies, agree well with literature data (Table 4). The two studied Rchondrites (NWA 753 and NWA 755) and the acapulcoite Dhofar 125
have similar Ti contents to Antarctic R-chondrites (0.07–0.11 wt% TiO2;
Yanai et al., 1995) and other acapulcoite samples (0.07–0.13 wt% TiO2;
Palme et al., 1981; Yanai et al., 1995), respectively. The Ti content of the
ungrouped meteorite NW 7325 is slightly lower at 0.04 wt% TiO2 than
that of the other analysed meteorites, whereas the Allende CAI (NV1)
has a Ti content of 1.14 wt% TiO2 typical for CAIs from CV3 carbona
ceous chondrites (1–1.5 wt% TiO2; MacPherson et al., 1988).

3.2.5. Double spike data reduction
The double spike data reduction was performed off line, using a
geometric approach to solve the double spike equations in threedimensional isotope space as described by Siebert et al. (2001). For
the inversion process 46Ti, 48Ti and 49Ti with 47Ti as the denominator
were utilised. The sample standard bracketing method was used to
correct for small drifts within analytical sessions, in which the in-house
Alfa Aesar wire standard was used as a bracketing standard. The massdependent Ti isotope data were calculated relative to the in-house
Alfa Aesar wire standard:
/
(
)
49
Ti 47 Tisample
49/47
/
δ
TiTi wire (‰) =
− 1 × 103
(1)
49
Ti 47 TiAlfa Aesar Ti wire standard

4.2. Mass-dependent Ti isotope data
The investigated samples display an overall spread of 0.75‰ in
δ49/47Ti (Table 4, Fig. 2). Most meteorite samples display a relative
narrow range in δ49/47Ti of − 0.020 ± 0.070 to 0.094 ± 0.033,
whereas the ungrouped achondrite NWA 7325 displays larger Ti
isotope fractionation with a δ49/47Ti of 0.733 ± 0.060. This study
provides furthermore the first mass-dependent Ti isotope data for an
acapulcoite with δ49/47Ti = 0.094 ± 0.033 for Dhofar 125 and for
two R chondrites that have δ49/47Ti of 0.025 ± 0.045 (NWA 753) and
δ49/47Ti of 0.001 ± 0.033 (NWA 755). The Ti Alfa Aesar solution
standard displays a more negative δ49/47Ti compared to all investi
gated samples with − 0.108 ± 0.033 (Table 4, Fig. 1).

The Ti isotope results were then converted to a value relative to the
Origins Laboratory Ti (OL-Ti) standard (δ49/47Ti of Alfa Aesar Ti wire =
0.224 ± 0.017 relative to OL-Ti, as measured on a Neptune Plus MC-ICPMS at ETH Zürich (Mandl, 2019), Table 4, Fig. 1) and reported as δ49/47Ti.
Uncertainties displayed in the text, figures and tables are 2 standard de
viations (2 SD) unless stated differently. In Table 4, 2 standard errors (2
SE = 2 SD / √ n; n = number of analyses) are also reported. For terrestrial
samples, 2 SD of multiple spiked sample analyses are reported. The 2 SD
reproducibility of 0.033‰ of the Ti Alfa Aesar wire standard is given as 2
SD for solutions and samples that were measured less than 4 times and
that had a 2 SD of <0.033‰.
For meteorite samples with mass-independent (nucleosynthetic)

4.3. Mass-dependent isotope fractionation during Ti separation
Mass-dependent Ti isotope data deduced for samples to which the Ti
double spike was added after the ion-exchange separation procedure do
not agree with results obtained for sample aliquots that were spiked
before the separation procedure (Table 5, Fig. 3). Offsets between
samples that were spiked before and after the separation procedure vary
between − 0.054 ± 0.033 and +0.194 ± 0.033‰ for δ49/47Ti. Therefore,
samples that were spiked after the separation procedure are only used to
assess Ti isotope fractionation due to laboratory chemical processing in
Section 5.2 and are not included in Table 4 and Figs. 1, 2 and 5 that form
the basis of the main discussion.

Table 3
Titanium isotopic compositions of Ti Alfa Aesar standards and the Ti double spike.
46

Ti Alfa Aesar solutiona,b
Ti Alfa Aesar wireb
47
Ti–49Ti double spikec
a
b
c

Ti/47Ti

1.092971
1.092994
0.006118

2 SD

48

Ti/47Ti

0.000069
0.000026
0.000004

10.070618
10.070272
0.078940

2 SD

49

0.000554
0.000223
0.000031

0.749766
0.749766
1.057969

Longterm reproducibility.
Internally normalised to 49Ti/47Ti = 0.749766 (Niederer et al., 1981).
Mass bias corrected externally relative to Cr (46Ti/47Ti, 48Ti/47Ti and 49Ti/47Ti) and Ca (50Ti/47Ti)
4

Ti/47Ti

2 SD

0.000050

50

Ti/47Ti

0.729933
0.729903
0.008457

2 SD
0.000050
0.000042
0.000003
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Table 4
Titanium concentration and mass-dependent isotope fractionation data.
Samples
Terrestrial reference samples
BHVO-2 (aliq. 1)
BHVO-2 (aliq. 2)
Mean BHVO-2
BCR-2 (aliq. 1)
BCR-2 (aliq. 2)
Mean BCR-2
AGV-2
Ti Alfa Aesar solution
Ti Alfa Aesar wire
OL-Ti
Meteorite samples
Allende
Allende CAI NV 1
Murchison
Allegan
Richardton
NWA 755
NWA 753
Juvinas
Pasamonte
Dhofar 125
NWA 7325
Reproducibility of meteorites
Reproducibility estimate of meteorites based on BCR-2

Description

Basalt, Hawaii
Basalt, Columbia River
Andesite, Oregon

CV3, USNM 3529
CAI CV3
CM2, USNM 5453
H5
H5
R-chondrite 3.7
R-chondrite 3.9
Mj-eucrite, 40I(40G)
Pj-eucrite, USNM 897
Acapulcoite
Ungrouped achondrite

TiO2 (wt%)

TiO2 (wt%)

This study

Literature

2.75
2.74
2.74
2.27
2.25
2.26
1.04

2.73e
2.27e
1.05e

0.145
1.14
0.101
0.085
0.085
0.096
0.093
0.554
0.661
0.097
0.038

0.15 f
f

0.13
0.10f
0.09g
0.68 h
0.65 h
0.03i

na

δ49/47Ti Ti

δ49/47Ti

2 SD

3
2
5
4
2
6
5
2
106
21

− 0.201
− 0.184
− 0.194
− 0.221
− 0.216
− 0.219
− 0.125
− 0.333
0.000
− 0.224

0.024
0.040
0.030
0.004
0.009
0.005
0.099
− 0.108

0.033b
0.033b
0.026
0.020
0.058
0.031
0.018
0.033b
0.033
0.017

4
3
3
3
4
3
3
3
3
3
3
35
6

− 0.138
− 0.210
− 0.153
− 0.148
− 0.202
− 0.223
− 0.199
− 0.244
− 0.228
− 0.131
0.509

0.086
0.015
0.072
0.076
0.022
0.001
0.025
− 0.020
− 0.003
0.094
0.733

wire

0.000

0.045
0.033c
0.033c
0.033c
0.023
0.033c
0.045
0.070
0.033c
0.033c
0.060
0.033
0.030d

2 SE

0.012
0.010
0.041
0.013
0.008

0.023

0.012
0.026
0.040
0.035

All Ti isotope data were measured relative to the Ti Alfa Aesar wire standard δ49/47Ti Ti wire and are reported relative to the OL-Ti standard (δ49/47Ti) for comparison to
previous studies.
All samples were spiked before the Ti separation procedure.
δ49/47Ti, δ49/47Ti Ti wire and uncertainties for meteorites reflect the combination of unspiked and spiked analyses.
a
Number of repeat analyses
b
2 SD reproducibility of 0.033 ‰ of Ti Alfa Aesar wire is given as 2 SD for <4 repeat analyses that had a 2 SD <0.033‰.
c
2 SD reproducibility of 0.033 ‰ of meteorites is given as 2 SD for <4 repeat analyses that had a 2 SD <0.033‰.
d
2 SD reproducibility based on combination of unspiked and spiked measurements.
e
Jochum et al. (2016).
f
Jarosewich (1990).
g
Shima (1979).
h
Duke (1967).
i
Barrat et al. (2015).
j
Monomict (M), polymict (P).

5. Discussion

analyses (Table 4). The combination of unspiked and spiked terrestrial
sample analyses of BCR-2 that were measured 6 times, respectively
display a reproducibility of 0.030‰ (Table 4). This provides an addi
tional uncertainty estimate for meteorites that were measured only 3–4
times and agrees well with the overall reproducibility of meteorite an
alyses (0.033‰).

5.1. Accuracy and reproducibility of mass-dependent Ti isotope data
5.1.1. Reproducibility of standard and sample analyses
Measurements of the Ti Alfa Aesar wire standard in 7 analytical
sessions measured over a time-period of 8 months display a reproduc
ibility (2 SD) of 0.033‰ in δ49/47Ti. A sample-standard bracketing
procedure was applied to correct for small drifts over a single mea
surement session and a daily correction factor for small daily offsets in
the absolute isotope ratios. The daily reproducibility (2 SD) of the Ti Alfa
Aesar wire standard was on average 0.035‰ and varied from
0.024–0.046‰ for δ49/47Ti, also determined using the sample-standard
bracketing procedure.
Terrestrial standard rocks that were measured over several analytical
sessions display overall a similar reproducibility (2 SD) as the daily
reproducibility of the standard at 0.018–0.031‰ for δ49/47Ti and an
average of 0.025‰ (Table 4). The reproducibility achieved for terrestrial
samples is similar to those of Millet et al. (2014) and Deng et al. (2018b).
Sample aliquots and the Ti Alfa Aesar solution standard that were only
measured twice display a larger range in uncertainties and a 2 SD of up
to 0.058‰ (Table 4, Fig. 1). Furthermore, individually processed sample
aliquots of basalts display δ49/47Ti values that overlap well within the
stated uncertainties (Table 4, Fig. 1).
Meteorite analyses show an overall reproducibility of 0.033‰ (2 SD)
for δ49/47Ti reflecting the combined precision of un-spiked and spiked

5.1.2. Effect of spike to sample ratio
The Ti isotope composition of Ti double spike – Ti Alfa Aesar wire
standard mixtures were analysed with variable spike/standard mixtures
(proportion of DS in mixture (P) = 0.21–0.76; bracketing standard: P =
0.51–0.52) in order to investigate the robustness of the proportion of
double spike used in the double spike standard mixture (Fig. 4b). The
results demonstrate that the presented double spike methodology yields
accurate mass-dependent Ti isotope data when the proportion of the
double spike in the double spike – standard mixture is between 0.35 and
0.69. At higher proportions of double spike in the measured solutions,
the accuracy of the δ49/47Ti data deteriorate beyond the average daily
reproducibility of the Ti Alfa Aesar wire standard. For standards that
were significantly underspiked with a double spike proportion of 0.21 in
the double spike – standard mixture, internal errors and the reproduc
ibility of standards increase. The proportion of double spike in the
samples varied from 0.34–0.71 and were measured relative to a ~ 1:1
mixture of spike to standard (P = 0.51). However, most sample aliquots
had double spike proportions of 0.46–0.58. Samples that were slightly
underspiked (P ~ 0.34) are the two R-chondrites and NWA 7325,
5
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This further demonstrates the excellent agreement between the Ti
isotope data obtained using the here presented methodologies and
literature results.
The accuracy of the employed methodologies was further tested by
processing an aliquot of double-spiked Ti standard through the column
separation procedure described in this paper. The column-processed
standard had an identical Ti isotope composition within uncertainties
to the unprocessed standard with a δ49/47Ti of − 0.019 ± 0.052 (2 SD, n
= 2).
For three meteorite samples, literature δ49/47Ti data are also avail
able. Our Ti isotope data for the CV chondrite Allende (δ49/47Ti = 0.086
± 0.045) overlaps within uncertainties with the results from Greber et al.
(2017b, δ49/47Ti = 0.052 ± 0.032, 95 % confidence intervals (c.i.)) and
Deng et al. (2018b, δ49/47Ti = 0.112 ± 0.089, 2 SD (recalculated from 2
SE)) (Fig. 2). Results for the CM chondrite Murchison (δ49/47Ti = 0.072 ±
0.033) and the eucrite Juvinas (δ49/47Ti = − 0.020 ± 0.070) from our
study also agrees with literature data of Deng et al. (2018b, δ49/47Ti =
0.037 ± 0.042) and Greber et al. (2017b, δ49/47Ti = -0.025 ± 0.030, 95%
c.i.), respectively (Fig. 2).
The comparison of the Ti isotope data for terrestrial reference sam
ples and meteorites therefore provides evidence for the accuracy of the
presented methodologies. Furthermore, the anion-exchange separation
procedure we utilize provides the opportunity for the combined study of
Zr and Ti isotopes (Leya et al., 2008; Leya et al., 2007; Schönbächler
et al., 2004) and avoids usage of solvent-based resins such as the TODGA
(DGA) resin that was employed by Greber et al. (2017b) and Deng et al.
(2018b). Organics derived from solvent-based resins can affect massbias and thereby produce analytical artifacts, as was documented for
e.g., the TRU- (Gault-Ringold and Stirling, 2012; Murphy et al., 2016)
and Ln-spec resins (e.g., Saji et al., 2016) for the Cd and Nd isotope
systems. Oxidising agents (HNO3 ± H2O2) were utilised by Greber et al.,
2017b and Deng et al., 2018b to treat the final Ti fractions and therefore
minimise the effect of remaining organics from the TODGA (DGA) resin.
The available data suggest that such effects of remaining organics are
insignificant for Ti within the presented uncertainties, given the agree
ment between the Ti isotope data of this study and literature (Fig. 2).

Fig. 1. Mass-dependent Ti isotope data of terrestrial reference samples and Ti
standards reported relative to the OL-Ti standard. The δ49/47Ti data for BHVO-2
and BCR-2 from this study (large squares with cross) represent averages of two
separately processed sample aliquots (smaller squares). Uncertainties are 2 SD
for δ49/47Ti data from this study (Table 4) and literature data from Millet and
Dauphas (2014), Millet et al. (2016): BHVO-2, BCR-2, Deng et al. (2018a,b) and
He et al. (2020), whereas uncertainties for literature data from Millet et al.
(2016: AGV-1), Greber et al. (2017a,b), Deng et al. (2019) and Johnson et al.
(2019) represent 95% confidence intervals.

whereas Dhofar 125 was overspiked (P = 0.71). The effect of the spike to
sample ratio is therefore considered negligible for the Ti massdependent isotope results of the samples investigated in this study.
5.1.3. Comparison to literature data
The two laboratory standards Ti Alfa Aesar solution (δ49/47Ti =
− 0.108 ± 0.033) and Ti Alfa Aesar wire (δ49/47Ti = 0.224 ± 0.033)
measured in this study display significant Ti fractionation compared to
the OL-Ti standard (Table 4, Fig. 1). The Ti Alfa Aesar solution standard
yields the lowest δ49/47Ti value of any material determined here. Vari
ations of up to 1.1‰ in δ49/47Ti have been documented for different Ti
standards (Zhang et al., 2011), highlighting the need for a common
reference standard to compare different mass-dependent Ti isotope
fractionation studies. Previous studies of mass-dependent Ti isotope
variations in chondrites (Deng et al., 2018b; Greber et al., 2017b) re
ported their data relative to different solution standards. To make an
inter-laboratory comparison of their chondrite results with data pre
sented here that were originally reported relative to the Ti Alfa Aesar
wire standard (Williams, 2014), they used the difference of their results
for USGS reference samples to correct for the standard offsets. Our crosscalibration of the Ti Alfa Aesar wire to the OL-Ti standard (Ti Alfa Aesar
wire has a δ49/47Ti of 0.224 ± 0.017 relative to OL-Ti, Table 4, Fig. 1)
allows a direct comparison of Ti isotope results for both reference and
chondrite samples. By doing so, our Ti isotope data of two terrestrial
USGS reference basalts agree well with those in the literature (Deng
et al., 2019; Deng et al., 2018a; Deng et al., 2018b; Greber et al., 2017a;
Greber et al., 2017b; He et al., 2020; Johnson et al., 2019; Millet and
Dauphas, 2014; Millet et al., 2016) with δ49/47Ti = 0.030 ± 0.026 for
BHVO-2 and δ49/47Ti = 0.005 ± 0.031 for BCR-2 (Fig. 1, Table 4). The
USGS andesitic reference sample AGV-2 has a more positive Ti isotope
composition with a δ49/47Ti of 0.099 ± 0.018 (Table 4, Fig. 1) compared
to the two investigated basalts reflecting magmatic differentiation
(Millet et al., 2016). Our Ti isotope data for AGV-2 overlaps within
uncertainties with literature data of He et al. (2020). AGV-2 has within
uncertainties an identical Ti isotope composition to AGV-1 determined
by Millet et al. (2016), Deng et al. (2018a,b, 2019) and He et al. (2020).

5.1.4. Nucleosynthetic Ti isotope variations
Previous mass-dependent Ti isotope studies used mass-independent Ti
data from the literature to correct for nucleosynthetic effects of meteorite
samples (Greber et al., 2017b; Deng et al., 2018b), whereas here unspiked
Ti data are combined with double-spike Ti analyses obtained on the same
sample dissolution to derive the δ49/47Ti values for meteorites (Table 4).
Our unspiked Ti isotope data (supplementary table S1) generally fall in
the range of reported literature data (Leya et al., 2008; Trinquier et al.,
2009; Zhang et al., 2012; Burkhardt et al., 2017). Utilizing average massindependent Ti data from the literature for different meteorite classes (as
applied by Greber et al., 2017b) instead of the average measured
unspiked Ti isotope data (supplementary table S1) for this correction
would result in slight differences in the obtained δ49/47Ti data. Estimated
shifts are insignificant at <0.01‰ for the ordinary chondrites Richardton
(δ49/47Ti = 0.022 ± 0.023) and Allegan (δ49/47Ti = 0.076 ± 0.033)
confirming their slightly different mass-dependent Ti isotope composi
tion (Table 4), whereas their unspiked mass-independent Ti isotope
composition is nearly identical and close to average literature data.
However, the difference between using literature data and data obtained
on the same sample dissolution is most prominent for Juvinas with a
resulting difference of ~0.038‰. Thus, using literature data would shift
the composition of Juvinas to ~0.018, which is close to that of Pasa
monte (δ49/47Ti = − 0.003 ± 0.033, Table 4). This estimated shift,
however, is not directly comparable to our reported data. To obtain a
more realistic estimate of δ49/47Ti and its associated errors, we randomly
combined individual unspiked and spiked analyses of a sample to
calculate the δ49/47Ti data (Table 4).
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Fig. 2. Mass-dependent Ti isotope data of meteorites.
Literature data for meteorites, lunar basalts, terres
trial basalts, komatiites and magmatic differentiation
sequences are from Millet and Dauphas (2014), Millet
et al. (2016), Greber et al. (2017a,b), Deng et al.
(2018a,b, 2019), Kommescher et al. (2020) and
Hoare et al. (2020). The δ49/47Ti data are reported
relative to the OL-Ti standard. Displayed un
certainties are 2 SD for data from this study (Table 4)
and Deng et al. (2018b) and 95% confidence intervals
for data from Greber et al. (2017b).

5.2. Titanium isotope fractionation due to laboratory chemical processing

Table 5
Titanium isotope fractionation of separation procedure.
Samples

δ49/47Ti

BHVO-2
BCR-2
AGV-2
Murchison
Allende aliquot 1
Allende aliquot 2
Allegan
Richardton
Pasamonte

0.026
− 0.022
0.048
− 0.054
0.073
0.128
− 0.017
0.194
− 0.003

offset

2 SD
0.033a
0.036
0.033a
0.033b
0.048
0.033b
0.033b
0.033b
0.059

Samples to which the Ti double spike was added after the chemical
separation procedure display variable offsets in their Ti isotope frac
tionation compared to samples that were spiked before the separation
procedure at − 0.054 ± 0.033 to +0.194 ± 0.033‰ for δ49/47Ti with an
average of 0.043 ± 0.165‰ (Table 5, Fig. 3). This provides evidence of
Ti isotope fractionation induced by the separation procedure. Samples
are dissolved in 4 M HF for the first column step (Table 1) and are
centrifuged before sample loading to remove fluoride precipitates. He
et al. (2020) reported Ti isotope fractionation for samples that were
dissolved in 2 M HF as a consequence of formation of fluoride pre
cipitates, resulting in sample solutions with heavier Ti isotope compo
sition than the precipitates. Several of the here studied sample aliquots
that were spiked after the column procedure also have a heavier Ti
isotope composition compared to samples that were spiked before the
separation procedure. Therefore, Ti isotope fractionation due to the
formation of fluoride precipitates likely caused part of the observed
discrepancies between δ49/47Ti results for sample aliquots that were
spiked before and after the separation procedure (Table 5, Fig. 3).
Furthermore, ion-exchange separations can induce isotope fractionation
if column yields are incomplete (e.g., Anbar et al., 2000; Schönbächler
et al., 2007). Therefore, the applied anion-exchange column procedure

2 SE
0.025
0.028

0.034

Ti isotope results of sample aliquots that were spiked after the separation pro
cedure. Data are reported relative to results reported in Table 4 for sample ali
quots that were spiked before the separation procedure.
a
2 SD reproducibility of 0.033 ‰ of Ti Alfa Aesar wire is given as 2 SD for <4
repeat analyses that had a 2 SD <0.033 ‰.
b
2 SD reproducibility of 0.033 ‰ of meteorites is given as 2 SD for <4 repeat
analyses that had a 2 SD <0.033 ‰.
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may also have contributed to the observed variations and could provide
an explanation for fractionation towards a heavier and lighter isotope
composition. However, four of the investigated nine sample aliquots
displayed no evidence of mass-dependent Ti isotope fractionation by the
chemical separation procedure given the average reproducibility of
0.025 and 0.033‰ for terrestrial and meteorite sample data. The
amount of fractionation induced by the separation procedure varies and
therefore only mass-dependent Ti isotope fractionation data of samples
spiked before the ion-exchange technique yield accurate δ49/47Ti isotope
data. Since other Ti separation methods (Deng et al., 2018b; Millet and
Dauphas, 2014; Zhang et al., 2011) use part of the method presented
here (first and third column, originally from Schönbächler et al., 2004),
this also applies for those separation procedures.
5.3. Mass-dependent titanium isotope fractionation in meteorites
5.3.1. Titanium isotope fractionation of chondrites
The chondrites investigated here display limited Ti isotope frac
tionation (Table 4) with a range of 0.001 ± 0.033 to 0.086 ± 0.045 for
δ49/47Ti that overlaps with literature data (Deng et al., 2018b; Greber
et al., 2017b, Fig. 2). The Ti isotope value for CAI NV 1 from Allende
(Table 4) is also in line with previous data (Davis et al., 2018; Niederer
et al., 1985) and displays limited fractionation with a δ49/47Ti of 0.015
± 0.033 that is only 0.071‰ lower than bulk Allende. Chondrites are an
assemblage of material from the solar nebula and include not only finegrained matrix, but also chondrules and CAIs that formed in the nebula.
In this environment, mass-dependent isotope fractionation can be
generated through evaporation and condensation processes. The limited
Ti isotope fractionation observed in chondrites is expected for equilib
rium processes because this type of mass-dependent isotope fraction
ation is predicted to be small at high temperatures (e.g., Schauble, 2004)
and Ti is a refractory element with a high half mass condensation tem
perature of 1565 K (Wood et al., 2019). The Ti isotope data (Fig. 2) is in
agreement with mass-dependent data from other refractory elements.
These elements generally display limited isotope fractionation in bulk
chondrites (around 0.2‰/amu or less for Mo, Ru, Pd, REE, W and Pt
(Albalat et al., 2012; Breton and Quitte, 2014; Burkhardt et al., 2014;
Creech et al., 2017a,b; Hopp and Kleine, 2018; Krabbe et al., 2017;
McCoy-West et al., 2017)). This suggests that near equilibrium processes
dominated in the solar nebula and kinetic isotope fractionation was
suppressed by high dust/gas ratios (e.g., Alexander et al., 2008).
Experimental data, however, demonstrated that substantial kinetic
Ti isotope fractionation can be produced by evaporation (Zhang et al.,
2014). Large variations of up to 38‰ were documented for hibonite
grains in FUN (fractionated and unidentified nuclear effects) inclusions
(Ireland et al., 1992) and up to 8‰ for bulk values of normal and FUN
CAIs (Davis et al., 2018; Niederer et al., 1985). The average massdependent Ti isotope composition of CAIs, however, is close to that of
terrestrial basalts (Davis et al., 2018) and this suggests that CAIs do not
strongly influence the bulk chondrite compositions. This stands in
contrast to nucleosynthetic Ti isotope variations carried by CAIs. They
can range up to 1‰ for 50Ti and affect the isotopic bulk rock composi
tions (e.g., Davis et al., 2018; Leya et al., 2009; Niederer et al., 1985;
Trinquier et al., 2009).
While refractory elements in general show very limited isotope
fractionation in chondrites, they exhibit significant mass-dependent Ca
isotope variations of up to 0.25‰/amu (Amsellem et al., 2017; Huang
and Jacobsen, 2017; Simon and DePaolo, 2010; Valdes et al., 2014).
Calcium has a similar half mass condensation temperature (1535 K,
Wood et al., 2019) to Ti (1565 K) and therefore should behave similarly
to Ti. The difference between Ti and Ca isotopes in chondrites is likely
related to CAIs (see discussion in Deng et al., 2018b; Greber et al.,
2017b). While CAIs show an average δ49/47Ti value close to that of
terrestrial basalts (Davis et al., 2018), their average Ca isotope compo
sition is shifted towards lighter composition (Huang et al., 2012; Nie
derer and Papanastassiou, 1984) and offset, by mass balance, the bulk

Fig. 3. Mass-dependent Ti isotope data of sample aliquots that were spiked
before (filled symbols) and after (open symbols) the column separation pro
cedure. Uncertainties are 2 SD.

Fig. 4. (a) Expected uncertainties on the fractionation factor (α) after double
spike calculations are given as a function of the ratio of double spike in the
double spike (DS) - sample mix for different DS mixtures. Results were obtained
by the error minimization code of Rudge et al. (2009). (b) Titanium isotope
data for various mixtures of DS and Ti Alfa Aesar wire standard. The results are
reported relative to data acquired at proportion of double spike to standard of
approximately 1:1 (DS proportion of 0.52 in mixture). The light grey rectangle
denotes the range of mixtures present for sample analyses. Dark grey rectangle:
all except 4 samples. Displayed uncertainties for under- and overspiked mix
tures denote the internal precision (2 SE) of the analyses. The error band dis
plays the average daily reproducibility (2 SD) of Ti Alfa Aesar wire standard
analyses with DS proportions of ~0.5 in the mixture.
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chondrite composition towards lighter values.

of the double spike calculations. For this reason, mass-dependent and
mass-independent data was obtained from the same sample aliquot in
this study. Previous work used literature data and therefore sample
heterogeneity in the nucleosynthetic Ti isotope composition, propagated
through the double spike inversion, could have induced at least part of
the observed Ti isotope variations. For example, Deng et al. (2018b)
reported variable δ49/47Ti results of up to 0.1‰ for different sample
digestions of carbonaceous chondrites. These chondrites display distinct
nucleosynthetic Ti isotope compositions for major components (chon
drules, matrix and CAIs; Davis et al., 2018; Gerber et al., 2017; Leya
et al., 2009; Niederer et al., 1985; Trinquier et al., 2009). A nonrepresentative sampling of these components likely lead to the nucleo
synthetic Ti isotope heterogeneity for bulk rock aliquots reported for, e.
g., the CV chondrite Allende (Burkhardt et al., 2017; Leya et al., 2008;
Trinquier et al., 2009; Zhang et al., 2011; Zhang et al., 2012). An un
representative sampling of chondrite components may also be reflected
in the Ti content of bulk meteorite samples, although presolar gains do
not substantially contribute to the bulk Ti content, but chondrules and
CAIs may do so. The ordinary (Allegan and Richardton: 0.085 wt% TiO2)
and R-chondrites (NWA 755 and NWA 753: 0.096 and 0.093 wt% TiO2)
are considered to be representative bulk samples based on their nearly
identical Ti contents (Table 4). Allegan and Richardton furthermore
have a slightly distinct mass-dependent Ti isotope composition (Fig. 2),
while having identical Ti contents (Table 4). Murchison has a slightly
lower Ti content at 0.1 wt% TiO2 compared to literature data (0.13 wt%
TiO2; Jarosewich, 1990), indicating it might be slightly enriched in
matrix that has a lower Ti content compared to chondrules and CAIs
(Table 4, MacPherson et al., 1988; Gerber et al., 2017). The effect of an
incorrect nucleosynthetic Ti isotope composition in the double-spike
calculations is to some extent mitigated by avoiding 50Ti that gener
ally carries the largest nucleosynthetic offsets. This has been applied for
all recent double spike studies (Deng et al., 2018b; Greber et al., 2017b;
Millet et al., 2016). Beside 50Ti, the next largest nucleosynthetic offsets
exist for 46Ti and they are most expressed in carbonaceous chondrites.
For Allende, ε46Ti data range from 0.53 to 0.94 (Burkhardt et al., 2017;
Trinquier et al., 2009; Zhang et al., 2012), which would translate into
corrections of 0.06 to 0.1‰ and therefore a difference of ~0.04‰ in δ49/
47
Ti depending on the choice of un-spiked sample data. This is likely
close to the maximum expected shift because nucleosynthetic Ti isotope
variations of bulk samples from other meteorite classes are generally
smaller (see e.g. Haack et al., 2019 for ordinary chondrites), as are nu
cleosynthetic shifts in ε48Ti that also need correction. Nevertheless,
since the analytical precision of δ49/47Ti is smaller than the maximum

5.3.1.1. A bimodal distribution. The R chondrites are highly oxidised
and form a distinct chondrite group (Bischoff et al., 2011). The two R
chondrites NWA 753 (δ49/47Ti = 0.025 ± 0.045) and NWA 755 (δ49/47Ti
= 0.001 ± 0.033) have Ti isotope compositions very close to the ordi
nary chondrite Richardton (H5) (δ49/47Ti = 0.022 ± 0.023, Table 4). The
Ti isotope data for the H5 chondrite Allegan and the two carbonaceous
chondrites Allende and Murchison overlap with the composition of the R
chondrites and Richardton (H5). They, however, consistently tend to
wards slightly heavier δ49/47Ti values from 0.072 ± 0.033 to 0.086 ±
0.045 (Fig. 2, Table 4). Hence, the Ti isotope data of chondrites appear
to form a bimodal distribution (Fig. 2). This is also reflected in the
literature data, although this data display a relatively large spread with
− 0.027 ± 0.033 to 0.154 ± 0.024 for δ49/47Ti (Fig. 2, Deng et al., 2018b;
Greber et al., 2017b), mainly defined by the data of Deng et al. (2018b).
While the Ti isotope variations appear unrelated to chondrite groups
(Fig. 2) and metamorphic grade (Fig. 5), there are indications for po
tential systematic differences between the different data sets (Fig. 2).
The average δ49/47Ti value of chondrites from Greber et al. (2017b) is
slightly lower with 0.007 ± 0.039 (2 SD) compared to the data of Deng
et al. (2018b) with 0.071 ± 0.084. The average of the 6 chondrites
presented in this study is intermediate with δ49/47Ti of 0.047 ± 0.070.
The majority of the Ti isotope data for different bulk chondrites (Fig. 2)
are not, or only barely, resolvable if conservative uncertainty estimates
(2 standard deviations) are applied, which makes it difficult to exclude
analytical artifacts. However, the Ti isotope data for terrestrial reference
rocks and the carbonaceous chondrites Allende and Murchison of the
different studies agree within uncertainties (Figs. 1 and 2, Deng et al.,
2018b; Greber et al., 2017b). This would argue against analytical arti
facts and for Ti isotope variations inherent to the sample. In the
following potential implications are discussed.
5.3.1.2. Sample heterogeneity and nucleosynthetic Ti isotope variations. It
is well documented that chondrites and their components (CAIs, chon
drules and matrix) carry significant mass-independent, nucleosynthetic
Ti isotope variations (Davis et al., 2018; Gerber et al., 2017; Leya et al.,
2009; Niederer et al., 1985; Trinquier et al., 2009) that stem from the
heterogeneous distribution of presolar grains in the solar nebula (e.g., Ek
et al., 2020). These grains formed in different stellar environment before
the birth of our sun and carry the extreme isotopic composition of their
stellar formation sites (e.g., Zinner, 2014). The actual nucleosynthetic Ti
isotope composition of the measured bulk aliquot is a crucial parameter

Fig. 5. Mass-dependent Ti isotope data for ordinary and enstatite chondrites (from Table 4 and Greber et al. (2017b) and Deng et al., 2018b) versus metamorphic
grade. Displayed uncertainties are 2 SD (Table 4, this study and Deng et al., 2018b) and 95% confidence intervals for data from Greber et al. (2017b), δ49/47Ti data
are reported relative to the OL-Ti standard.
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(Fig. 2). Consequently, additional δ49/47Ti data for representative sam
ples of the silicate Earth and chondrites will be necessary to further
evaluate whether the Earth is chondritic in its mass-dependent Ti isotope
composition.

offsets, they are significant. They are further relevant because only small
sample amounts are necessary for a high-precision Ti isotope analysis by
MC-ICP-MS, generally as little as ≤1 μg Ti (~1–2 mg bulk chondrite). In
the present study, sample powders of ≥100 mg were digested, whereas
previous works used very small aliquots for mass-dependent Ti isotope
analyses (Deng et al., 2018b: 6–25 mg; Greber et al., 2017b: 50–100 mg,
personal communication). In addition, the literature data used in these
studies for the correction obtained their nucleosynthetic compositions
on small sample aliquots (Zhang et al., 2012: 1–10 mg; Trinquier et al.,
2009: 10–100 mg).
Therefore, it is possible that sample heterogeneity is responsible for
at least part of the observed δ49/47Ti variations in the literature (Deng
et al., 2018b; Greber et al., 2017b). In the present study, the effect of
such heterogeneities is minimised because un-spiked and spiked Ti
isotope data are obtained from the same sample aliquots.

5.3.2. Titanium isotope fractionation of achondrites
Achondrites show evidence of significant mass-dependent Ti isotope
fractionation with δ49/47Ti variations in the range of 0.75 (Table 4, Fig. 2)
and therefore display larger Ti isotope fractionation than chondrites. The
ungrouped achondrite NWA 7325 possess the heaviest δ49/47Ti value of
all investigated meteorites and hence, the significance of this result will
be discussed in Section 5.3.2.1. With the exception of NWA 7325, the
three investigated achondrites display a relatively narrow range of
− 0.020 ± 0.070 to 0.094 ± 0.033 for δ49/47Ti overlapping with the
composition of chondrites, terrestrial and lunar basalts and terrestrial
komatiites (Table 4, Fig. 2). The data for the two basaltic eucrites Juvinas
(δ49/47Ti = − 0.020 ± 0.070) and Pasamonte (δ49/47Ti = − 0.003 ± 0.033)
agree within uncertainties with results from Greber et al. (2017b) for
eucrites and diogenites. These meteorites belong to the HED clan that is
thought to originate from the asteroid Vesta (Binzel and Xu, 1993). Our
results further support the results of Greber et al. (2017b). These authors
concluded that Ti isotope fractionation in mafic systems such as that of
the HED meteorites is limited because (i) Ti does not exist in different
oxidation states (Ti3+ versus Ti4+) and (ii) no Fe-Ti oxide (e.g., ilmenite)
has reached saturation. Fractional crystallisation and removal of Fe-Ti
oxides with a light Ti isotope composition has been favoured to explain
the positive correlation of δ49/47Ti with SiO2 concentration in more
evolved terrestrial magmatic rocks (Deng et al., 2019; Deng et al., 2018a;
Greber et al., 2017a; Hoare et al., 2020; Millet and Dauphas, 2014; Millet
et al., 2016).
The acapulcoite Dhofar 125 displays a slightly higher δ49/47Ti of
0.094 ± 0.033 than Juvinas and Pasamonte (δ49/47Ti = − 0.020 ± 0.070
and 0.003 ± 0.033, Table 4) and literature data of HED meteorites and
angrites (Fig. 2). Acapulcoites, including Dhofar 125, are residues that
experienced low degrees of partial melting (1–4 vol%) (e.g., Keil and
McCoy, 2018; Mittlefehldt et al., 1998; Patzer et al., 2004). Partial
melting of the Earth’s mantle produces very limited Ti isotope frac
tionation, as indicated by Ti isotope data of mid-ocean ridge and island
basalts, komatiites and a small number of peridotites (Deng et al.,
2018a; Greber et al., 2017b; Millet et al., 2016). By contrast, the
achondritic aubrites, which are also residue of partial melting, display
larger fractionation (δ49/47Ti = − 0.069 ± 0.034 to 0.242 ± 0.034, Fig. 2,
Greber et al., 2017b). This is likely related to the more reducing con
ditions on the aubrite parent body. This environment allowed for the
formation of Ti rich-sulfides, which likely favour Ti3+ in contrast to the
prevalent Ti4+ in silicates. The extraction of Ti by a sulphide melt during
core formation may explain the heavier composition of aubrites (Greber
et al., 2017b; Wang et al., 2020). However, acapulcoites are less reduced
than aubrites (Righter et al., 2016) and Ti has not been detected in
sulphide (Patzer et al., 2004). This implies that sulfide melt extraction
from the acapulcoites cannot explain the slightly heavier Ti isotope data
of Dhofar 125 compared to HED meteorites and basalts from terrestrial
magmatic systems.
Acapulcoites, however, contain Ti bearing oxide minerals such as
chromite (Hutchison, 2004), which might have a fractionated Ti isotope
composition. Therefore, sample heterogeneity could be the cause of the
slightly heavier Ti isotope composition for Dhofar 125. In any case,
Dhofar 125 only experienced limited fractionation and its δ49/47Ti value
(0.094 ± 0.033) falls within the range of compositions defined by bulk
chondrites. Further investigations would help to reveal whether the Ti
isotope composition of Dhofar 125 is characteristic for acapulcoites. In
summary, magmatic processes induced very limited mass-dependent Ti
isotope variations in acapulcoite and the HED meteorites in contrast to
NWA 7325, aubrites and terrestrial evolved igneous rocks (Fig. 2; Deng
et al., 2019; Greber et al., 2017a; Greber et al., 2017b; Millet et al.,
2016).

5.3.1.3. Mass-dependent Ti isotope variations & thermal metamorphism.
Small scale sample heterogeneity in δ49/47Ti potentially also affected the
data. This is because CAIs exhibit relatively large δ49/47Ti variations
(Davis et al., 2018) and small sample aliquots may contain different
amounts of CAIs. This effect is mainly relevant for carbonaceous chon
drite (CV, CM, CO) data because of their higher CAI abundances (Hezel
et al., 2008), while ordinary chondrites have low CAI contributions.
Instead, most ordinary chondrites experienced thermal metamorphism.
They exhibit sharp increases in Ti4+ relative to Ti3+ between type 3.5
and type 4 samples in both olivine and pyroxene due to metamorphism
(Simon et al., 2016). Large fractionation associated with redox processes
is known for many isotopic systems and are also expected for Ti based on
first principles calculations (Wang et al., 2020). Therefore, it is possible
that distinct δ49/47Ti values develop in different phases of ordinary
chondrites during metamorphism and this would require larger sample
aliquots to be analysed for the data to be representative for bulk rock.
Moreover, the effect of sample heterogeneity may vary with increasing
grade of metamorphism due to new mineral phases that form including
Ti rich chromite, which can be up to 0.2 mm in size (Huss et al., 2006).
So far, only bulk rock mass-dependent Ti isotope data are available for
ordinary chondrites. Generally, they show no trend with sup-groups (H,
L, LL) or metamorphic grade (Fig. 5). Titanium isotope fractionation is
larger for two LL6 chondrites compared to the available data for LL5 and
LL4 chondrites (Fig. 5). However, this is a very limited data set. It is
noteworthy that the two H5 chondrites Allegan and Richardton
(Table 4) display distinct isotopic compositions. This indicates that
indeed Ti isotope fractionation occurs during thermal metamorphism in
ordinary chondrites and that mass-dependent Ti isotope data could be
used to further constrain the metamorphic evolution on the ordinary
chondrite parent bodies.
5.3.1.4. Chondritic Earth. Compositional differences in the early solar
system are evident based on mass-dependent variations between
different chondrite groups and/or a non-chondritic silicate Earth
composition for the major elements Mg, Si, Ca, Ni (potentially also Fe)
(e.g., Amsellem et al., 2017; Dauphas et al., 2017; Hin et al., 2017;
Huang and Jacobsen, 2017; Klaver et al., 2020; Zambardi et al., 2013).
They are generally considered to be related to volatility (evaporation
and condensation processes, e.g., for Ca) and/or core formation. The
mass-dependent Ti isotope composition of chondrites (Deng et al.,
2018b; Greber et al., 2017b) overlaps with that of terrestrial basalts,
komatiites and lunar basalts (δ49/47Ti of − 0.074 ± 0.030 to 0.200 ±
0.030 and most data fall in the range of − 0.039 to 0.056 for δ49/47Ti,
Deng et al., 2019; Deng et al., 2018a; Greber et al., 2017a; Greber et al.,
2017b; Hoare et al., 2020; Kommescher et al., 2020; Mandl, 2019; Millet
et al., 2016, Fig. 2). Therefore, the available Ti isotope data support a
chondritic Earth in terms of Ti isotope fractionation. However, several
chondrites, including the two carbonaceous chondrites, have slightly
heavier compositions compared to terrestrial basalts and komatiites
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5.3.2.1. Titanium isotope fractionation of the achondrite NWA 7325. The
ungrouped achondrite NWA 7325 has the most positive δ49/47Ti value of
all investigated samples with δ49/47Ti = 0.733 ± 0.060 (Fig. 2). North
west Africa 7325 is a unique meteorite that likely originates from a so far
unsampled parent body based on O and Cr isotope data and its unusual
mineralogy (Barrat et al., 2015; Goodrich et al., 2017; Irving et al., 2013;
Weber et al., 2016). Its O isotope composition overlaps with that of
ureilites (Barrat et al., 2015; Goodrich et al., 2017; Irving et al., 2013;
Weber et al., 2016), whereas its nucleosynthetic Cr and Ti isotope
compositions are identical to acapulcoites (Goodrich et al., 2017).
Northwest Africa 7325 was described as a medium-grained cumulate
gabbro consisting of plagioclase (55–60%), diopside (25–30%), for
steritic olivine (10–16%) and accessories of sulphide, metal, chromite
and eskolaite (Barrat et al., 2015; Goodrich et al., 2017; Irving et al.,
2013). It appears to be a cumulate that formed from a largely basaltic
melt, low in incompatible elements and Ti (Goodrich et al., 2017). In
addition, NWA 7325 experienced secondary melting likely related to an
impact followed by fast cooling (Yang et al., 2019). Based on valences of
Ti, V and Cr in olivine and pyroxene (Sutton et al., 2017), it formed
under highly reduced conditions. North West Africa 7325 was initially
suggested to potentially originate from Mercury based on the presence
of diopside that matched spectral observations of Mercury (Irving et al.,
2013). However, NWA 7325 displays very old ages (4563.4 ± 2.6 Ma,
Pb-Pb; 4563.10 ± 0.27, 26Al-26Mg relative to d’Orbigny) and therefore
likely formed on an asteroidal body (Koefoed et al., 2016). Like NWA
7325, aubrites also display heavy δ49/47Ti values compared to the HED
meteorites, but of a smaller magnitude than NWA 7325 (Fig. 2). As
mentioned before, it was proposed that the Ti isotope composition of
aubrites is due to reducing conditions during differentiation of aubrites
that allowed for chalcophilic Ti3+ and lithophilic Ti4+ (Greber et al.,
2017b). North West Africa 7325 also contains minor amounts of sul
phides. Since Ti3+ occurs in olivine and pyroxene of NWA 7325, chal
cophilic Ti3+ was likely also present on the parent body of NWA 7325.
Therefore, sulphides could have contributed to the removal of isotopi
cally light Ti for example, during the extraction of incompatible ele
ments from the source of NWA 7325. However, the available data
(Barrat et al., 2015; Goodrich et al., 2017; Yang et al., 2019) suggest that
sulphides contain only a minor amount of Ti and that most Ti is hosted in
the major silicate phases. Therefore, chalcophilic Ti3+, if present in NWA
7325, likely had only a marginal effect on the δ49/47Ti of the bulk
sample. The variable redox state of Ti (Ti3+ versus Ti4+) in pyroxene of
NWA 7325 (Sutton et al., 2017) could potentially lead to isotope frac
tionation behaviour, that is distinct from the terrestrial environment.
For Earth, it has been shown that fractional crystallisation in ultramafic
to mafic rocks do not lead to significant Ti isotope fractionation (Millet
et al., 2016; Greber et al., 2017b; Deng et al., 2018a). Pyroxene is ex
pected to dominate the Ti mass balance of NWA 7325 and has therefore
a major leverage, if it fractionates Ti isotopes. Both pyroxene and olivine
in NWA 7325 formed under highly reduced conditions and contain
considerable amounts of Ti3+ in addition to Ti4+ (Sutton et al., 2017),
the dominant redox state of Ti on Earth (Tillmanns and Correns, 1972;
Waychunas, 1987). At equilibrium, lower oxidation states prefer light
isotopes (Schauble, 2004) and therefore Ti3+ likely is enriched in light
isotopes. This is consistent with theoretical Ti equilibrium fractionation
factors determined using force constants and density functional theory
(Wang et al., 2020). This work estimated that pyroxene containing pure
Ti3+ has a lighter δ49/47Ti by ~0.9‰ compared to Ti4+-pyroxene at
1000 K. Since NWA 7325 is described as a cumulate rock with pyroxene
that formed from a largely basaltic melt, crystallising pyroxene with a
light Ti composition will shift the δ49/47Ti of the cumulate towards light
compositions. This is opposite to the observed heavy composition of
NWA 7325. A light composition of pyroxene is also likely based on
consideration of the Ti fractionation behaviour between melt and py
roxene using the coordination state of Ti. Pyroxene in NWA 7325 mainly
contains 6-fold coordinated Ti with some minor (26%) 4-fold coordi
nated Ti (Sutton et al., 2017), whereas basaltic melts contain both 5-fold

and 6-fold coordinated Ti (Farges and Brown Jr., 1997). Therefore, melt
has in general a lower coordination number, when neglecting the 4-fold
coordinated Ti. Lower coordination numbers are associated with stiffer
bonds and enrichment of heavy isotopes (Schauble, 2004), therefore
pyroxene is expected to be again enriched in isotopically light Ti
compared to the melt. As pointed out above, this will lead to a light
composition of NWA 7325 instead of the observed heavy one. Only in
the case that 4-fold coordinated Ti in pyroxene dominates the system,
isotopically heavy Ti by ~0.8‰ (at 1000 K) compared to 6-fold coor
dinated Ti (Leitzke et al., 2018) can be expected in pyroxene. However,
to determine if this could be a viable scenario, further work on the co
ordination of Ti during pyroxene crystallisation in NWA 7325 is
required. Iron-Ti oxides are in general considered to be isotopically light
in Ti compared to melt and silicate phases based on existing models for
magmatic Ti isotope fractionation (Deng et al., 2019; Greber et al.,
2017a; Millet et al., 2016), equilibrium fractionation factors of oxide
and silicate phases derived by density functional theory (Wang et al.,
2020) and also based on Ti isotope data for ilmenite, magnetite and
heavy mineral separates (Johnson et al., 2019; Mandl, 2019; He et al.,
2020). Enrichments in isotopically heavy Ti (δ49/47Ti = 1.66 ± 0.05)
have been documented for magnetite in a single case only, in mineral
separates from a quartz monzonite (He et al., 2020). Based on this, it
seems unlikely that the unusual formation of isotopically heavy oxides
(magnesiochromite, ferrochromite, magnetite; Barrat et al., 2015; Irving
et al., 2013; Weber et al., 2016) from the parent melt produced the
heavy δ49/47Ti composition of NWA 7325. It is important to note that
NWA 7325 is highly depleted in Ti, likely as a result of fractional crys
tallisation and melting under reducing conditions. This produced large
positive Eu anomalies in the feldspar rich NWA 7325 and a depletion of
incompatible elements, including Ti, in the source rock of NWA 7325
(Barrat et al., 2015). It is therefore conceivable that the Ti depletion
event of the gabbroic or anorthositic source rock (Barrat et al., 2015;
Frossard et al., 2019) produced the heavy δ49/47Ti composition of NWA
7325. In such a scenario, isotopically light Ti was retained by Fe-Ti
oxides, which were not included into the source of NWA 7325. This
led to the depletion of Fe and light Ti in the source and simultaneously
enriched heavy Ti isotopes. These were then inherited by the melt
forming NWA 7325. Additionally, NWA 7325 is rich in plagioclase
(55–60%), which is anticipated to preferentially incorporate heavy
isotopes based on Ti isotope data of plagioclase separates (He et al.,
2020; Mandl, 2019). Preferential incorporation of isotopically heavy Ti
into plagioclase is consequently likely to contribute partially to the
heavy Ti isotope data of NWA 7325. This indicates that the high δ49/47Ti
value of NWA 7325 has been produced by multiple fractionation events
involving Fe-Ti oxides and plagioclase under reducing conditions. In
summary, the new Ti isotope results provide evidence that nebular
processes and accretion produced only small Ti isotope fractionation
and suggest that different early solar system bodies have a uniform massdependent Ti isotope composition within reported uncertainties (2
standard deviations). In contrast, magmatic differentiation can produce
Ti isotope fractionation on reduced parent-bodies as documented for
NWA 7325, aubrites, the Moon and the Earth (Fig. 2; Deng et al., 2019;
Greber et al., 2017a; Greber et al., 2017b; Kommescher et al., 2020;
Millet et al., 2016).
6. Conclusions
The double spike technique was utilised for the determination of
mass-dependent Ti isotope fractionation within terrestrial and meteorite
samples using MC-ICP-MS and a new optimised three stage ion-exchange
separation technique. Two single element laboratory standards (Ti Alfa
Aesar solution and Ti Alfa Aesar wire), the OL-Ti standard and three
terrestrial reference samples were analysed to test the methodologies.
Mass-dependent Ti isotope data for two basaltic and one andesitic
reference sample agree well with literature data and therefore verify the
accuracy of the presented methodologies.
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Our newly obtained mass-dependent Ti isotope data of two Rumuruti
chondrites and the acapulcoite Dhofar 125 fall within the compositional
range of ordinary and carbonaceous chondrites. Small mass-dependent
Ti isotope variations are evident for different meteorite samples in this
and also previous studies and seem unrelated to different meteorite
groups and thermal metamorphism. Therefore, only limited massdependent Ti isotope fractionation is evident for early solar nebula or
parent body processes for chondrites, eucrites and acapulcoites. Sample
heterogeneity is likely responsible for at least part of the documented Ti
isotope variations. Therefore, additional high-precision Ti isotope ana
lyses of representative meteorite samples are necessary to further
investigate about the cause for the spread in mass-dependent isotope
compositions for chondrites and to verify that the Earth has a chondritic
composition.
The unique ungrouped achondrite NWA 7325 displays larger Ti
isotope variations compared to all investigated samples, which is likely
related to magmatic processes that occurred under highly reducing
conditions present on its parent body and/or oxide and plagioclase
formation. A better understanding of Ti isotope fractionation processes
under such unusual reduced conditions would help to further constrain
the conditions of the NWA 7325 parent body.
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Leya, I., Schönbächler, M., Wiechert, U., Krahenbühl, U., Halliday, A.N., 2008. Titanium
isotopes and the radial heterogeneity of the solar system. Earth Planet. Sci. Lett. 266,
233–244.
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