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ABSTRACT: In this study, we report independent measurements
of all stable isotope ratios of gadolinium. Our study employs
multicollector inductively coupled plasma mass spectrometry
(MC-ICPMS) with National Research Council Canada (NRC)
HALF-1 isotopic hafnium standard as a primary calibrator and
surveys four commercial gadolinium materials, including a NRC
candidate isotopic reference material, GADS-1. The isotopic
composition of gadolinium is determined using the regression
model without reliance on conventional normalizing isotope ratios
or mass-dependent isotope ratio correction models. In this work,
all gadolinium isotope ratios were obtained from '®°Gd/'**Gd
which, in turn, was measured from hafnium 73Hf/Y’Hf either
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directly or indirectly through '¢Er/'®Er. The latter approach was used for the final determination of gadolinium isotopic
composition, as it provides smaller combined uncertainty. We report high-precision measurements of the isotopic composition of
gadolinium, which support a revised standard atomic weight. Isotope amount ratios of Rys;/155 = 0.008 20(2)—y, Rys4/155 = 0.087
98(12)-1, Ryss/iss = 0.596 81(63)i_y, Rise/rss = 0.825 08(57) oy, Rysy/iss = 0.630 60(22),,, and R, g/155 = 0.879 10(60),._,, and the
atomic weight of A,(Gd) = 157.2502(6),-, were obtained for gadolinium in GADS-1.

Isotopes of gadolinium display several unique physical
properties, which lead to numerous applications.” As an
example, '**Gd and '*’Gd have large absorption cross-section
for thermal neutrons thus making them effective in controlling
nuclear reactors.'”* In this vein, changes of gadolinium
isotopic composition are used to monitor the nuclear fuel
during fission reactions.” Gadolinium isotopes also have
applications in geoscience because variations of '*°Gd/!**Gd
and "**Gd/"’Gd isotope amount ratios can be used to study
thermal neutron capture®” or the interaction of cosmic rays
with planetary materials.”*~"° Owing to its magnetic proper-
ties, gadolinium finds widespread use in neutron capture
therapy (Gd-NCT) for cancer treatment''~'” and as a contrast
agent in magnetic resonance imaging (MR.I).ZO_23 Given that
the applications of gadolinium are isotope-specific, analysis of
gadolinium isotope ratios are crucial in medical applications.”*
Moreover, with the increased use of Gd-based materials in
nuclear industry, medicine, and technology, gadolinium has
emerged as a contaminant of aquatic environments which will
place even greater demands for its analysis.”>~*’

Despite its importance, gadolinium remains one of the few
elements whose isotopic composition has received little
attention. Indeed, the International Union of Pure and Applied
Chemistry (IUPAC) recently noted that new calibrated
isotopic composition measurements of gadolinium could
substantially improve its standard atomic weight.”® Both
thermal ionization mass spectrometry (TIMS) and multi-
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collector inductively coupled plasma mass spectrometry (MC-
ICPMS) have been used for gadolinium isotope ratio
measurements for decades. However, in the absence of
gadolinium isotope standards, all studies thus far have relied
on conventional values for isotope ratios to correct for
instrumental isotopic fractionation, for example, by assuming
that °Gd/'®*Gd = 0.9361 in all materials for some reason—
an assumption that has been shown invalid.”” The aim of this
study is to provide an independent calibrated measurement of
isotopic composition of gadolinium without relying on any
such conventional isotope ratio normalizing values. A primary
method of isotope amount ratio analysis is the full gravimetric
isotope mixture (FGIM) model, which requires weighable
amounts of all near-pure (separated) isotopes of the element.*
Such method is costly for gadolinium, having seven isotopes. A
low-cost alternative approach, employed in this work, is the
regression model, which is increasingly employed for absolute
isotope amount ratio measurements.’' ~>” This model enables
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performing calibrated isotope ratio measurements of an
element using isotopic standard of another element.

B EXPERIMENTAL SECTION

Instrumentation. A Neptune Plus MC-ICPMS (Thermo
Fisher Scientific, Bremen, Germany) was used for isotope ratio
measurements in low mass-resolution mode. Our MC-ICPMS
has nine Faraday cups and a quartz dual cyclonic spray
chamber with a plastic (PFA) self-aspirating nebulizer
(Elemental Scientific; Omaha NE, USA) operating at SO uL
min~". The instrument was tuned for high sensitivity, while
maintaining flat-top square peaks and stable signals. The gain
calibration of the Faraday cups was performed weekly to
ensure the normalization of their efficiencies and rotating
amplifiers were used. Typical operating conditions are
presented in Table 1.

Table 1. MC-ICPMS Operating Condition

instrument settings

radio frequency power 1250—1305 W
plasma gas flow rate 16.0 L min™
auxiliary gas flow rate  1.00 L min™"
sample gas flow rate 1.010-1.020 L min™"
sampler cone orifice 1.1 mm

(Ni)
skimmer cone orifice 0.8 mm

(H, Ni)

optimized for maximum and stable signal while
maintaining a flat top peak

lens settings

data acquisition parameters

Faraday cup L3 (***Gd), L2 (*°Gd), C (*’Er), H3 ("’Hf), H4
configuration 1 (Y78Hf)
(Hf - Gd)

Faraday cup
configuration 2
(Hf > Er)

Faraday cup
configuration 3
(Er - Gd)

Faraday cup

configuration 4
(Gd - Gd)

L4 (**Er), L3 (*Er), C (*"7Hf), H1 ("7*Hf)

L1 (**Gd), C (*°Gd), H2 (**Er), H3 (*Er)

L3 (1%2Gd), L2 (***Gd), L1 (**°Gd), C (***Gd), H2
(*7Gd), H2 (**Gd), H3 ('®Gd), H4 (**'Dy)

mass resolution low

signal integration time 2.097 s

number of integrations, 1, 8, 7 (Gd—Gd); 1, 12, S (Hf—Gd); 1, 12, 4 (Hf—Er
cycles, and blocks and Er—Gd)

Reagents and Solutions. High-purity nitric acid was
obtained by a sub-boiling distillation system (Milestone Inc.;
Shelton CT, USA) of reagent grade feedstock (Fisher
Scientific; Ottawa ON, Canada). High purity (18.5 MQ cm)
deionized water was obtained from a Milli-Q ion exchange
system (Sigma-Aldrich; Oakville ON, Canada). All labware

was cleaned in $% HNO; solution and rinsed with deionized
water prior use. All acids and standard solutions were prepared
under class 100 clean laboratory conditions.

All gadolinium standards were obtained from commercial
vendors. The Gd-1 standard solution (~1000 mg L™" in 2%
HNO,;) was sourced from Sigma-Aldrich (Oakville ON,
Canada); the Gd-2 standard solution (~1000 mg L™" in 4%
HNO;) was purchased from SCP Science (Baie-D’Urfé QC,
Canada), and the Gd-3 standard solution (~1000 mg L™ in
7% HNO,) was obtained from Delta Scientific (ISOSPEC Gd;
Ottawa ON, Canada). The Gd-4 standard solution (~10 000
mg L7' in S% HNO;) was sourced from Alfa Aesar
(Tewksbury MA, USA). All four of these solutions were
prepared from Gd,0;, and Gd-4 was diluted 10-fold in 2%
HNO; to produce isotopic reference material NRC GADS-1.

The primary isotope ratio calibrator employed in this work
was a Certified Reference Material (CRM) of hafnium (HALF-
1; National Research Council Canada, Ottawa ON, Canada)35
and erbium standard solution (Specpure, prepared from
Er,0;) at ~10000 mg kg™' in $% HNO, was purchased
from Fisher Scientific (Ottawa, ON, Canada).

Sample Preparation and Analysis. Solutions containing
mixture of Hf—Gd, Hf—Er, and Er—Gd were prepared by
diluting the individual stock solutions of Gd (Gd-4 or GADS-
1), Hf (HALF-1), and Er (Specpure) in 1% HNOj resulting in
mass fractions w(Gd) = 5.0—5.5 mg kg™', w(Hf) = 3.0—3.5 mg
kg™', and w(Er) = 3.0-3.5 mg kg™

A self-aspiration mode was used for the sample introduction
at a flow rate of 50 L min~". Similar to previous studies,”” ™’
the instrument plasma radio frequency (RF) power was
increased stepwise (four steps) from the optimum value P,
(which corresponds to the highest sensitivity region, stable
signal, and flat top peak, typically at 1250 W) to P, (typically
at 1310 W), wherein Gd, Hf, and Er signals decreased by
approximately 25—30% compared to their values at P,. The
purpose of this deliberate plasma RF power change during the
measurement session is to induce a fast drift in the mass bias.
Each session of measurement takes ~15 min (compared to
several hours when the mass bias drift is not induced
deliberately®’). The isotope ratios of all samples were
measured by incrementally increasing RF power with values
of P = (P, — Py)-N/4, where N = 0, 1, 2, 3, and 4 for each
measurement session, which forms a linear regression data set
(Figure 1). Signals of all measured isotopes obtained from a
blank solution of 1% HNOj; at the optimum RF power were
subtracted from all measurement results for simplicity. In
principle, the corresponding blank should be subtracted for the
sample at each RF value. Since intensities of all measured
isotopes in the blank at P, were very small (0.06—1.0 mV)
compared to intensities in the samples (17—40 V), both blank
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Figure 1. Typical MC-ICPMS log—linear regression plots of Hf — Gd (R* = 0.9999), Hf — Er (R*> = 1.0000), and Er — Gd (R* = 1.0000) isotope
ratios. Repeatability uncertainty of isotope ratios is smaller than the symbols.
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Figure 2. Measurement results of gadolinium isotope ratio R, ;s in the isotopic standard, NRC GADS-1, using regression model. Comparison of
a one-step direct approach Hf — Gd with a two-step indirect approach (Hf — Er — Gd). Vertical error bars represent standard uncertainty, which
includes contribution from the primary hafnium standard (NRC HALF-1), and shaded rectangle represents the uncertainty of the consensus value

of Rygp/158 in GADS-1.

subtraction approaches yields identical isotope ratios. Static
run was employed for isotope ratio measurements, as shown in
Table 1. The quality of each data set was monitored via the
linear correlation coefficient (R*) which was always R* >
0.9995. Results reported in this study were collected at the
NRC between November 2018 and August 2019.

Spectral Interferences. Individual stock solutions of Gd,
Er, and Hf were prepared from high purity materials to avoid
any potential spectral interferences (Table S1). However,
potential isobaric interferences from '$*Sm’*, '**Sm*, *Dy",
¥Dy*, and Dy on Gd isotopes could occur in samples
containing these elements affecting the accuracy of gadolinium
isotope amount ratios. For mass bias calibration, interference-
free major isotopes of erbium and hafnium ('*Er, '’Er, '7"Hf,
'7Hf) were selected. Quantitative analysis of sample solutions
containing § mg kg™ gadolinium with HR-ICPMS (element)
using external calibration showed Sm to be present at levels
below S ng kg™' and Dy at 0.7 ug kg™'. The mass fraction of
Sm in the Gd test solutions is insignificant to form isobaric
interferences since the mass fraction of gadolinium in the
analyzed samples are several orders of magnitude higher (S mg
kg™"). Since the interference from Dy on Gd isotopes could
affect the accuracy of gadolinium isotope ratios, a 10" Q
resistor was used for the Faraday cup H4 to measure '*'Dy".
Note that cross gain calibration of Faraday cup with 10" Q
resistor to normal 10" Q resistor was performed weekly to
ensure the normalization of their efficiencies following the
manufacturer’s recommendation. A 5 mg kg™' test solution of
gadolinium produced 0.0015 V signal for *“'Dy compared to
42V for '°Gd. Such amounts of Dy are insignificant to affect
gadolinium isotope signals, and no correction for Dy was
performed.

B RESULTS AND DISCUSSION

Correction for Instrumental Isotopic Fractionation
(Mass Bias). The regression model allows to perform
calibrated isotope amount ratio measurements of an element
with the use of isotopic standard of another element. The
method is based on the observed correlated drift in isotope
amount ratios of two elements in MC-ICPMS as expressed by
eq 1 for the Hf — Gd system:™’

In rigo/15s(t) = a + bln ri7g )1 (t)

(1)
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The coeflicients a and b are obtained using the least-squares
fitting of data. The mass bias (K) is defined as the ratio of the
corrected and measured isotope amount ratios (K = R/r).
Assuming that the log ratio of the individual fractionation
coefficients (InK,4/;53/InK;75/17;) remains constant during the
measurement, the mass bias corrected isotope ratio of
gadolinium can be obtained

In Rigo1ss = @ + bln R 177 (2)

As detailed elsewhere,” this regression model effectively
calibrates each isotope amount ratio of the analyte element
from the known isotope amount ratio of a calibrator element
without assuming that these two elements undergo identical
instrumental fractionation. Also note that this regression
formalism involves two-parameters (intercept and slope)
unlike the early formulations with constrained intercept.””*’
In addition, the analyte and the calibrator are both measured
simultaneously from the same solution thus eliminating sample
matrix effects. This optimized regression model has been
validated. First, the use of two independent calibrators (Re and
T1) produced identical iridium isotope amount ratios to within
few parts in 10*** Second, the regression model has been
compared with the full gravimetric isotope mixture method (a
primary method) in molybdenum®" and lead’* isotope ratio
measurements, both showing excellent agreement between the
results to within few parts in 10% This state-of-the-art
optimized regression model has been employed in a number
of studies by various research groups®' >’ and is currently the
best approach to perform isotope amount ratio measurements
for many elements.

Measurement Strategy. Although the regression model
does not require identical mass bias between the analyte and
calibrator isotope amount ratios, we have found previously that
better results are obtained when both elements are close in
mass.”> Thus, Eu or Er would be good calibrators for Gd.
Unfortunately, such standards are not available and the closest
isotopic standard available on the market is hafnium isotopic
standard HALF-1 (NRC Canada). Because of the Faraday cup
arrangement in our instrument, it is impossible to simulta-
neously collect all seven isotopes of gadolinium along with
7Hf and '"®Hf in the static mode (which provides best
performance). As a result, we have employed two different
calibration strategies. First, we used NRC HALF-1 to directly

https://dx.doi.org/10.1021/acs.analchem.0c00531
Anal. Chem. 2020, 92, 6103-6110
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Figure 3. Gadolinium isotope ratios for NRC GADS-1 using MC-ICPMS and a three-step 1781£/V77Hf — 6Fr/'Er — '0GJd/18Gd —
4Gd/"8Gd regression method to correct instrumental isotopic fractionation effects (mass bias). Measurements shown in this figure were acquired
over the period of 8 months. Error bars represent combined standard uncertainties which include contributions from hafnium calibrator (NRC

HALF-1).

calibrate '°Gd/'*Gd, which, in turn, was used to calibrate all
other Gd isotope amount ratios. The second approach first
calibrated '°Er/'*’Er ratio from '7SHf/ Y77Hf, which was then
used to calibrate '°°Gd/'**Gd, and subsequently all other Gd
isotope amount ratios. Isotope ratio '**Er/'¢’Er was selected by
considering the abundance of isotopes and the ability to
establish static Faraday cup configuration for measuring
gadolinium isotopes or hafnium isotopes along with the two
chosen erbium isotopes. A total of 600+ regression sets were
obtained: Hf - Gd (54 sets), Hf — Er (186 sets), Er — Gd
(171 sets), and Gd — Gd (225 sets) over a course of one year.

It is possible for more intermediate steps to be employed,
such as Hf — Yb — Er — Gd. But as the number of steps
increases so does the instrument time and cost without a
guarantee that the final uncertainty of gadolinium isotope
amount ratios remains sufficiently low.

Using the direct Hf — Gd approach to calibrate
160Gd/*8Gd ratio seems like a better alternative to the indirect
two-step approach Hf — Er — Gd. Indeed, the average
uncertainty of individual '*°Gd/'**Gd estimates from the direct
approach is nearly twice smaller than those from the indirect
approach. However, the results of the direct approach show a
significant overdispersion compared to those of the indirect
approach (see Figure 2). This means that the lower
uncertainties from Hf — Gd do not capture some yet-to-be-
explained source of uncertainty (this is formally known as the
dark uncertainty). In the contrast, the larger uncertainties from

6106

the Hf — Er — Gd seem to adequately reflect the spread of
data from the long-term results. This observation supports our
previous ﬁnclings,32 which favor closer distance between the
mass of the analyte and the calibrator. Thus, when the
regression model is employed, selecting a calibrator that is
closest to the analyte in mass is important to ensure reliable
measurements. Subsequently, the indirect approach Hf — Er
— Gd was selected for the final determination of 'Gd/"**Gd
isotope amount ratio.

Uncertainty Evaluation. Uncertainty evaluation of
gadolinium isotope amount ratios was done as outlined in
our previous study.’” First, the linear fits were obtained on all
600+ data sets using ordinary least-squares. As an example, the
Hf — Er regression coeflicients ay g, and by g, are obtained
by solving the following statistical expression for the unknown
variables ug,, ay g, and bye_g,:

In(rigs/167) ~ N(agg_g, + bye_ge X n(ri7g)177), ug,) (3)
The notation z ~ N(a, 6) means that a data point z is
interpreted as a random draw from a Gaussian (normal)
distribution with mean a and standard deviation 6. The
obtained regression parameters were then transformed into the
corresponding isotope ratios as per eq 2. As an example, the Hf
— Er regressions would provide 186 estimates of 'Er/'"Er
isotope ratio, pies 167, Which are calculated as follows:

https://dx.doi.org/10.1021/acs.analchem.0c00531
Anal. Chem. 2020, 92, 6103-6110


https://pubs.acs.org/doi/10.1021/acs.analchem.0c00531?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00531?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00531?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.0c00531?fig=fig3&ref=pdf
pubs.acs.org/ac?ref=pdf
https://dx.doi.org/10.1021/acs.analchem.0c00531?ref=pdf

Analytical Chemistry

pubs.acs.org/ac

Hf
ln(P166/167) = ay_pe + byppe X 1n(R178/177) (4)

There are many individual isotope ratio estimates, such as the
186 values for pigs 167 from all Hf — Er regressions or the 171
values of piis s, from all Er — Gd regressions are combined
into single consensus values using the random effects model.
This model is chosen to capture the variability between the
individual measurement sets which is most evident from the 54
sets of Hf — Gd regressions shown in Figure 2.

The consensus isotope amount ratio values of erbium and
gadolinium, R%%g s, and R§ss are obtained usmg random
effects model from the estimates pigg/ ¢, and pA/lsg

~ N(Rigs /167, triegr) (s)

Er
p166/ 167

N(Rléo/lssf ter—Ga) (6)

G
p160/158

~ N(R{go 158 taa—gaa) for A = 152, 154 — 157
7)

The Hf — Gd regressions were not used in the consensus
building. Isotopic abundances and the atomic weight of
gadolinium were obtained from the corresponding isotope
amount ratio consensus values and their uncertainties while
taking into the account covariances between the isotope
amount ratios."”*" The results of this study are traceable to
NRC HALF-1 hafnium standard with 1sot0pe ratio R 17, =
1.4689 having standard uncertainty u(R}%,,-;) = 0.0004. We
estimate that the uncertainty of '°Gd/"**Gd isotope ratio in
GADS-1 standard was largely due to NRC HALF-1 primary
standard (40%) and session-to-session reproducibility (60%).

Measurement Results for GADS-1 Standard. The
190Gd/"**Gd ratio in GADS-1 obtained from the two-step Hf
— Er — Gd regression method was used to calibrated all other
gadolinium isotope ratios using a third regression step
involving only gadolinium isotopes. Measurements of the
GADS-1 standard were performed from solutions with w(Gd)
= 5.0—5.5 mg kg™' over nine months during which six sets of
MC-ICPMS cones were used and 225 sets of Gd — Gd
regressions were obtained (Figure 3). The calibrated isotope
ratios of gadolinium were used to calculate the corresponding
isotopic abundances and atomic weight:

pA/lSS

Ri/158
=
Z,- Ri/1s8 (8)
A (Gd) = Z mx;
i )

The atomic masses of gadolinium isotopes used for
calculations in this study are from the 2016 Atomic Mass
Evaluation report*” and are listed in Table S2. The resulting
consensus values of the isotopic composition are summarized
in Table 2. The atomic weight of gadolinium in the NRC
GADS-1 standard, A,(Gd, GADS-1) = 157.2502(6), agrees
well with the current standard atomic weight 157.25 + 0. 03."
Note that the value reported in the parentheses is the standard
uncertainty of our result, u(A,(Gd, GADS-1)) = 0.0006. We
also note that our work provides an estimate of '*Er/'¢"Er
isotope ratio in our measurement standard Rig167 =
1.4635(4). Our work also provides an estimate of
156Gd/'°Gd isotope ratio Ryss/1q0 = 0.9386(9), which
disagrees with the commonly used fixed value of 0.9361 at
the 95% confidence.
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Table 2. Isotopic Composition of Gadolinium in the NRC
GADS-1 Standard”

atomic mass number, A  isotope ratio, R,/;ss isotopic abundance, x(“Gd)

152 0.00820(2) 0.002036(4)
154 0.08798(12) 0.021844(30)
155 0.59681(63) 0.148173(140)
156 0.82508(57) 0.204848(120)
157 0.63060(22) 0.156564(60)
158 1 (exact) 0.248276(65)
160 0.87910(60) 0.218259(130)

“Notation Rjg/155 = 0.87910(60) denotes a mean value Rygo/y55 =
0.87910 with standard uncertainty u(R4/155) = 0.00060.

Comparison with Previous Work. The current standard
atomic weight of gadolinium was adopted by IUPAC in 1955
based on isotopic abundance measurements by Hess (1948)
and Leland (1950)44 with further minor changes made in 1961
(isotope masses)* and 1969 (uncertainty evaluation).*® Over
the last 70 years, the measurement uncertainty has decreased
by an order of magnitude making it clear that a survey of
subsequent work is overdue. Table 3 provides a survey of
gadolinium isotopic composition measurements.

Table 3. Survey of Gadolinium Atomic Weight Estimates

year A(Gd) lead author ref
1948 157.250(6) Hess® 47
1950 157.262(5) Leland 48
1957 157.232(5) Collins 49
1970 157.252(2) Eugster S0
1981 157.252(2) Holliger s1
1992 157.2486(4) Dubois” 52
2020 157.2502(6) this work n/a

“No uncertainty is given for abundances, so they were taken to be
same as in Leland (1950). Uncertalnty is evaluated by propagating
the uncertainty of R;4/155 Which was reported to be u = 0.000 22.

To the best of our knowledge, there is only one
contemporary study, by Dubois et al.,>> that reports isotopic
measurements of gadolinium without relying on conventional
values, such as *°Gd/'°Gd = 0.9361, to correct instrumental
isotope ratio fractionation. Dubois et al.*> employed total
evaporation TIMS for "’Gd/'**Gd and '*Gd/"**Gd with all
other isotope ratios measured from these values using linear
instrumental isotope fractionation model. Total evaporation
TIMS is an established method for accurate isotope ratio
measurements,”> °" and our MC-ICPMS results are in
agreement with this study at the 95% confidence level and
have uncertainties of similar magnitude.

Isotope Delta Measurements of Gadolinium. Relative
isotope ratios (isotope deltas) of gadolinium were performed
against the GADS-1 standard using the combined standard-
sample bracketing with europium as the internal standard.*
Results are shown in Figure 4 from which we make two
observations. First, albeit small, systematic mass-dependent
variations can be seen between materials Gd-3 and GADS-1.
Second, we note a large isotope delta Sgaps.;(**¥'**Gd) =
+0.59 + 0.74 %o in Gd-1 (range from ten replicate
measurements). While it is tempting to interpret this
anomalous isotope delta as samarium interference, we found
<5 ng kg™! levels of samarium in Gd-1, which can only account

https://dx.doi.org/10.1021/acs.analchem.0c00531
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Figure 5. Comparison of the MC-ICPMS instrumental mass bias factors of gadolinium isotopes obtained from K(**°Gd/'**Gd) using the

regression model and the mass-dependent fractionation law.

for deviations in the gadolinium-152 signal in the order of few
parts in 10° (0.1 %o).

Mass-Independent Fractionation in MC-ICPMS. The
lack of gadolinium isotopic standards®” does not prevent doing
gadolinium isotope ratio measurements. Typically, one adopts
a conventional value, such as **Gd/'®°Gd = 0.9361, and a
mathematical model to correct for instrumental fractionation
of all isotope ratios with exponential law being the most
common choice (n = 1):

In K(*Gd/**Gd) = In K(**Gd/"**Gd) x (m,s5" — m,")
(10)

/("1158” - m160n)

Unfortunately, many isotopes exhibit isotopic fractionation in
MC-ICPMS whereby the magnitude of such fractionation
cannot be explained with nuclide masses alone. This
phenomenon is known as the mass-independent fractionation
(MIF).*® Recent studies report similar observations in TIMS
for Fe and Ca isotopes.””**

The regression model provides calibrated isotope amount
ratios, and in turn, the correction factors K(*Gd/*3*Gd), which
we compare with the values calculated from K(**°Gd/'**Gd)
using the mass-dependent fractionation model (eq 10). Figure
S shows the comparison of these two approaches for 225 sets
of Gd — Gd regressions and one can make several
observations from this plot. First, we note that the exponential
model slightly under-corrects the instrumental isotopic
fractionation (a value of n = 0.7 works significantly better for
our data set). Second, there is significant day-to-day variability
in the instrumental fractionation, which limits the precision of
conventional mass bias correction to within parts per thousand.
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B CONCLUSION

Despite numerous applications of gadolinium isotopes, there
has been only a single recent study devoted to the independent
measurement of its isotopic composition (using total
evaporation TIMS). Our work employs entirely different
mass spectrometry (MC-ICPMS) and calibration approach,
and the results are in agreement within their expanded
uncertainties. The agreement between total evaporation TIMS
and our MC-ICPMS results thus offers additional confidence
in the cost-effective regression method for the determination of
absolute isotope ratios of gadolinium. The MC-ICPMS results
reported in this study are traceable to the International System
of Units through the NRC HALF-1 hafnium isotopic standard
and support a more precise standard atomic weight of
gadolinium.

Our results also shed new light on the performance of the
regression mass bias correction method, demonstrating the
importance of selecting appropriate calibrator (Hf or Er for
Gd) and the importance of capturing the session-to-session
variability of the measurement results in the overall uncertainty

budget.
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