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ABSTRACT 

The processes of planetary accretion or formation of the Earth and other celestial objects can be 

studied by using the 182Hf-182W chronometer which requires precise measurements of tungsten 

isotope ratios. Many comparative measurements for the isotopic composition of tungsten have 

been performed using either thermal ionization mass spectrometry (TIMS) or multi-collector 

inductively coupled plasma mass spectrometry (MC-ICP-MS). Yet, calibrated measurements of 

tungsten isotope ratios, and, in turn, isotopic abundances and atomic weight, are still lacking. In 

this study, we report the first independent measurements of all tungsten isotope ratios in five 

commercial tungsten reagents, including the new NRC candidate isotopic reference material 

WOLF-1 by MC-ICP-MS with use of the-state-of-the-art optimized regression mass bias correction 

model and NIST SRM 989 isotopic rhenium as calibrator. 

 

Keywords: MC-ICP-MS, isotope ratio, isotopic fractionation/mass bias, optimized regression 

model, isotope abundance, atomic weight. 
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1. Introduction 

Tungsten isotopes have numerous important applications in geoscience [1-3]. The short-

lived radioactive decay of hafnium-182 to tungsten-182 (t1/2 = 8.9 ± 0.1 Ma) makes the 182Hf-182W 

pair a good chronometer to study processes of planetary accretion, and the formation of the 

solar system objects such as the Moon and the Earth. The low abundance tungsten-180 isotope 

is also of interest in cosmochemistry [4]. These applications require precise measurements of 

tungsten isotope ratios. Traditionally, tungsten isotope ratios have been measured with thermal 

ionization mass spectrometry (TIMS), and tungsten was recognized as a difficult element to 

measure due to its high first ionization potential (8.0 eV) [2-3]. Although negative TIMS has been 

successfully used [5-7], multi-collector inductively coupled plasma mass spectrometry (MC-ICP-

MS) has made tungsten isotope ratio measurements significantly easier [2-3]. 

The best tungsten isotope ratio measurement currently recognized by the International 

Union of Pure and Applied Chemistry (IUPAC) [8] is the work of Völkening et al. which was 

performed using a negative ionization TIMS [5]. Although this measurement was not corrected 

for instrumental isotope fractionation/mass bias, the majority of tungsten isotope ratio 

measurements [1-2, 6-7, 9-16] are still traceable (directly or otherwise) to the conventional value 

183W/184W = 0.467 12 reported by Völkening et al. in 1991 [5]. Despite advances in MC-ICP-MS in 

the past few decades, there is still no independent calibrated measurement of the isotopic 

composition of tungsten. 

Isotope standards with known isotopic composition of tungsten are not available which 

makes it difficult to perform reliable calibrated measurements. However, two state-of-the-art 

calibration models can be used in the absence of tungsten isotope standards [17]. As detailed 

elsewhere [17], a primary method for the certification of isotopic standards is the gravimetric 

isotope mixture model. This calibration approach requires suitable amounts of all enriched 

isotopes of an element in a chemically pure form, which is not feasible for tungsten. A cost 

efficient alternative approach to the gravimetric mixture model is the regression model, and it is 

increasingly used for the absolute isotope ratio measurements [17-22]. This method enables 

performing absolute isotope ratio measurements of an element by using an isotopic standard of 

another element. The aim of this study is to provide the first calibrated measurement of isotopic 

composition of tungsten without relying on any established conventional values or mass-

dependent instrumental isotopic fractionation models. For this purpose, the regression model 

was employed with NIST SRM 989 isotopic rhenium as a calibrator. 
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2. Experimental section 

2.1. Instrumentation 

A Thermo Fisher Scientific Neptune Plus (Bremen, Germany) MC-ICP-MS was used for all isotope 

ratio measurements operating in a low mass-resolution mode.  Neptue Plus has nine Faraday 

cups and uses of a dual cyclonic spray chamber with a PFA self-aspirating nebulizer (Elemental 

Scientific, Omaha NE, USA), operating at 50 µL min–1. Prior to acquiring data, the instrument was 

optimized for sensitivity, peak shape and stable signal using a 1.0 mg kg–1 tungsten solution. The 

gain calibration of the Faraday cups is performed weekly to ensure their equal efficiencies. Table 

1 summarizes typical instrument operation conditions.   

Table 1. MC-ICP-MS operating conditions 

Instrument  

Plasma power, P 1250 - 1350 W 
Plasma argon gas flow rate 16.0 L min–1 
Auxiliary gas flow rate 1.00 L min–1 
Sample gas flow rate  1.025 L min–1 
Sampler cone orifice (Ni) 1.1 mm 
Skimmer cone orifice (H, Ni) 0.8 mm 
Lens  Optimized for high sensitivity, stable analyte 

signal, and flat-top peaks  

Data acquisition  

Faraday cups L3 (180W), L2 (182W), L1 (183W), C (184W), H1 
(185Re), H2 (186W) and H3 (187Re)  

Mass resolution, m/Δm (5 % and 
95 % peak height) 

300 

Signal integration time  2.097 s 
Number of integrations, cycles, 
and blocks 

1, 8, 7  

Sensitivity 17.5 V/ppm for 184W+ 
Blank intensity in 1 % HNO3 0.001, 2.4, 1.3, 2.9, 0.01, 3.1 and 0.32 mV for 

180W+, 182W+, 183W+, 184W+, 185Re+ 186W+ and 
187Re+, respectively. 

 

2.2. Reagents and solutions 

Concentrated nitric acid (Fisher Scientific; Ottawa ON, Canada) and hydrochloric acid (Sigma 

Aldrich Canada, Ottawa, ON, Canada) were purified prior to use via a sub-boiling distillation 

system (Milestone Inc.; Shelton CT, USA). High-purity (18.5 MΩ cm) deionized water was 

obtained from a Milli-Q ion exchange system (Sigma Aldrich, Oakville, ON, Canada). 
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Five tungsten materials were sourced from commercial companies as listed in Table 2. 

Two tungsten materials, W-1 (1000 mg mL–1 in 500 mL) and W-2 (1000 mg mL–1 in 125 mL), both 

prepared from (NH4)2WO4 were purchased from SCP Science (Baie D'Urfé QC, Canada). The W-1 

was bottled in precleaned glass vials to become NRC isotopic reference material (WOLF-1). 

Standard W-3 (1000 mg mL–1) was purchased from Sigma Aldrich (Oakville ON, Canada), prepared 

from W metal. Fourth W solution (1000 µg mL–1) (W-4) was purchased from Thermo Fisher 

Scientific (Ottawa, Ontario, Canada) – prepared from W metal. A fifth Merck W standard solution 

(1000 µg mL–1) (W-5) was obtained from Sigma Aldrich (Oakville, Ontario, Canada), prepared 

from (NH4)2WO4. 

 

Table 2. Tungsten standards used in this study 

Symbol Compound Source 

W-1 (WOLF-1) W standard solution from (NH4)2WO4 SCP 

W-2 W standard solution from (NH4)2WO4 SCP 

W-3 W standard solution from W metal Sigma Aldrich 

W-4 W standard solution from W metal Alfa Aesar 

W-5 W standard solution from (NH4)2WO4 Merck 

 

Rhenium isotopic primary standard solution at mass fraction w(Re) = 550 mg kg–1 (NIST 

SRM 989 having a certified value of R187/185 = 1.673 98(53)k=1) was prepared by dissolution of 55 

mg of the pure material in 5 mL aqua regia and then diluted with water to 100 g. 

 

2.3. Sample preparation and analysis 

Test solutions with mass fractions w(W) = 2.0 – 2.6 mg kg–1 and w(Re) = 1.3 mg kg–1 were prepared 

by diluting tungsten and rhenium stock solutions with 1 % HNO3. Samples were introduced to the 

MC-ICP-MS via self-aspiration. Similar to previous studies19-22, the ICP plasma power was 

incremently increased from the optimum value P0 (corresponding to the highest sensitivity and 

stable signal close to 1250 W) to Pmax which results in approx. 25 % drop of the analytical signal. 

The purpose for incrementally increasing the RF power during a measurement session is to 

induce a shift in the mass bias in a shorter amount of time (10–30 min per session). In comparison, 

normal mass bias drift at the optimum ICP plasma power requires 6–15 h to observe similar drift 

[17]. All tungsten isotope ratios were measured at increments of ICP plasma powers of (Pmax – 

P0)∙N/3 (N = 0…3) providing four sets of tungsten (and rhenium) isotope ratios within 10 min. The 
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measurement time at each plasma power setting was maintained constant. Signals of samples 

measured at different RF powers were subtracted by intensities obtained in 1 % HNO3 blank at 

P0.  

2.4. Spectral interferences 

Impurities of hafnium, tantalum, and osmium can create spectral interferences on tungsten 

isotopes (180Hf+, 180Ta+, 184Os+, and 186Os+) and osmium (187Os+) can also interfere with rhenium 

(187Re+). Potential interferences from Hf, Ta, and Os in the five different tungsten solutions (2.6 

mg kg–1) spiked with rhenium (1.3 mg kg–1) were measured using Element XR HR-ICP-MS using 

isotopes of 178Hf+, 181Ta+, and 189Os+ at low mass-resolution using external calibration method. 

The results showed that mass fractions of these three elements were all less than 10 ng kg–1 in 

the test solutions. This confirms that isobaric interferences from Hf, Ta, and Os are insignificant 

as the levels of tungsten and rhenium in the test samples is more than five orders of magnitude 

higher. 

3. Results and discussion 

3.1. Instrumental isotopic fractionation (mass bias) correction 

The optimized regression mass bias correction model was employed for the calibration of 

tungsten isotope ratios. This model requires an isotope reference material of another 

element as the calibrator and is based on the observed drift between the observed isotope 

ratios of the analyte and calibrator [17, 19-24]. This observed drift (see Figure 1) is modeled 

using a loglinear regression: 

ln 𝑟i/184
W = 𝑎𝑖 + 𝑏𝑖 ∙ ln 𝑟187/185

Re  (1) 

The regression parameters ai and bi are obtained using the ordinary least squares fitting. The 

regression model is capable of correcting all tungsten isotope ratios individually without the 

need to rely on mass-dependent fractionation models. The following measurement model 

equation can be used to calculate the corrected isotope ratios [17, 19, 20]: 

𝑅i/184
W = 𝑒𝑎𝑖 ∙ (𝑅187/185

Re )𝑏𝑖 (2) 

Most important is that the regression model takes into account the fact that tungsten and 

rhenium might exhibit different instrumental fractionation (mass bias). Since both the analyte 

the and calibrator are measured simultaneously in a same solution, sample matrix effect is 

eliminated [19]. 
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Figure 1. Typical regression plots of tungsten isotope ratios in NRC WOLF-1 against rhenium (NIST SRM 
989) as the calibrator. Linear relationships: (180/184) y = -4.402-2.237x (R2=0.9997); (182/184) y = 
0.384-1.033x (R2=1.0000); (183/184) y = -0.495-0.521x (R2=0.9998); (186/184) y = -0.603+1.031x 
(R2=1.0000). Majority error bars (standard uncertainty, k=1) are smaller than the plotted symbol.  

 

3.2. Uncertainty estimation 

Uncertainty evaluation of tungsten isotope ratios was done by propagating the uncertainties of 

the intercepts and slopes (Eq. 2) along with the uncertainty of the rhenium isotope ratios. Briefly, 

ordinary least squares fitting was performed to each data set to obtain the estimates of intercept 

and slope. Then, the calibrated tungsten isotope ratios were calculated using Eq. 2. Then, the 

uncertainty of tungsten isotope ratios was obtained using Mont Carlo simulation by modeling 

three variables in Eq. 2 (𝑅187/185
Re , ai, and bi) as random numbers drawn from the probability 

distributions representing the available knowledge about them. Isotope ratio of rhenium 

standard was modeled as normal distribution centered at its certified value and its reported 

standard uncertainty whereas ai and bi for each dataset were modeled jointly as a bivariate 
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normal distribution with the mean estimates and covariance matrix deriving from the ordinary 

least squares fitting of the data [26]. This procedure (also known as the parametric bootstrap 

resampling) was repeated 105 times to obtain the best estimate of the calibrated tungsten 

isotope ratios and their uncertainties from the resulting histograms. In effect, the results of the 

individual regression sessions were combined using linear pool. 

The combined tungsten isotope ratios were used to calculate the corresponding isotopic 

abundances, and atomic weight. The uncertainties of isotopic abundances and the atomic weight 

of tungsten were propagated from isotope ratios while taking into account the covariances. The 

R package CIAAWconsensus was used for this purpose [27]. The atomic masses of tungsten 

isotopes used for calculations are from the 2016 Atomic Mass Evaluation [28]. 

3.3. Measurement results for the NRC WOLF-1 standard 

Tungsten isotope ratios in WOLF-1 reference material were measured from replicate samples 

containing 2.0–2.6 mg kg–1 of tungsten and 1.3 mg kg–1 of rhenium. Measurements were carried 

out during a seven-month period from Feb. to Aug. of 2018 and the quality of data sets was 

assessed using the determination coefficient (R2) of linear regressions which were R2 > 0.999 for 

all isotope ratios. A total of 159 sets of tungsten-rhenium regression sets were produced (Figure 

2) using five different sets of ICP cones. The resulting isotopic composition of tungsten is 

summarized in Table 3. This isotopic composition of NRC WOLF-1 tungsten standard corresponds 

to the atomic-weight value Ar(W, WOLF-1) = 183.8450(6)k=1. 

 

Table 3. Isotopic composition of tungsten in the NRC WOLF-1 standard 

Mass number, i 
Isotope ratio,  
Ri/184 

Isotopic abundance,  
x(iW) 

180 0.003 86(2) 0.001 18(1) 

182 0.862 31(43) 0.264 29(12) 

183 0.466 45(13) 0.142 96(3) 

184 1(exact) 0.306 48(2) 

186 0.930 20(44) 0.285 09(14) 
The combined standard uncertainty is given in parenthesis in a concise notation. For example, 

R180/184 = 0.003 86(2) represents a mean value of R180/184 = 0.003 86 and standard uncertainty 

u(R180/184) = 0.000 02. 

 
Like many other elements, tungsten still lacks an independent calibrated measurement of 

its isotopic composition. Consequently, scientists rely on conventional values adopted by 

consensus, such as the normalizing value 183W/184W = 0.467 12 [5, 29] – the observed (mass bias 
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uncorrected) value from negative thermal ionization mass spectrometry measurements of a 

laboratory standard [5]. Other tungsten isotope ratio normalizing conventions exist, such as 
186W/184W = 0.927 67 [4] but this value too is traceable to the same original work and assumptions 

[5]. Our measurements for the NRC WOLF-1 standard show 183/184 isotope ratio value that is 

lower by 0.15 % than this conventional figure (see Fig. 2).  

 

 

Figure 2. Measurement results of tungsten isotope ratio 183/184 in NRC WOLF-1 standard 
using regression method and rhenium (NIST SRM 989) as the calibrator. Vertical error bars 
represent standard uncertainty which includes the contributions from the primary 
calibrator. Horizontal line and shaded region represent the grand-average and its standard 
uncertainty. 

 

We also note that several studies are using double spike calibration to measure isotope 

ratios of tungsten [30-32]. These studies do not provide independent assessment of the isotopic 

composition of tungsten since they rely on presumed natural isotopic composition necessary to 

calibrate the double spike (a step that requires the reliance on a conventional normalizing ratio, 

such as 186W/184W = 0.927 67 [4]). However, these studies provide valuable information about 

the natural variations of tungsten isotope ratios. 

3.4. Sample provenance effect 

Relative isotope ratios (delta values) of tungsten from four other materials were measured 

against the WOLF-1 standard using the combined standard-sample bracketing and rhenium 
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internal standard approach as detailed elsewhere [17]. Results are presented in Figure 3, showing 

significant variation in the 180W/184W ratio from different materials. 

 

Figure 3. Measurement results of tungsten isotope deltas against the NRC WOLF-1 standard 
in four commercial tungsten materials. Note the mass-dependent shift in the magnitudes of 
all isotope deltas except the 180W/184W, most noticeable in materials W-4 and W-5. 

 

In contrast to isotope ratios AW/184W (A = 182, 183, 186), the changes in the ratio 180W/184W 

do not correlate with other isotope ratios (i.e., it exhibits mass-independent changes). 

Importantly, we can observe natural variations in the isotopic composition of tungsten between 

the several materials investigated in this study. We have observed a ± 0.1 ‰ variation in the 
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186W/184W isotope delta value which is in general agreement with Abraham et al. [30] who 

observed ± 0.2 ‰ variations among the six geological materials studied. 

 

3.5. Mass-independent isotope ratio fractionation 

MC-ICP-MS exhibits significant instrumental fractionation of isotope ratios [17, 33]. 

Although most of this bias can be corrected with common mass-dependent models such as the 

Russell’s law, these models are unable to fully account the isotopic fractionation that occurs 

during the analysis at high-precision level (Figure 4). In fact, many isotopes (e.g., Ge, Hg, Hf, or 

Os, to name few) are found to exhibit instrumental fractionation in MC-ICP-MS which cannot be 

explained with the isotope masses alone – a phenomenon widely known as the mass-

independent fractionation (MIF) [17]. 

 

 

Figure 4. While the mass bias (Ki/184) in MC-ICP-MS largely follows mass-dependent behavior 
(left), when the mass bias values are modelled as exponential function of nuclide mass (Ki/184 
= a + b*lnmi constrained to pass through K184/184 = 1) small non-random deviations remain 
(right). Each line connects the results from a single measurement session. 

 

Mass-independent isotopic fractionation of tungsten isotopes in MC-ICP-MS has been 

reported in a previous study [34]. Similarly, MIF was observed for W isotopes of 180W, 182W and 

183W in this study, as evident in Figure 5 from the slopes of the measured three-isotope ratio 

plots, lnri/184 vs. lnr186/184, as detailed elsewhere [17]. The most significant is the lnr180/184 vs. 

lnr186/184 plot where slopes varied from –2.21 to –1.17 as compared to the Russell’s law (or 

kinetically controlled mass-dependent fractionation) slope of (lnm184 – lnm180)/(lnm184 – lnm186) 
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= –2.03, and/or thermodynamically controlled equilibrium fractionation slope of (1/m184 – 

1/m180)/(1/m184 – 1/m186) = –2.07. This can result in up to 0.2 % bias in 180W/184W isotope ratio if 

one uses the Russell’s law and 186W/184W ratio as the calibrator. While select isotope pairs do 

indeed strictly follow the Russell’s law of instrumental fractionation (see 183W/184W vs 

186W/184W), others do not (see 180W/184W vs 186W/184W). Moreover, our observation that the 
183W/184W – 186W/184W system closely adheres to the Russell’s law is at odds with Shirai et al. [34] 

who showed that this isotope system follows mass-independent fractionation. These findings 

demonstrate that the use any fractionation law must be validated for each isotope system by 

each study before these models can be used to correct for MC-ICPMS instrumental fractionation. 

 

 
Figure 5. Deviations from the Russell’s law (or kinetically controlled mass-dependent 
fractionation, solid horizontal line) or thermodynamically controlled equilibrium 
fractionation (dotted horizontal line) in the MC-ICP-MS measurements of WOLF-1 (a total 
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159 sets of data during Feb. to Aug. of 2018) as evidenced from the random variation of the 
three-isotope plot slopes. 

 

4. Conclusions  

In this work, we report the first calibrated measurement for the isotopic composition of tungsten 

which not rely on any conventional ratios to correct for mass bias. Our MC-ICP-MS measurement 

results are traceable to the International System of Units through the NIST rhenium isotopic 

standard. Our results show that the conventional normalizing ratios for 183W/184W and 186W/184W 

are likely biased by 0.15 and 0.30 %, respectively, and need to be reconsidered. In addition, mass-

independent isotopic fractionation was observed for tungsten isotopes in MC-ICP-MS, as 

demonstrated on the three-isotope plots for 180W/184W and 186W/184W and we conclude that the 

use of any fractionation law must be validated for each isotope system by each study before 

these models can be relied upon in ICP-MS. 
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Graphical Abstract: 

 

HIGHLIGHTS: 

 First calibrated measurements for the isotopic composition of tungsten which not rely 

on any conventional ratios to correct for instrumental fractionation effects.  

 Results of isotopic composition of tungsten are traceable to the International System of 

Units through the NIST rhenium isotopic standard.  

 Mass-independent isotopic fractionation was observed for tungsten isotopes in MC-ICP-

MS, as demonstrated on the three-isotope plots for 180W/184W and 186W/184W.  

 The use of any fractionation law must be validated for each isotope system by each 

study before these models can be relied upon in MC-ICP-MS. 

 


