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Abstract
Measurements of the lanthanide series with ICP-SF-MS provide low detection limits but suffer from oxides of the lighter
lanthanides interfering on the heavier ones. In this work, two different methods to measure the lanthanide series without
interferences, were investigated and compared to measuring the lanthanides directly with a standard sample introduction
system. It is shown that by using a desolvating sample introduction system during measurements, the impact of polyatomic
interferences are eliminated. It is also shown that using chemical separations to separate the elements in the lanthanide series
into three fractions almost eliminates polyatomic interferences, while direct measurements with a standard sample introduction system may lead to inaccurate results due to interferences.
Keywords Nuclear forensics · Uranium · Lanthanides · ICP-MS

Introduction
Nuclear forensics is a scientific discipline that aims to aid in
criminal investigations concerning illicit trafficking and use of
nuclear material or other radioactive substances. The ultimate
goal with an investigation is to find the origin and the intended
use of the seized material. Nuclear forensics combine a number of methods to establish an attribution of nuclear or other
radioactive material. Lanthanide patterns have proven to be
a promising signature for determination of the geographical
origin of uranium for nuclear forensic purposes [1–3]. The
lanthanides are a series of rare elements which share similar chemical and physical properties and therefore maintain
the same relative composition compared to each other even
though the material undergo various chemical processes, such
as uranium ore processing [4]. Another use for lanthanide patterns is material provenance in nuclear safeguards, where the
aim is to confirm that the origin of declared nuclear material
is consistent with the actual material [5].
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The concentrations of the lanthanides are generally low
in uranium material that has undergone various processes
such as uranium ore processing to obtain nuclear fuel;
therefore, a measurement technique with low detection
limits, such as mass spectrometry, is needed. However, by
using mass spectrometry, the concentrated uranium matrix
may cause matrix effects resulting in decreased measurement sensitivity that, in turn, may increase the detection
limits. The high amount of uranium introduced into the
instrument may also cause memory effects, i.e. high uranium backgrounds that may be hard to eliminate. This
might be an important factor if the same instrument is also
used for uranium isotopic measurements. Varga et al. [6]
proposed a method for group separation of the lanthanide
series to remove uranium and barium from the samples
using the TRU resin followed by lanthanide measurements
using inductively coupled plasma-sector field-mass spectrometry (ICP-SF-MS). However, another problem with
performing accurate lanthanide measurements by mass
spectrometry is that some of the lanthanides, especially the
lighter ones such as cerium and praseodymium, are prone
to oxide formation in the plasma, causing polyatomic interferences at a higher mass [7]. This means that, for example,
143
Nd16O+ will interfere with 159Tb+, which may lead to
an overestimation of the amount of terbium. The higher
the concentrations of the lighter lanthanides are compared
to the heavier lanthanides, the larger the overestimation.
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In nuclear forensics, it is important that the accuracy and
precision are maximized, in other words, it is important
that the measurement uncertainties are well-understood
and fit-for-purpose to make comparisons between materials useful [8, 9]. Therefore, an overestimation of certain
elements may be detrimental to the use of a measurement
result. Attempts have been made to correct for these interferences mathematically [10, 11] but this approach may
lead to large measurement uncertainties if the correction is
large compared to the analyte in question and may require
extensive measurements each day of analysis [12]. Funderberg et al. [13] presented a method for measuring the lanthanide series using medium-resolution LA-ICP-MS (laser
ablation ICP-MS) which allows for peak deconvolution of
the polyatomic interferences from the analytes. However,
the method did not resolve the interference of 143Nd16O+
on 159Tb+. The resolution needed to resolve these peaks
is approx. 7700. Another downside with using medium or
high mass resolution is that the sensitivity decreases significantly compared to low resolution and therefore results
in higher detection limits [14]. Groopman et al. [15] presented the secondary ion mass spectrometry-single stage
accelerator mass spectrometry (SIMS-SSAMS) as an excellent instrument for providing interference-free lanthanide
patterns at low concentrations. However, SIMS-SSAMS
is a rare technique and therefore there is a need for other,
much more available, mass spectrometric techniques for
low concentration element measurements. Inductively coupled plasma-mass spectrometry (ICP-MS) is a widespread,
multi-elemental technique that is suitable for the purpose
due to low detection limits for these elements. Even though
many of the lanthanides have many isotopes, there is at
least one isotope for each lanthanide free of isobaric interferences, but still the oxides, hydroxides and hydrides
resulting in polyatomic interferences pose a problem.
The aim of this work was to examine the possibilities to
measure the lanthanide series using ICP-SF-MS without
interferences of oxides, hydroxides and hydrides. Two methods for minimizing the impact of oxides during measurements have been compared to conventional measurements
without attempts to minimize the oxide impact on the results.
The first method was to use a desolvating sample introduction system that dries the sample before it enters the plasma
and therefore the oxide and hydride formation is kept at a
minimum. The second method was to chemically separate the
elements in the lanthanide series in such a way that the lighter
elements are separated from the heavier elements during the
measurement. A chemical separation method was developed
for this purpose. The separation method also removes most
of the uranium from the samples, making it possible to investigate the lanthanide pattern in materials with very low lanthanide concentrations, without risking contamination of the
instrument with high amounts of uranium.
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Experimental
All plasticware was acid-washed prior to use and all nitric
acid used was in-house sub-boiled.
Reference materials REE-2 and CUP-2 (both CanmetMINING, Ottawa, Canada) were used for the study. REE-2
is a reference material certified for concentration of most
lanthanides. CUP-2 is a uranium ore concentrate, which contains low, but uncertified amounts of lanthanides.

Dissolution of reference materials
CUP-2 was dissolved by microwave digestion (Mars 5, CEM
Corporation, Matthews, US). 0.2 g was put in a Teflon tube.
9 mL concentrated HNO3 + 0.09 mol L−1 HF (Suprapur,
Merck KGaA, Darmstadt, Germany) was added together
with 1 mL ultrapure water with 18.2 MΩ cm resistivity at
25 °C (Milli-Q, Merck KGaA, Darmstadt, Germany). The
sample was digested by ramping the temperature to 180 °C
for 20 min and holding at that temperature for 15 min. After
digestion, the sample was transferred to a bottle and the sample was diluted to a concentration of about 10 mg U g−1
solution.
REE-2 was dissolved by lithium borate fusion due to
incomplete dissolution using microwave digestion. 1 g of
REE-2 was put in a carbon crucible together with 3 g L
 iBO2
(Ultrapure, Claisse, Quebec, Canada). The sample was preoxidised for 2 h at 650 °C before fusing at 1050 °C for 15 min.
The fused sample was dissolved in 100 mL 10% H
 NO3 while
heating. After the sample had been dissolved, 0.4 g of polyethylene glycol (PEG-2000, Alfa Aesar, Karlsruhe, Germany)
was added to flocculate silica and the solution was evaporated
to approximately 50 mL. The solution was left over night to let
the slow silica flocculation progress. The solution was thereafter filtered through a filter paper with pore size 8–10 µm
(Munktell OOM, Alstrom Munksjö, Helsinki, Finland) and
diluted in 1 mol L−1 HNO3. Blanks were prepared in the same
way as CUP-2 and REE-2, respectively.

Chemical separations
For the separated samples, an aliquot was taken from the
working solution. The sample was either diluted with MilliQ water to a concentration of 0.05 mol L
 −1 HNO3 or evaporated and dissolved in 2 mL 0.05 mol L
 −1 HNO3. For yield
determination, a second sample was prepared for each sample by adding a known amount of a lanthanide multi-element solution. For the REE-2 reference material, containing
only low amounts of uranium, 1 mg of uranium was added
to each sample prior to the separation in order to mimic a
uranium-rich material. Method blanks were prepared in the
same manner.
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Two milliliter of Ln resin (di(2-ethylhexyl) orthophosphoric acid, HDEHP) was added to a 2 mL separation
column (resin and separation column both from Triskem
International, Bruz, France). The column was rinsed with
2 × 2.5 mL 10 mol L−1 HNO3 to remove possible lanthanides
in the resin, followed by 2.5 mL Milli-Q water and 3 × 2 mL
0.05 mol L−1 HNO3. Another 2 mL 0.05 mol L
 −1 HNO3 was
added to the resin and the columns were sealed.
Prior to the separation, the columns were opened and
allowed to drain. 1 mL 0.05 mol L
 −1 HNO3 was added to
the columns to condition the columns further. Thereafter the
samples were added to the columns. The sample tubes were
rinsed with 2 × 0.5 mL 0.05 mol L−1 HNO3 that were added
to the columns. Lanthanum to neodymium were eluted with
6 mL 0.4 mol L−1 HCl, samarium to gadolinium were eluted
with 10 mL 0.75 mol L−1 HCl and terbium to lutetium were
eluted with 20 mL 10 mol L−1 HNO3 into Teflon beakers. All
solutions were evaporated to near dryness and dissolved in
2% HNO3 to change the solution to a more suitable matrix for
ICP-MS measurements. The samples were, if needed, diluted
to lanthanide concentrations less than approx. 2 ng g−1.

Sample preparation
For the direct measurements, the samples were diluted so
that the concentration of the lanthanides in the measurement

Table 1  Instrumental settings
for the two sample introduction
systems

Instrumental settings

Nebulizer
Forward power [W]
Cool gas flow [L min−1]
Auxiliary gas flow [L min−1]
Nebulizer gas flow [L min−1]
Ar Sweep gas [L m
 in−1]
Nitrogen [mL min−1]

Table 2  Measurement
parameters
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solution was kept between 6 pg g−1 and 2 ng g−1. An internal
standard (indium, rhodium and rhenium) was added to all
samples to a concentration of 1 ng g−1 of each element. In
literature, all three elements have been chosen as internal
standard for lanthanide measurements [6, 16, 17]. Initial
experiments showed that the signal variation of each of the
internal standards corresponded better with the signal variation of some of the lanthanides. Therefore, indium was used
as internal standard for thulium, ytterbium and lutetium;
rhenium was used as internal standard for terbium and dysprosium; and rhodium was used as internal standard for the
rest of the lanthanide series.

Measurements
The measurements were performed on an Element2
(Thermo Fischer Scientific, Bremen, Germany). For the
standard sample introduction a cyclonic spray chamber
and concentric nebulizer were used (both GlassExpansion,
Port Melbourne, Australia). For the measurements with a
desolvating sample introduction system, a Cetac Aridus
II (Teledyne Cetac Technologies, Omaha, Nebraska, US)
together with a 100 µL m
 in−1 C-flow nebulizer was used.
The instrumental settings and measurement parameters can
be found in Tables 1 and 2. The instrument was tuned with a

Standard sample introduction
Twister spray chamber

Desolvating
sample introduction
Aridus II

Conikal
1250
16
0.7
1.1
N/A
N/A

C-flow PFA
1200
16
0.7
0.9
3.2
10

Measurement parameters
Resolution
Mass window
Samples per peak
Runs and passes
Scan type
Measured analyte isotopes
Measured internal standard isotopes

300
5%
100
100 × 1
E-scan
137
Ba, 139La, 140Ce, 141Pr, 146Nd, 147Sm, 153Eu,
157
Gd, 159Tb, 163Dy, 165Ho, 167Er, 169Tm, 174Yb,
175
Lu
103
Rh, 115In, 185Re
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1 ng g−1 cerium standard solution to minimize the oxide formation level of cerium while maintaining high sensitivity.
For the 5-point external calibration for the measurements
of the unseparated samples, a multi-element standard (Sigma
Aldrich, Buchs, Switzerland) was used. For the measurements of the separated samples, three different certified
standard solutions were used, containing La–Nd, Sm–Gd
and Tb–Lu, respectively (Spectrascan, Inorganic Ventures,
Christiansburg, USA). For quality assurance, control samples were diluted from multi-element standards of another
brand (CPAchem Ltd, Stara Zagora, Bulgaria). The multielement standards used for quality control had the same
composition as the solutions used for calibration. All standard solutions used for calibration and quality assurance were
certified by mass and traceable to NIST.
The dead-time was evaluated with the method proposed
by Appelblad and Baxter [18] using a Lu standard solution.
All data reduction and calculations were performed off-line.
The external calibrations, using weighted linear regression,
were carried out according to Sayago and Asuero [19] and
the calculations as well as the measurement uncertainties

Results and discussion

Fig. 1  Left: Comparison of the lanthanide pattern for REE-2 between
certified values and results from direct measurement using a standard
sample introduction system. Right: Relative deviation from the certi-

fied value. Diamonds are measured values. The continuous lines are
the certified values. The uncertainty bars are, in some cases, smaller
than the bullets

Fig. 2  Left: Comparison of the lanthanide pattern for REE-2 between
certified values and measured results using a desolvating sample
introduction system. Right: Relative deviation from the certified

value. Diamonds are measured values. The continuous lines are the
certified values. The uncertainty bars are, in some cases, smaller than
the bullets
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were evaluated using a Monte Carlo method in the same
manner as Ramebäck and Lindgren [20].
The uncertainties were evaluated in accordance with
ISO GUM [21]. All uncertainties are, unless stated otherwise, presented with a coverage factor k = 2, corresponding to an approximate 95% confidence level. The measurement results were normalized using Chondrite values, see
Figs. 1, 2, 3 and 4 [22].

Direct measurements
The acquired pattern of the REE-2 reference material from
direct measurement using a standard sample introduction
system can be seen in Fig. 1. For most elements, the results
agree well with the certified values. The exceptions in this
case are gadolinium and terbium, which are overestimated
by approx. 60% and 40%, respectively, see Table 3. The
highest amount of oxide formation can be seen in lanthanum,
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Fig. 3  Left: Comparison of the lanthanide pattern for REE-2 between
certified values and measured values using a standard sample introduction system after a chemical separation. Right: Relative deviation
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from the certified value. Diamonds are measured values. The continuous lines are the certified values. The uncertainty bars are smaller
than the bullets in some cases

Chemical separations

Fig. 4  Comparison of the lanthanide pattern for CUP-2 between
measurements using all three methods. The uncertainty bars are
smaller than the bullets in most cases

cerium, praseodymium and neodymium. Oxides of praseodymium and neodymium will therefore interfere with masses
157 and 159, for example. The CeO/Ce-ratio was approximately 2.5% at the time of measurement with the current
measurement setup. The oxides of praseodymium and neodymium are expected to be lower but within the same order
of magnitude [7, 23]. If the amounts of praseodymium and
neodymium present in the sample are high enough compared
to the amount of gadolinium and terbium, the oxides will
start to interfere with the measurements of gadolinium and
terbium.
Figure 2 shows the results of the direct measurements
of REE-2 using a desolvating sample introduction system,
compared to the certified values. At the time of measurement, the CeO-formation was approx. 0.08%. In this figure,
it is clear that the interferences on gadolinium and terbium
are removed; the results correspond well with the certified
values.

The results of the measurements of REE-2 after the chemical separation can be seen in Fig. 3. In this figure, it is evident that the interferences seen in Fig. 1 are absent. Since
oxides of lighter lanthanides interfere with the heavier ones,
e.g. 141Pr16O+ on 157Gd+, it is preferable that La–Eu and
Gd–Lu are measured in separate fractions. However, it has
previously been shown that complete separation between
Eu(III) and Gd(III) is difficult to perform in one single step
using HDEHP [24–26]. Instead, a separation method including three fractions rather than two, was developed with the
middle fraction containing Sm–Gd, which is more easily
achieved. The separation method was developed from methods proposed previously using HDEHP as the extractant [27,
28]. By increasing the hydrochloric acid concentration, the
lanthanides elute in groups. For the last elution, the acid
was changed to nitric acid to avoid the elution of uranium,
which will co-elute with the heavy lanthanides when high
concentrations of hydrochloric acid are used [29, 30]. The
mean chemical yield was (100 ± 2)% (1 sd), which is similar
to the yield achieved by Varga et al. [6] using TRU resin for
lanthanide group separation. The range of the chemical yield
was 95% to 107%.
Other possible interferences are the oxides and hydrides
from barium [7]. Performing a chemical separation of the
lanthanide series using HDEHP as the extractant will also
solve this problem since the Ba2+ ions are not extracted by
HDEHP at the acid concentrations used in this work [31].
Using the desolvating sample introduction will also remove
the barium hydrides and oxides in the same manner as for
the lanthanides.
In Tables 3 and 4 it can be seen that the amount of the
heavier elements are slightly lower when the results originate from the desolvating system compared to the standard
sample introduction. This is due to interferences from the
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Table 3  Results and
corresponding uncertainties
from mass fraction
measurements of REE-2

Certified values
−1

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
1

Desolvating sample
introduction
−1

Direct measurement
−1

Separated samples

c [µg g ]

Uc k = 2

c [µg g ]

Uc k = 2

c [µg g ]

Uc k = 2

c [µg g−1]

Uc k = 2

5130
9610
1080
3660
410
97
2191
20.3
69.2
7.9
14.0
1.38
7.21
0.921

270
770
110
360
34
12
43
2.9
4.3
1.2
3.3
0.12
2.0
0.33

5080
9590
1148
3490
404
95.8
201.7
20.13
73.2
8.47
14.60
1.29
6.41
0.715

200
190
17
130
22
1.7
8.1
0.76
1.1
0.28
0.56
0.11
0.16
0.040

5060
10,234
1111
3830
435.1
108.7
346.9
28.01
71.69
8.53
14.46
1.415
8.00
0.899

210
99
12
36
4.0
1.3
8.1
0.29
0.64
0.23
0.22
0.026
0.12
0.030

4890
8700
990
3356
438
99.6
214.6
19.25
70.5
8.78
15.81
1.461
7.21
0.962

140
1300
120
92
28
1.4
3.4
0.52
1.6
0.25
0.25
0.030
0.20
0.030

Provisional value

Table 4  Results and
corresponding uncertainties
from the mass fraction
measurements of CUP-2

Desolvating sample introduction Standard sample introduction

La
Ce
Pr
Nd
Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu

Direct measurement

Separated samples

c [µg g−1]

Uc k = 2

c [µg g−1]

Uc k = 2

c [µg g−1]

Uc k = 2

17.87
37.27
4.674
16.97
8.11
0.701
12.73
2.68
17.17
3.20
8.52
0.976
6.20
0.713

0.57
0.63
0.069
0.91
0.40
0.014
0.51
0.10
0.24
0.11
0.31
0.064
0.15
0.036

18.02
36.81
4.579
18.56
8.66
0.723
12.61
2.832
17.35
3.066
8.02
1.062
6.376
0.773

0.59
0.41
0.032
0.21
0.10
0.014
0.25
0.035
0.18
0.076
0.10
0.013
0.078
0.012

18.13
36.80
4.629
18.67
8.78
0.711
13.66
2.80
17.29
3.177
8.05
1.081
6.41
0.780

0.24
0.72
0.069
0.35
0.43
0.016
0.20
0.11
0.33
0.080
0.31
0.030
0.12
0.013

middle part of the lanthanide series. For example, 175Lu+
is interfered by 159Tb 16O + and 174Yb + is interfered by
158
Dy16O+ and 173YbH+ when using the standard sample
introduction system. However, the difference between measurement methods is not statistically significant, unless the
concentrations of the middle lanthanides are very large in
comparison to the heavier lanthanides. In this case, the oxide
interference will be significant even at a low relative oxide
formation level.
Figure 4 shows the results of the measurements of CUP-2
using all three methods. The pattern show close resemblance
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Standard sample introduction

to previously published results [16]. In the figure, all results
are superimposed meaning that direct measurements with
a standard introduction system are good enough to achieve
the same results as with separated samples or the desolvating
system. The reason for this is that the difference in concentrations between elements in the lanthanide series, in this
material, are too small to result in amounts of oxides that
would significantly alter the measured concentrations of the
heavier lanthanides. However, direct measurements of uranium rich materials will cause memory effects in the instrument, which might be a problem if the same instrument has
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to be used for measuring uranium isotopics as well. Therefore, chemical separations might still be justified. In Table 4
it can be seen that the concentrations vary between approx.
40 µg g−1 (cerium) and 0.7 µg g−1 (europium and lutetium)
in the CUP-2 material. For the REE-2 material, the concentrations vary between 10,000 µg g−1 (cerium) and 0.9 µg g−1
(lutetium), see Table 3.

Measurement uncertainties
In some cases, the results from the quality control samples
did not correspond to the certified value. This discrepancy
could not be explained in any other way than that there is a
difference in concentration or underestimated uncertainty
in the certified solutions used for calibration and quality
control. Since it is difficult to determine which of the solutions that have the correct concentration this anomaly was
addressed by adding an extra uncertainty component to
the measurement model, corresponding to the uncertainty
needed to force the control sample to correspond to the
certified concentration of the control standard within their
uncertainties:
((
) )
ca.s = Ia − a ∕b + 𝛿
where ca.s is the calculated concentration of the analyte in
the sample, a and b are intercept and slope, respectively,
from the linear regression and Ia is the measured intensity
of the analyte in the sample and δ is a constant with value 0
but with an uncertainty uc(δ). This approach ensures that the
result of the measurement of the QC sample corresponds to
the certified value within uncertainties at the 95% confidence
level and has previously been applied on replicate samples
by Kessel et al. [32] in a similar fashion.
The lowest uncertainties were achieved using direct
measurement and the standard sample introduction system, since the signal stability was higher with the standard system than with the desolvating system. The highest
uncertainties are calculated for the separated samples even
though they are measured with the standard sample introduction system. The measurement uncertainty of the separated samples are on average around 3% (k = 2) with a few
exceptions where the uncertainty is somewhat higher. This
is mainly due to the estimation of the uncertainty in the
yield determination. This estimation was done by looking
at the variation of the yields for each element and adding
the t-factor corresponding to the degrees of freedom, to
the calculated standard deviations. Since the number of
yield determinations were small, this uncertainty contribution became significant. This explains, for example, the
high uncertainty of cerium in Table 3. Other important
uncertainty contributions are related to the calibration
and/or the addition of the uncertainty of δ to account for
discrepancies in the certified reference solutions. At very
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low concentrations, the uncertainty of the analyte signal
contributes significantly to the combined uncertainty. The
level of uncertainty, however, is, in general, at the same
level or even below results presented by Varga et al. [6]
and Asai and Limbeck [33].
The desolvating system also suffers more from matrix
effects than the standard sample introduction. In the
direct measurements, the concentration of uranium was
10 µg g−1. This concentration did not affect the sensitivity
of the standard sample introduction to any extent, while
the desolvating system suffered from an almost 50% signal
suppression. This was, however, to some extent, compensated by the higher sensitivity that can be achieved with a
desolvating system.
It should be mentioned that the measurements in this
study does not account for inhomogeneity in the CUP-2
material. The homogeneity of REE-2 is granted when
more than 0.05 g of the material is used but in the case of
CUP-2 there is no such information. In case of inhomogeneous material, multiple aliquots should be dissolved and
measured and the variation between lanthanide mass fractions should be included in the uncertainty budget. This,
of course, means that the measurement uncertainty would
increase. It should also be noted that the combined uncertainties calculated from the certificate of the REE-2 reference material are high. In some cases, the uncertainties
are around 50%. This reference material is also missing
certified values for gadolinium, ytterbium and lutetium.
The values used in those cases are provisional values.
Therefore, this reference material may be unsuitable as a
reference material for nuclear forensic purposes if these
elements have to be measured, but is a good example of
when direct measurements with a standard sample introduction system are inappropriate.

Conclusions
This work has shown that it is possible to measure the lanthanide series with good precision and accuracy independent of the lanthanide pattern profile. Two methods have
been tested with satisfying results: direct measurement of
a uranium solution using a desolvating sample introduction system and measurement of separated samples using
standard sample introduction. This was compared with direct
measurement of a uranium solution and a standard sample
introduction system. The results show that direct measurements using the standard method may result in a substantial
bias in the concentration for certain elements due to oxide
formation in the plasma. This means that if a laboratory has
access to a desolvating sample introduction system there is
a quick and easy way to obtain, essentially, interferencefree lanthanide measurement data. Another advantage of the
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desolvating sample introduction system is that the relative
sensitivity, in general, increases compared to the normal
sample introduction system.
If there is no access to a desolvating system, the other
possibility to achieve interference-free measurements of the
lanthanide series is to perform a chemical separation on the
material to separate interfering from interfered elements
and in that way avoid the oxide interferences. Another
approach is to combine the desolvating sample introduction with chemical separation to remove the concentrated
uranium matrix which otherwise may cause severe signal
suppression in the dry plasma. This combination could
provide interference-free, high sensitivity measurements
of materials containing very low amounts of lanthanides.
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