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ABSTRACT: Determination of uranium isotope ratios is of great expedience for assessing its origin in environmental samples. 
In particular, the 

236
U/

238
U isotope ratio provides a powerful tool to discriminate between the different sources of uranium (urani-

um ore, geochemical background and uranium from anthropogenic activities). However, in the environment, this ratio is typically 

below 10
-8

. This low abundance of 
236

U and the presence in large excess of major isotopes (mainly 
238

U and 
235

U) complicates the 
accurate detection of 

236
U signal by mass spectrometry and thus highly sensitive analytical instruments providing high abundance 

sensitivity are required. This work pushes the limits of triple quadrupole-based ICP-MS technology for accurate detection of 
236

U/
238

U isotope ratios down to 10
-10

, which is so far mainly achievable by AMS. Coupled with an efficient desolvating module, 

N2O was used as the reaction gas in the collision reaction cell of the ICP-MS/MS. This configuration allows a significant de-
crease of the uranium polyatomic interferences (

235
UH

+
 ions) and an accurate determination of low 

236
U/

238
U isotope ratios. This 

new methodology was successfully validated through measurements of certified reference material from 10
-7

 to 10
-9

 and then 

through comparisons with AMS measurement results for ratios down to 10
-10

. This is the first time that 
236

U/
238

U isotope ratios as 
low as 10

-10
 were determined by ICP-MS/MS. The possibility of measuring low 

236
U/

238
U isotope ratios can offer a large variety 

of geochemical applications in particular for the determination of uranium sources in the environment.  

 

INTRODUCTION 

In the environment, 
238

U, 
235

U and 
234

U isotopes are the main 
constituents of naturally occurring uranium, whereas other 

minor isotopes, like 
236

U, can only be found at ultra-trace 
concentrations (few tens of fg/g). The main production path-

way in nature of this isotope is by neutron capture reaction 
235

U (n, γ) 
236

U and its abundance depends on uranium concen-

tration and neutron flux. The mean 
236

U/
238

U isotope ratio level 

in Earth crust is 10
-14

 – 10
-13

.
1
 However, anthropogenic 

236
U 

was globally deposited on Earth surface through atmospheric 

nuclear weapon tests leading to a characteristic 
236

U/
238

U iso-
tope ratio of 10

-8
 – 10

-9
 in most environmental samples.

2–9
 In 

addition, anthropogenic 
236

U was locally released into the 
environment in the vicinity of nuclear fuel reprocessing facili-

ties or after nuclear power plant accidents, with 
236

U/
238

U 

isotope ratio signatures above 10
-9

.
10–15

 In uranium ore, high 
uranium concentrations associated with high neutron flux lead 

to a higher production of 
236

U with 
236

U/
238

U isotope ratios 
with a typical signature of about 10

-10
.
1,16–23

 In the case of U-

ores the main sources of neutrons are: (i) (α, n) reactions, with 
light elements and (ii) spontaneous and neutron-induced fis-

sion of 
238

U and 
235

U respectively.
17

 This high isotopic contrast 
between the sources makes 

236
U/

238
U isotope ratios a relevant 

tracer for uranium source identification in the environment.
1,24

 
Uranium isotope investigations are therefore of increasing 

interest for environmental monitoring, nuclear safeguards and 
nuclear forensics.

25,26
 However, due to the low abundance of 

236
U in the environment, instruments with high sensitivity and 

high abundance sensitivity capabilities are required. 

For the investigation of 
236

U/
238

U isotope ratios at environ-
mental levels, the reference technique is Accelerator Mass 

Spectrometer (AMS)
2,3,5,15,16,27–31

 and ratios down to 10
-10

 were 

also measured by Thermal Ionisation Mass Spectrometer 
(TIMS).

1,18
 Even if Inductively Coupled Plasma Mass Spec-

trometer (ICP-MS) has been widely used for the investigation 
of various radionuclides

32–36
 its use for the determination of 

236
U in environmental samples remains challenging due to the 

presence of spectral interferences: peak tailing (from 
235

U at 

m+1 and 
238

U at m-2) and 
235

UH
+
 hydride ions formations.

1,37
 

These interferences limits the detection of 
236

U/
238

U lower than 
10

-5
 – 10

-6
 range with ICP-MS.

38
 It should be noted that hy-

dride formation is the major interference contribution at 
m/z=236 compared to the peak tailing: typical values for quad-

rupole mass spectrometers are about 2×10
-6

 (at m-1) and about 
3×10

-5
 (without desolvating system) for peak tailing and hy-

drides respectively.
1,38–40
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Several authors proposed different methodologies for reduc-

ing 
235

UH
+
 formation during ICP-MS measurement.

34,41,42
 

Main improvements include sensitivity increase and reduction 

of hydride formation rate by using desolvating introduction 
systems. Recently development of Inductively Coupled Plas-

ma tandem Mass Spectrometer (ICP-MS/MS) offered new 
possibilities for low 

236
U/

238
U isotope ratio 

determination.
1,4,37,43,44

 This become possible using the double 

mass filter with O2 in the Collision Reaction Cell (CRC) and 
the measurement of uranium isotopes  in mass shift mode 

(UO
+
).  The spectral overlapping at m/z=252 (

236
U

16
O

+
) from 

minor oxygen isotopes (
235

U
17

O and 
234

U
18

O) is avoided due to 

the selective introduction of the ions in the CRC thanks to the 
first mass filter. This configuration also improves significantly 

the abundance sensitivity (lower than 10
-10

)
36,45

 due to the use 
of two mass filters and reduces the uranium hydride for-

mation: UOH
+
 formation is less favorable compared to that 

of UH
+
.
37,43

 Typical hydride ratios (UOH
+
/UO

+
) using O2 

and desolvating modules 
43,44

 as the introduction system 

turns around 10
-6

 – 10
-8 

and in a recent work
45

 the authors 

investigated the use of CO2/He as the collision reaction gas 

and obtained a hydride formation rate of 1.2×10
-8

. Howev-

er, even if analyzing U
+
 in its oxidized state allows achiev-

ing low hydride formation rates, further reducing of UOH
+
 

formation could offer the possibility to measure lower 
236

U/
238

U isotope ratios (<10
-9

).  

Nonetheless, to date, the lowest isotope ratios measured by 

ICP-MS/MS in environmental samples are (7.2±0.8)×10
-9

 in a 
sediments

44
, (2.3 ± 2.8) × 10

-9
 in seawater

43
 and (1.5 ± 0.63) × 

10
-8

 in soils
37

. However, these last two studies suffered from 
large uncertainties (42-122%) and measurements were not 

validated with isotopically certified materials (
236

U/
238

U).
37,43

  

The aim of the present study is to establish a new method 
for reducing hydride formation as far as possible for the inves-

tigation of low 
236

U/
238

U isotope ratios by using an ICP-
MS/MS Agilent 8800. For this reason, nitrous oxide (N2O) 

was used as reaction gas in the CRC. N2O has already been 
successfully used for element determination in environmental 

samples.
46–50

In these studies, an improvement of the sensitivity 
and a decrease of the interferences were observed.

48,50
 Howev-

er, to our best knowledge, it has never been tested for 
236

U 

measurements. The performance of this method was then 
validated on certified references  materials and environmental 

samples. 

 

EXPERIMENTAL SECTION  

REAGENTS. High-purity acids obtained by distillation 

(Savillex® DST-1000 system) from nitric acid (VWR Chemi-
cals, Normapur 68 %) and hydrochloric acid (Merck, Emsure 

37 %) were used in this work for sample digestion and urani-
um chemical purification. Others acids are hydrofluoric acid 

(MERCK, Normapur) and perchloric acid (Prolabo, Suprapur) 
and were used for sample mineralisation. All acid dilutions 

were performed with deionised water (18.2 MΩ cm Milli Q 
system, Millipore). 0.05 mol.L

-1
 (M) HNO3 acid was used for 

sample recoveries and 0.5 M HNO3 acid was used for blank 

solutions and also for the instrument washing procedure be-
tween measurements. Moreover, for a more efficient instru-

ment washing, 0.03 M HEDPA was used to decrease the ura-
nium background level.  

 

STANDARDS AND SAMPLES FOR METHOD 
VALIDATION. The proposed method was validated by meas-

uring certified reference materials from the Joint Research 
Centre (Geel, Belgium). Three standards were used, IRMM 

184, IRMM-075/05 and IRMM-075/06, with different levels 
of 

236
U/

238
U certified isotope ratios: (1.24±0.01)×10

-7
, 

(1.07±0.08)×10
-8

 and (1.09±0.01)×10
-9 

respectively. Uranium 

concentration in the measured solution of standards are 1 µg.g
-

1
 for IRMM 184, 10 µg.g

-1
 for IRMM-075/05 and 30 µg.g

-1
 for 

IRMM-075/06. As no certified material is available for lower 
236

U/
238

U isotope ratios, three environmental samples previ-

ously characterised by the Vienna Environmental Research 
Accelerator (VERA) using an Accelerator Mass Spectrometer 

(AMS) were used to validate the method for lower ratios. Two 
sediment samples C2-5 and C2-30 were collected in a wetland 

draining a former uranium mine.
51,52

 These samples are highly 

enriched in uranium with concentrations of about 4500 µg.g
-1

 

and about 2500 µg.g
-1

, respectively, and 
236

U/
238

U isotope 
ratios were determined by AMS measurements to a level of 

(3.57±0.26)×10
-10

 and (3.50±0.19)×10
-10

, respectively. Urani-
um concentrations in the measured solution are 50 µg.g

-1
 for 

C2-5 and 40 µg.g
-1

 for C2-30. A third sample, MBN, an urani-

um ore, was measured with AMS to (1.04±0.17)×10
-10

. Urani-
um concentration in the measured solution is 70 µg.g

-1
 for 

MBN sample. Finally, an in-house standard of uranyl nitrate 
processed before 1918, called KkU, provided by the Universi-

ty of Physics in Vienna was used to test the method for an 
isotope ratio of (6.98±0.32)×10

-11
.
3
 Uranium concentration in 

this measured solution is about 200 µg.g
-1

. With these stand-
ards and samples, the method developed in this work has been 

tested from 
236

U/
238

U isotope ratio of 1×10
-7

 to 7×10
-11

.  

 

SAMPLE PREPARATION. Radiochemical process  of the 

environmental samples is adapted from previously published 
method.

53
 About 100 mg of samples were placed in Savillex® 

PFA Teflon® vials. Total sample dissolutions were carried out 
using concentrated HNO3 acid (1 ml) and concentrated HF 

acid (1 mL). Vials with closed lids were heated at 90°C over-

night using Evapoclean (Analab) system. HClO4 acid (300 µL) 
was then added and samples were heated again at 90°C with 

open lids during 3 h to evaporate HNO3 and HF acids. Tem-
perature was then increased to 160°C to enable the perchloric 

acid evaporation. Samples were recovered with 3M HNO3 acid 
and purified on chromatographic columns filled with UTEVA 

(100 – 150 µm) resin. After loading onto the columns, samples 

and resin were rinsed with 3 M HNO3 acid. Th was eliminated 
with 3 M HCl and U was finally eluted with 0.1 M HCl. Sam-

ples were evaporated to dryness and finally recovered with 
0.05 M HNO3 before ICP-MS measurements. Instrumental 

mass fractionation during measurements was corrected inter-
nally using a thallium standard solution. To this end, a diluted 

solution of Tl from an isotopic reference material (NIST-SRM 

997; certified for 
205

Tl/
203

Tl isotope ratio) was prepared and 1 
ng.g

-1
 of this solution was added to each measured samples  

before analysis.  

 

INSTRUMENTATION. In this work, an Apex HF (without 
desolvating membrane) and APEX Ω (with an included 

desolvating membrane) from Elemental Scientific (Nebraska, 
USA) were tested to increase the sensitivity while decreasing 

the uranium oxide and hydride formation rates in the plasma. 
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Desolvating instrument gas (nebulizer gas, N2 and Ar) flow 

rates were daily optimized to obtain the maximum of uranium 
signal and signal to background ratio. Measurements were 

performed on an ICP-MS/MS Agilent 8800. It was daily opti-
mized with a solution containing about 1 ng.g

-1
 of uranium. 

The operating parameters allowing the lowest hydride rate are 
presented in Table 1. Several gas were tested in the CRC. Gas 

qualities are “Technique” for nitrous oxide, “Ultrapure” for 

dioxygen and carbon dioxide, “premier” quality for argon, 
dinitrogen and helium. All gases are from Air Products (Au-

bervilliers, France). He gas was introduced through the dedi-
cated inlet line, while O2, CO2 or N2O through the 4

th
 gas inlet 

line. Gas flow rates were adjusted in order to maximize the 
uranium signal and signal to background ratio.  

One key-parameter to perform measurements at these levels 
of isotope ratios is the blank level and memory effect of the 

instrument. It is important to ensure that no uranium remains 

in the desolvating system or in the ICP-MS/MS. It requires 
long washing times with high purity acids, while controlling 

the uranium counts rates before measurements of each sam-
ples. Moreover 0.03 M HEDPA was used for its complexing 

proprieties that allow an efficient washing of the desolvating 
system and the ICP-MS/MS. Between each measurements, 

uranium background levels were controlled with less than 1 

cps for 
235

U
+
 signal and 0 cps for 

236
U

+
 signal. Hence, no in-

strumental blank correction was performed. Instrumental mass 

fractionation was corrected using the exponential mass frac-
tionation law

54,55
 and the measurement of the thallium standard 

certified for the 
205

Tl/
203

Tl isotope ratio. This analyse allows to 
correct for the mass fractionation of two uranium ratios during 

sample measurements: 
234

U/
235

U and 
236

U/
234

U isotope ratios.  

 

Table 1: ICP-MS/MS operating conditions: sample intro-

duction system, ICP-MS/MS parameters and acquisitions 
parameters used during the measurements in order to 

obtain the lowest hydride formation rate. 

Parameter Value 

Apex Ω Spray Chamber tem-
perature 

140 °C 

Apex Ω Peltier Cooler temper-
ature 

3 °C 

Apex Ω Desolvator tempera-
ture 

155 °C 

Nebulizer PFA Micro-Concentric (ESI) 

Desolvating system APEX Ω 

N2 gas (desolvating system) 3 L min-1 

Ar gas (desolvating system) 4 L min-1 

Torch One-piece (Quartz) 

Sample gas 0.90 L min-1 

Sample uptake ~300 µL min-1   

RF power 1550 W 

Sampling depth 6 mm 

Cell gas (N2O) flow rate 0.04 mL min-1 

Extract 1 and 2 -5, -190 V 

Deflect 13 V 

Q1 and Q2 Mass Gain 157, 131  

Q1 and Q2 Mass Offset 125, 126 

Q1 and Q2 Axis Offset 0.14, 0.02 

Octopole Bias -8 V 

Energy discrimination 0 V 

Peak shape 1 point 

Integration time of 
234,235,236U16O+,238U1H16O+ 

2, 1, 8, 2 s 

Integration time of 203Tl, 205Tl 1 s 

Number of sweeps per repli-
cate 

100 

Number of replicates per sam-
ple 

15 

Sensitivity on 238UO+  500 000 cps/ppb 

 

PROCEDURES. Indeed, in order to ensure the same detec-

tion mode (pulse counting) for the analysed U isotopes only 
234

U was measured in the same batch with 
236

U. Accordingly, 
236

U/
234

U isotope ratio was characterised in mass shift mode 

(
236

UO
+
/
234

UO
+
, however, for easy reading, all uranium ratios 

will simply be noted 
23X

U
+
/
23X

U
+
, as well as 

23X
UOH

+
/
23X

UO
+
 

will be expressed as 
23X

UH
+
/
23X

U
+
). Hydride correction was 

performed using the next equation (Eq. 1). Details on this 

equation could be found in Supplementary Information.  

(
U
    

U
    
)

corr

  (
U
    

U
    )

    

 (
      

U
    )

    

 
 

      
 (1) 

 

Where, (
236

U
+
/

234
U

+
)corr is the hydride corrected 

236
U

+
/
234

U
+
 

isotope ratio, (
236

U
+
/
234

U
+
)meas is the measured 

236
U

+
/
234

U
+
 

isotope ratio without corrections  and (
238

UH
+
/
234

U
+
)meas is the 

measured 
238

UH
+
/

234
U

+
 isotope ratio. The 137.88 value corre-

sponds to the natural 
238

U/
235

U isotope ratio. It is worth men-
tioning that recent works

56,57
 estimated the mean terrestrial 

238
U/

235
U to be ~137.82, however the value of 137.88 remain 

the „official‟ value (the one recommended by the IGC Sub-

commission on Geochronology) and that almost all geochron-
ological calculations in the literature are based on that value.  

The mass fractionation corrected 
236

U/
234

U and 
234

U/
238

U 

isotope ratios were used for the final calculation of 
236

U/
238

U 
isotope ratio. The 

234
U/

238
U isotope ratio was previously de-

termined in a diluted fraction of the samples by measuring the 
234

U/
235

U isotope ratio in the same experimental settings (UO
+
) 

and by using Tl isotopes for the instrumental mass fractiona-

tion corrections. We considered that processes l ike uranium 

mass independent fractionation during uranium-oxygen 
reaction in the CRC can be considerate as negligible, re-
garding to 

236
U/

238
U natural variations. To convert the 

234
U/

235
U isotope ratio, the natural 

238
U/

235
U isotope ratio 

(137.88) has been used.  

 

RESULT AND DISCUSSION  

REDUCTION OF THE HYDRIDE FORMATION RATE.  

Minimisation of the hydride formation rate (expressed as 
238

UH
+
/
238

U
+
) is mandatory for the determination of low 

236
U/

238
U isotope ratios. Typical hydride values without gas in 

the CRC and by using an APEX-HF were determined at about 
25×10

-6
 (Figure 1), which is in good agreement with previous 
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studies.
34,45,58

 Moreover, the N2 gas in the APEX-HF was 

tested at different flow rates and, as it can be seen in figure 1, 
its use has not led to a hydride reduction.  

 

 

Figure 1: Comparison of uranium hydride formation rate in differ-
ent configurations: using the APEX HF and the APEX Ω, without 

gas in on-mass mode or with different gas (O2, O2 +He, CO2, 

CO2+He, N2O) in the CRC in MS/MS mode (mass-shift mode 

UO+) and with different nitric acid molarities. Cell gas flow rates 
were: O2 at 0.05 mL.min-1, He at 0.5 mL.min-1, CO2 at 0.04 

mL.min-1 and N2O at 0.04 mL.min-1. 

One parameter that influences the hydride formation rate is 

the molarity of the nitric acid of the analysed solution. Differ-
ent acid molarities were tested and a decrease of the hydride 

formation rate was observed with the decrease of the molarity 
of the nitric acid, due to the minimisation of the available H

+
 

to form uranium hydrides. We also observed that for concen-
trations lower than 0.05M, no significant improvement of 

hydride formation was obtained. The use of 0.05 M HNO3 

allowed a hydride reduction by a factor of ~1.5 (Figure 1). 
Therefore, 0.05 M HNO3 acid was chosen for the standards 

and samples analysis as it is a good compromise between an 
efficient sample recovery and a low hydride formation rate in 

the ICP-MS/MS. 

As previously mentioned, pioneering work of Tanimizu et 

al.
43

 showed that analysing uranium isotopes in UO
+
 form 

drastically reduces the hydride formation (UOH
+
/UO

+
). This is 

clearly shown in figure 1; in MS/MS mode with O2 in the 

CRC (0.05 mL.min
-1

) hydride rate has fallen against no gas 
mode by a factor of 17 (~1.5×10

-6
). For similar instrumental 

configuration and settings , Diez-Fernandez et al.
44

 obtained 
comparable hydride rates. Collisional processes in the CRC by 

introducing simultaneously O2 and He (0.05 mL.min
-1

 and 0.5 
mL.min

-1
, respectively) have led to a signal decrease without a 

further suppression of the hydride formation (Figure 1).  

As for the no gas mode, in the MS/MS mode the acid molar-
ity played an important role in the hydride formation. For 

0.05M of HNO3, a similar decrease (a factor of ~1.5) of the 
hydride rate has been observed.  

In a recent work, Hou et al.
45

 by using CO2 and He in the 
CRC obtained a hydride formation rate of 1.2×10

-8
. In our 

case, the use of CO2 (0.04 mL.min
-1

) and a mixing of CO2 and 

He (0.04 mL.min
-1

 and 0.5 mL.min
-1

, respectively) in the CRC 

has not resulted in any decrease of the hydride formation (Fig-

ure 1). The obtained in this work values (~1.7×10
-6

) have been 
found to be similar with that using O2 in the CRC and in good 

agreement with the study of Diez-Fernandez et al.
44

. It should 
be noted that Hou et al.

45
 used high gas flow rates 

(1.2 mL.min
-1

 for CO2 and 8.0 mL.min
-1

 for He) and thus their 
results cannot be directly compared to our study. However, an 

important decrease of the uranium sensitivity was observed 

with the increase of CO2 and He flow rate in the CRC which 
doesn‟t meet the need for ultra-low 

236
U/

238
U isotope charac-

terisation.  

To our best knowledge, this is the first time the influence of 

the N2O gas on the uranium hydride formation in an ICP-
MS/MS mass spectrometer was tested. By using N2O in the 

CRC and the APEX-HF as the introduction system, a 
significant hydride formation decrease compared to that ob-

tained with O2 was observed (factor of ~8, Figure 1). This 

decrease could be explained by the competitive hydride 
formation between UO

+
 and Nx

+
 provided by the N2O gas (part 

of the available H
+
 to form UO

+
 is consumed to form NxH

+
).  

Diez-Fernandez et al.
44

 compared the influence of different 

desolvating systems on hydride formation and showed that the 
use of the APEX Ω and Aridus provide a significant decrease 

of the hydride formation compared to the use of the APEX-

HF. They found that with the APEX Ω and O2 in the CRC, the 
hydride rate has fallen by a factor of 10 (UH

+
/U

+
 = 0.4×10

-6
). 

Their observations are in good agreement with our findings: 
for similar experimental conditions (APEX Ω and O2 in the 

CRC) we obtained a hydride rate in the same order of 
magnitude, ~0.15×10

-6
 (Figure 1).

 
Hou et al.

45
 also observed a 

significant hydride decrease with the use of the APEX Ω 

compared to other introduction systems. The hydride decrease 
with the use of the APEX Ω can be explained by the presence 

of a helical EPTFE fluoropolymer membrane desolvator, 
allowing a more efficient removal of solvent and matrix 

components of a sample than what the APEX-HF is capable 
of. 

Finally, the combination of all the previously tested parame-
ters allowing the decrease of the hydride formation (N2O in 

the CRC, APEX Ω and 0.05M HNO3) has led to a significant 

decrease of the hydride formation rate. With this new protocol, 
the lowest hydride formation rate reached a minimum of 

0.006×10
-6

 (6×10
-9

) during measurements of certified standard 
materials (Figure 1). To our best knowledge, this is the lowest 

hydride rate value ever obtained with an ICP-MS or ICP-
MS/MS technique bringing new possibilities for accurate 

determination of ultra-low 
236

U/
238

U isotope ratios. The benefit 

of this extremly low hydride rate to the determiantion of ultra-
low 

236
U/

238
U isotope ratios can be quantified using equation 2. 

Equation 2 states the 
236

U
+
/

238
U

+
 ratio as a function of the 

interference to signal ratio 
235

UH
+
/
236

U
+
 (at m/z = 236) and of 

the hydride rate formation (UH
+
/U

+
) (see also Supplementary 

Information).  

 

U
    

U      
UH

 
 U

 

U  5 H
 
 U

    
 

 

      
 (2) 
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With the help of this equation, using the hydride rate value 

obtained in this work (6×10
-9

) and by fixing an interference to 
signal ratio at 1 (for higher ratios the interference correction is 

is more important than the signal) the theoretical lowest 
measurable 

236
U/

238
U isotope ratio is about 4×10

-11
 (see Figure 

S1 in Supplementary Information.) This ratio is almost two 
orders of magnitude below the lowest isotope ratios measured 

by ICP-MS/MS in environmental samples
37,43,44

. It is therefore 

necessary to confirm this mathematical consideration and to 
investigate the real limit of the developed method by 

measuring samples with certified 
236

U/
238

U isotopic ratios.  

UO
+
 SENSITIVITY USING O2 VERSUS N2O. The uranium 

sensitivity in UO
+
 form was studied using O2 and N2O as the 

reaction gas. According to thermodynamic data, the oxygen 

affinity in the N2O molecule is significantly lower compared 
to other reaction gas (CO, NO, CO2, O2 and NO2).

59
 In particu-

lar, affinity values for the N2O and O2 are 1.8 eV and 5.2 eV 

respectively
50,60

, which means that N2O readily reacts and 
donates an oxygen atom to react with uranium ions. From 

these values of bond dissociation energies, the reaction enthal-
py for the formation of UO

+
 ions could be deduced and shows 

a higher reactivity using N2O (ΔrH = -6.72 eV) than O2 (ΔrH = 
-3.28 eV).

61–63
 Therefore, a higher signal intensity of the UO

+ 

is expected using N2O compared to O2. Findings of a previous 

study
50

 seem to support the benefit of using N2O; during radi-
um analysis a sensitivity improvement was observed using 

N2O instead of O2. 

However, our results have not shown a sensitivity increase 

using the N2O as the reaction gas. Both N2O and O2 have led 
to the same sensitivity that was found to be ~5×10

5
 cps of 

238
U

16
O

+
 per ppb of U in MS/MS mode (see also Table 1). This 

can be explained by the fact that part of U
+
 ions can also react 

with N
+
 ions to form UN

+
 ions. Indeed, in presence of N2O 

gas, the reaction enthalpy for the formation of UN
+
 (ΔrH = -

6.64 eV) is similar to that of UO
+
 (ΔrH = -6.72 eV)

60,61
 creat-

ing thus a competition between the formation of the UO
+
 and 

UN
+
 species. During our measurements  using N2O in the 

CRC, the UN
+ 

and UO
+ 

formation was quantified to be about 
28 % (UN

+
/U

+
no gas) and 47 % (UO

+
/U

+
no gas, that compares 

with 51% using O2) respectively, which is in fair agreement 

with thermodynamic data.
60,61

 It should be noted that the fact 
that no signal increase was observed using N2O gas points out 

that the main process leading to the hydride rate decrease is  
competitive protonation reactions beteween UO

+
 and Nx

+
. 

One major concern is the uranium concentration needed to 
measure 

236
U in such low ratios. Based on the sensitivity 

reached in this work and considering a 
236

U/
238

U isotope ratio 

as low as 10
-10

,
 
a minimum concentration of 20 µg.g

-1
 is need-

ed in order to obtain at least 1 cps in 
236

U
+
. Considering a 

minimum volume of the analysed solutions  of about 2 mL, 
~40 µg of U are needed for a complete analysis of the 
236

U/
238

U ratio (including 
236

U/
234

U and 
234

U/
235

U determina-
tion). This value is to be compared with the needs of the AMS 

technique which is capable of detecting lower 
236

U/
238

U ratios 

with ~1 µg of U.
29

 However, the ICP-MS/MS is a low cost 
widespread technique compared to the AMS and for samples 

with low uranium concentrations, acid leaching (HCl, HNO3) 
of high sample volumes and preconcentration procedures can 

be used to achieve the appropriate uranium concentration.  

 

VALIDATION OF THE METHOD WITH CERTIFIED 
REFERENCE MATERIALS. The new method was validated 

using certified standard materials from the Joint Research 

Center (Figure 2 a-c). Three certified solutions (IRMM184, 
IRMM-075/5 and IRMM-075/6) were analysed, with 

236
U/

238
U 

isotope ratios ranging from 1.2×10
-7

 to 1.1×10
-9

. As can be 
seen in figure 2, the measured 

236
U/

238
U isotope ratios are in 

good agreement with the certified values reaching a trueness 
better than 2%. Isotope ratio uncertainties and repeatabilities 

(relative standard deviation of n measurements expressed for a 

coverage factor k = 2) were found to be lower than 5% and 
10%, respectively. Measurements of these certified reference 

solutions validated the analytical method for isotope ratios 
down to 10

-9
. It should be noted that this is the first time that 

236
U/

238
U isotope determination by ICP-MS/MS

 
down to 10

-9 

was validated with the use of isotopically certified materials. 

For lower ratios, as no isotopically certified material is availa-
ble, environmental samples previously characterised by AMS 

were used.  

 

Figure 2: Measurements of certified reference solutions: (a) 

IRMM 184; (b) IRMM -075/5; (c) IRMM-075/6 and environmen-

tal samples previously measured by AMS (d): (*) C2-5, (**) C2-
30 and (***) MBN. Open dots correspond to the means of the 

measurements. Blue shaded rectangles highlight certified values 

uncertainty. Isotope ratio uncertainties of this work were calculat-

ed by taking into account uncertainties of the mass fractionation 

factor and of the measured isotope ratios used for the calculation 
of the 236U/238U (236U/234U and 234U/235U). Trueness is expressed 

as the difference between the certified and measured isotope 

ratios. Repeatability was calculated as the standard deviation of n 

repeated measurements. Uncertainties and repeatabilit ies are 

extended using a coverage factor of 2. 
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VALIDATION WITH ENVIRONMENTAL SAMPLES. 
Three samples (C2-5, C2-30 and MBN) were characterised by 

AMS. Samples C2-5 and C2-30 have similar 
236

U/
238

U isotope 
ratios close to 3×10

-10
 and the MBN presents a lower ratio of 

1×10
-10

. As can be seen in figure 2 d, the results obtained with 
the new ICP-MS/MS method are in good agreement with 

those obtained with AMS (trueness close to 10 %). The uncer-

tainties are below 10 % for the C2-5 and C2-30, while for the 
MBN the achieved uncertainty is about 37 %. Even if this 

uncertainty is still high, it allows the discrimination between 
the different U sources due to their important 

236
U/

238
U isotope 

ratio variation (higher to the analytical uncertainty). Therefore, 
these results validate the proposed analytical method for the 

determination of low 
236

U/
238

U isotope ratios with ICP-
MS/MS, down to 1×10

-10
.  

The proposed method was also tested using the in-house 

standard Vienna-KkU, whose the 
236

U/
238

U isotope ratio was 
determined by AMS at (6.98±0.32)×10

-11
.
3
 Our results showed 

a systematic overestimation of this ratio that clearly points out 
the presence of an additional interference at m/z 252. The 

generation of 
238

U
14

N
+
 ions in the CRC has been suspected as 

the most probable interference. Although sequential transmis-

sion of U isotopes into the CRC prevents spectral overlaps at 

m/z = 252 due to the presence of different oxygen isotopes 
(
234

U
18

O
+
, 

235
U

17
O

+
), accurate 

236
U/

238
U isotope ratio measure-

ment can be hampered by the contribution of 
238

U
+
 peak tailing 

on 
236

U
+
 (at m-2). During 

236
U

+
 measurement, 

238
U

+
 tail is 

simultaneously transmitted with 
236

U
+
 ions through Q1 mass 

filter to the CRC. As previously shown, in presence of N2O in 

the CRC, UN
+
 formation is favorable at ~28% (according to 

the experimental settings of this work) and thus part of the 
238

U
+
 ions in the CRC from 

238
U

14
N

+
. Therefore, these species 

interfere with 
236

UO
+
 leading to an overestimation of the 

236
U/

238
U isotope ratio. A simplified schematic representation 

of the interference formation mechanism at m/z = 252 is pre-
sented in figure 3. Finally, ~1×10

-10
 is the lower achievable 

limit with the proposed configuration.  

 

 

Figure 3: Illustration of the UH+ and UN+ interference mecha-
nisms at m/z = 252. 

 

CONCLUSION 

A new analytical method for the determination of ultra-low 
236

U/
238

U isotope ratios by ICP-MS/MS was developed. The 

major novelty is the use of N2O as the reaction gas in the 
CRC. Hydride rate formation (measured as 
238

U
16

O
1
H

+
/
238

U
16

O
+
) was decreased to 6×10

-9
, which is an 

improvement of 2 orders of magnitude, compared to the 

“standard” configuration, in which O2 is used. By reducing this 

main interference, 
236

U/
238

U isotope ratios down to 1×10
-10

 

from certified reference materials and environmental samples 
previously measured by AMS were successfully characterised. 

Below this boundary and with the proposed configuration, it 
seems that our method limits are reached, as interferences 

become more and more significant to perform an accurate 
determination of the 

236
U/

238
U isotope ratio. At this level, 

AMS is still the most reliable measurement technique, with 

lower uncertainties (31 % of difference between the two tech-
niques for MBN sample) and lower detection limits.

28
  

To decrease even further the limits of the ICP-MS/MS, it is 
important to focus on the reduction of interferences. Improv-

ing the performances of Q1 mass filter in terms of abundance 
sensitivity could open the way for the investigation of 
236

U/
238

U isotope ratios lower than 10
-10

. Another possible way 
that remains to investigate is the use of the Agilent‟s second 

generation of ICP-MS/MS (Agilent 8900). This instrument is 

equipped with enhanced mass filters that offers an extended 
mass range and enable the detection of uranium dioxide 

(UO2
+
).

64
 According to the manufacturer data, in UO2

+ 
form 

hydride formation rate is reduced to 5.7×10
-8

 with the use of 

O2 as reaction gas. With this instrument, an effective desolvat-
ing system and N2O as reaction gas, hydride formation rate 

could be decreased below 10
-10

 allowing thus and accurate 

detection of 
236

U/
238

U isotope ratios down to 10
-11

.  

ASSOCIATED CONTENT  

Supporting Information 

 

Demonstration of Eq. 1 and Eq. 2. and a figure on the influence of 
the 235UH+ interference on the measurement of 236U/238U isotope 

ratio for a given hydride formation rate. 

 

AUTHOR INFORMATION 

Corresponding Author 

* Alkiviadis Gourgiotis: alkiviadis.gourgiotis@irsn.fr  

Author Contributions 

HJ, AG, OD and CC performed the ICP-MS/MS investigations, 
while PS and RG did the AMS measurements. All authors have 

given approval to the final version of the manuscript .  

ACKNOWLEDGMENT  

Authors are grateful to Aurelien Viscardi for the loan of the 

Apex Ω. This work was funded by the IRSN‟s exploratory 
research program ITUM. This is PATERSON, the IRSN mass 

spectrometry platform, contribution 5. 

REFERENCES 

1.  Bu W, Zheng J, Ketterer ME, Hu S, Uchida S, Wang X. 

Development and application of mass spectrometric techniques 
for ultra-trace determination of 

236
U in environmental samples-A 

review. Anal Chim Acta. 2017;995:1-20. 

doi:10.1016/j.aca.2017.09.029 
2.  Sakaguchi A, Kawai K, Steier P, et al. First results on 

236
U 

levels in global fallout. Sci Total Environ. 2009;407(14):4238-
4242. doi:10.1016/j.scitotenv.2009.01.058 

3.  Steier P, Bichler M, Keith Fifield L, et al. Natural and 
anthropogenic 

236
U in environmental samples. Nucl Instruments 

Methods Phys Res Sect B Beam Interact with Mater Atoms. 
2008;266(10):2246-2250. doi:10.1016/j.nimb.2008.03.002 

4.  Shao Y, Yang G, Xu D, et al. First report on global fallout 
236

U 
and uranium atom ratios in soils from Hunan Province, China. J 



7 

Environ Radioact. 2019;197:1-8. 
doi:10.1016/J.JENVRAD.2018.11.009 

5.  Froehlich MB, T ims SG, Fallon SJ, Wallner A, Fifield LK. 
Nuclear weapons produced 

236
U, 

239
Pu and 

240
Pu archived in a 

Porites Lutea coral from Enewetak Atoll. J Environ Radioact. 
2017;178-179:349-353. doi:10.1016/J.JENVRAD.2017.05.009 

6.  Christl M, Lachner J, Vockenhuber C, Goroncy I, Herrmann J, 
Synal H-AA. First data of Uranium-236 in the North Sea. Nucl 
Instruments Methods Phys Res Sect B Beam Interact with Mater 
Atoms. 2013;294:530-536. doi:10.1016/j.nimb.2012.07.043 

7.  Eigl R, Steier P, Sakata K, Sakaguchi A. Vertical distribution of 
236

U in the North Pacific Ocean. J Environ Radioact. 2017;169-
170:70-78. doi:10.1016/j.jenvrad.2016.12.010 

8.  Nomura T , Sakaguchi A, Steier P, et al. Reconstruction of the 

temporal distribution of 
236

U/
238

U in the Northwest Pacific 
Ocean using a coral core sample from the Kuroshio Current 
area. Mar Chem . 2017;190:28-34. 

doi:10.1016/j.marchem.2016.12.008 
9.  Quinto F, Hrnecek E, Krachler M, Shotyk W, Steier P, Winkler 

SR. Measurements of 
236

U in ancient and modern peat samples 
and implications for postdepositional migration of fallout 

radionuclides. Environ Sci Technol. 2013;47:5243-5250. 
doi:10.1021/es400026m 

10.  Boulyga SF, Becker JS. Determination of uranium isotopic 
composition and 

236
U content of soil samples and hot particles 

using inductively coupled plasma mass spectrometry. Anal 
Chem . 2001;370:612-617. 

11.  Pourcelot L, Masson O, Saey L, Conil S, Boulet B, Cariou N. 
Empirical calibration of uranium releases in the terrestrial 

environment of nuclear fuel cycle facilities. J Environ Radioact. 
2017;171:74-81. doi:10.1016/j.jenvrad.2017.02.001 

12.  Quinto F, Steier P, Wallner G, et al. The first use of 
236

U in the 

general environment and near a shutdown nuclear power plant. 
Appl Radiat Isot. 2009;67(10):1775-1780. 
doi:https://doi.org/10.1016/j.apradiso.2009.05.007 

13.  Yang G, Tazoe H, Hayano K, Okayama K, Yamada M. Isotopic 

compositions of 
236

U, 
239

Pu, and 
240

Pu in soil contaminated by 
the Fukushima Daiichi Nuclear Power Plant accident. Sci Rep. 
2017;7(1):13619. doi:10.1038/s41598-017-13998-6 

14.  Qiao J, Steier P, Nielsen SP, Hou X, Roos P, Golser R. 

Anthropogenic 
236

U in Danish Seawater: Global Fallout vs. 
Reprocessing Discharge. Environ Sci Technol. 
2017;51(12):6867-6876. doi:10.1021/acs.est.7b00504 

15.  Shinonaga T , Steier P, Lagos M, Ohkura T. Airborne plutonium 

and non-natural uranium from the Fukushima DNPP found at 
120 km distance a few days after reactor hydrogen explosions. 
Environ Sci Technol. 2014;48(7):3808-3814. 
doi:10.1021/es404961w 

16.  Zhao XL, Nadeau MJ, Kilius LR, Litherland AE. Detection of 
naturally occurring 

236
U in uranium ore. Earth Planet Sci Lett. 

1994;124:241-244. doi:10.1016/0012-821X(94)00090-5 

17.  Hotchkis MAC, Child D, Fink D, et al. Measurement of 
236

U in 
environmental media. Nucl Instruments Methods Phys Res Sect 
B Beam Interact with Mater Atoms. 2000;172(1-4):659-665. 
doi:10.1016/S0168-583X(00)00146-4 

18.  Richter S, Alonso A, De Bolle W, Wellum R, Taylor PD. DP. 
Isotopic “fingerprints” for natural uranium ore samples. Int J 
Mass Spectrom . 1999;193(1):9-14. doi:10.1016/S1387-
3806(99)00102-5 

19.  Wilcken KM, Barrows TT, Fifield LK, Tims SG, Steier P. AMS 
of natural 

236
U and 

239
Pu produced in uranium ores. Nucl 

Instruments Methods Phys Res Sect B Beam Interact with Mater 
Atoms. 2007;259:727-732. doi:10.1016/j.nimb.2007.01.210 

20.  Murphy MJ, Froehlich MB, Fifield LK, Turner SP, Schaefer BF. 
In-situ production of natural 

236
U in groundwaters and ores in 

high-grade uranium deposits. Chem Geol. 2015;410:213-222. 

doi:https://doi.org/10.1016/j.chemgeo.2015.06.024 
21.  Srncik M, Steier P, Wallner G. Depth profile of 

236
U/

238
U in soil 

samples in La Palma, Canary Islands. J Environ Radioact. 
2011;102(6):614-619. doi:10.1016/j.jenvrad.2011.03.011 

22.  Child DP, Hotchkis MAC. Plutonium and uranium 
contamination in soils from former nuclear weapon test sites in 
Australia. Nucl Instruments Methods Phys Res Sect B Beam 
Interact with Mater Atoms. 2013;294:642-646. 

doi:10.1016/J.NIMB.2012.05.018 

23.  De Cesare M, Fifield LK, Sabbarese C, et al. Actinides AMS at 
CIRCE and 

236
U and Pu measurements of structural and 

environmental samples from in and around a mothballed nuclear 
power plant. Nucl Instruments Methods Phys Res Sect B Beam 
Interact with Mater Atoms. 2013;294:152-159. 
doi:10.1016/j.nimb.2012.05.020 

24.  Tortorello R, Widom E, Renwick WH. Use of uranium isotopes 
as a temporal and spatial tracer of nuclear contamination in the 
environment. J Environ Radioact. 2013;124:287-300. 
doi:http://dx.doi.org/10.1016/j.jenvrad.2013.06.007 

25.  Santos JS, Teixeira LSG, dos Santos WNL, Lemos VA, Godoy 
JM, Ferreira SLC. Uranium determination using atomic 
spectrometric techniques: An overview. Anal Chim Acta. 
2010;674(2):143-156. doi:10.1016/j.aca.2010.06.010 

26.  Pollington AD, Kinman WS, Hanson SK, Steiner RE. 
Polyatomic interferences on high precision uranium isotope ratio 
measurements by MC-ICP-MS: applications to environmental 

sampling for nuclear safeguards. J Radioanal Nucl Chem. 2016. 
doi:10.1007/s10967-015-4419-4 

27.  Steier P, Golser R, Kutschera W, et al. Heavy ion AMS with a 
“small” accelerator. Nucl Instruments Methods Phys Res Sect B 

Beam Interact with Mater Atoms. 2002;188:283-287. 
doi:10.1016/S0168-583X(01)01114-4 

28.  Steier P, Dellinger F, Forstner O, et al. Analysis and application 
of heavy isotopes in the environment. Nucl Instruments Methods 

Phys Res Sect B Beam Interact with Mater Atoms. 
2010;268(1045-1049). doi:10.1016/j.nimb.2009.10.094 

29.  Steier P, Hain K, Klötzli U, et al. The actinide beamline at 
VERA. Nucl Instruments Methods Phys Res Sect B Beam 

Interact with Mater Atoms. 2019;458:82-89. 
doi:10.1016/J.NIMB.2019.07.031 

30.  Hain K, Steier P, Eigl R, et al. 
233

U/
236

U – A new tracer for 

environmental processes ? In: Envira2017. ; 2017:29. 
31.  Winkler SR, Steier P, Buchriegler J, et al. He stripping for AMS 

of 236U and other actinides using a 3 MV tandem accelerator. 
Nucl Instruments Methods Phys Res Sect B Beam Interact with 

Mater Atoms. 2015;361:458-464. 
doi:10.1016/J.NIMB.2015.04.029 

32.  Pointurier F, Hubert A, Baglan N, Hémet P. Evaluation of a new 
generation quadrupole-based ICP-MS for uranium isotopic 

measurements in environmental samples. J Radioanal Nucl 
Chem . 2008;276(2):505-511. doi:10.1007/s10967-008-0534-9 

33.  Ketterer ME, Groves AD, Strick BJ, Asplund CS, Jones VJ. 
Deposition of 

236
U from atmospheric nuclear testing in 

Washington state (USA) and the Pechora region (Russian 
Arctic). J Environ Radioact. 2013;118:143-149. 
doi:10.1016/j.jenvrad.2012.10.007 

34.  Boulyga SF, Klötzli U, Prohaska T . Improved abundance 

sensitivity in MC-ICP-MS for determination of 
236

U/
238

U isotope 
ratios in the 10

-7
 to 10

-8
 range. J Anal At Spectrom . 2006. 

doi:10.1039/b608983f 

35.  Buchholz BA, Brown TA, Hamilton TF, et al. Investigating 
uranium isotopic distributions in environmental samples using 
AMS and MC-ICPMS. Nucl Instruments Methods Phys Res Sect 
B Beam Interact with Mater Atoms. 2007. 

doi:10.1016/j.nimb.2007.01.248 
36.  Boulyga SF, Koepf A, Konegger-Kappel S, Macsik Z, 

Stadelmann G. Uranium isotope analysis by MC-ICP-MS in 
sub-ng sized samples. J Anal At Spectrom . 2016. 

doi:10.1039/c6ja00238b 
37.  Yang G, Tazoe H, Yamada M. Determination of 

236
U in 

environmental samples by single extraction chromatography 
coupled to triple-quadrupole inductively coupled plasma-mass 

spectrometry. Anal Chim Acta. 2016;944:44-50. 
doi:10.1016/j.aca.2016.09.033 

38.  Ketterer ME, Hafer KM, Jones VJ, Appleby PG. Rapid dating of 

recent sediments in Loch Ness: inductively coupled plasma 
mass spectrometric measurements of global fallout plutonium. 
Sci Total Environ. 2004;322(1-3):221-229. 
doi:10.1016/J.SCITOTENV.2003.09.016 

39.  Gourgiotis A, Isnard H, Aubert M, et al. Accurate determination 
of Curium and Californium isotopic ratios by inductively 
coupled plasma quadrupole mass spectrometry (ICP -QMS) in 
248

Cm samples for transmutation studies. Int J Mass Spectrom . 

2010;291(3):101-107. doi:10.1016/j.ijms.2010.02.002 



8 

40.  Xiao G, Jones RL, Saunders D, Caldwell KL. Determination of 
234

U/
238

U, 
235

U/
238

U and 
236

U/
238

U isotope ratios in urine using 

sector field inductively coupled plasma mass spectrometry. 
Radiat Prot Dosimetry. 2014;162(4):618-624. 
doi:10.1093/rpd/ncu023 

41.  Zheng J, Yamada M. Determination of U isotope ratios in 

sediments using ICP-QMS after sample cleanup with anion-
exchange and extraction chromatography. Talanta. 
2006;68(3):932-939. 
doi:https://doi.org/10.1016/j.talanta.2005.06.065 

42.  Zoriy M V., Halicz L, Ketterer ME, Pickhardt C, Ostapczuk P, 
Becker JS. Reduction of UH

+
 formation for 

236
U/

238
U isotope 

ratio measurements at ultratrace level in double focusing sector 
field ICP-MS using D2O as solvent. J Anal At Spectrom . 

2004;19(3):362-367. doi:10.1039/b314456a 
43.  Tanimizu M, Sugiyama N, Ponzevera E, Bayon G. 

Determination of ultra-low 
236

U/
238

U isotope ratios by tandem 

quadrupole ICP-MS/MS. J Anal At Spectrom. 2013;28(9):1372-
1376. doi:10.1039/c3ja50145k 

44.  Diez-Fernández S, Jaegler H, Bresson C, et al. A new method 
for determining 

236
U/

238
U isotope ratios in environmental 

samples by means of ICP-MS/MS. Talanta. 2020;206(120221). 
45.  Hou X, Zhang W, Wang Y. Determination of Femtogram-Level 

Plutonium Isotopes in Environmental and Forensic Samples 
with High-Level Uranium Using Chemical Separation and ICP-

MS/MS Measurement. Anal Chem. 2019;91(18):11553-11561. 
doi:10.1021/acs.analchem.9b01347 

46.  Balcaen L, Bolea-Fernandez E, Resano M, Vanhaecke F. 
Inductively coupled plasma – Tandem mass spectrometry (ICP-

MS/MS): A powerful and universal tool for the interference-free 
determination of (ultra)trace elements – A tutorial review. Anal 
Chim Acta. 2015;894:7-19. doi:10.1016/J.ACA.2015.08.053 

47.  Bolea-Fernandez E, Balcaen L, Resano M, Vanhaecke F. 
Overcoming spectral overlap via inductively coupled plasma-
tandem mass spectrometry (ICP-MS/MS). A tutorial review. J 
Anal At Spectrom. 2017;32:1660-1679. doi:10.1039/c7ja00010c 

48.  Ohno T , Muramatsu Y. Determination of radioactive cesium 
isotope ratios by triple quadrupole ICP-MS and its application to 
rainwater following the Fukushima Daiichi Nuclear Power Plant 
accident. J Anal At Spectrom . 2014;29(2):347-351. 

doi:10.1039/c3ja50291k 
49.  Zheng J, Tagami K, Bu W, et al. 

135
Cs/

137
Cs isotopic ratio as a 

new tracer of radiocesium released from the Fukushima nuclear 
accident. Environ Sci Technol. 2014;48(10):5433-5438. 

doi:10.1021/es500403h 
50.  Wærsted FM, Jensen KA, Reinoso-Maset E, Skipperud L. High 

Throughput, Direct Determination of 
226

Ra in Water and 
Digested Geological Samples. Anal Chem. 2018;90(20):12246-

12252. doi:10.1021/acs.analchem.8b03494 
51.  Stetten L, Blanchart P, Mangeret A, et al. Redox fluctuations 

and organic complexation govern uranium redistribution from 

U(IV)-phosphate minerals in a mining-polluted wetland soil, 
Brittany, France. Environ Sci Technol. 

2018;52(Iv):acs.est.8b03031. doi:10.1021/acs.est.8b03031  
52.  Gourgiotis A, Mangeret A, Manhès G, et al. New insights into 

Pb isotope fingerprinting of U-mine material dissemination in 
the environment : Pb isotopes as a memory dissemination tracer 
. Environ Res Lett. 2020. 

53.  Douville E, Sallé E, Frank N, Eisele M, Pons-Branchu E, 

Ayrault S. Rapid and accurate U-Th dating of ancient carbonates 
using inductively coupled plasma-quadrupole mass 
spectrometry. Chem Geol. 2010;272(1-4):1-11. 
doi:10.1016/j.chemgeo.2010.01.007 

54.  Russell WA, Papanastassiou DA, Tombrello TA. Ca isotope 
fractionation on the Earth and other solar system materials. 
Geochim Cosmochim Acta. 1978;42(8):1075-1090. 
doi:10.1016/0016-7037(78)90105-9 

55.  Maréchal CN, Télouk P, Albarède F. Precise analysis of copper 
and zinc isotopic compositions by plasma-source mass 
spectrometry. Chem Geol. 1999;156(1-4):251-273. 

doi:10.1016/S0009-2541(98)00191-0 
56.  Hiess J, Condon DJ, McLean N, Noble SR. 

238
U/

235
U 

Systematics in Terrestrial Uranium-Bearing Minerals. Science 
(80- ). 2012;225(March):1610-1615. 

57.  Amelin Y, Kaltenbach A, Iizuka T , et al. U-Pb chronology of 
the Solar System‟s oldest solids with variable 238U/235U. Earth 
Planet Sci Lett. 2010;300(3-4):343-350. 
doi:10.1016/j.epsl.2010.10.015 

58.  Bu W, Fukuda M, Zheng J, et al. Release of Pu Isotopes from 
the Fukushima Daiichi Nuclear Power Plant Accident to the 
Marine Environment Was Negligible. Environ Sci Technol. 
2014;48(16):9070-9078. doi:10.1021/es502480y 

59.  Tanner SD, Baranov VI, Bandura DR. Reaction cells and 
collision cells for ICP-MS: A tutorial review. Spectrochim Acta 
- Part B At Spectrosc. 2002;57(9):1361-1452. 

doi:10.1016/S0584-8547(02)00069-1 
60.  Santos M, Marçalo J, De Matos AP, Gibson JK, Haire RG. Gas-

phase oxidation reactions of Neptunium and Plutonium ions 
investigated via fourier transform ion cyclotron resonance mass 

spectrometry. J Phys Chem A. 2002;106(31):7190-7194. 
doi:10.1021/jp025733f 

61.  Heinemann C, Schwarz H. NUO
+
, a New Species Isoelectronic 

to the Uranyl Dication UO2
2+

. Chem – A Eur J. 1995;1(1):7-11. 

doi:10.1002/chem.19950010105 
62.  Dean JA. Lange’s Handbook of Chemistry.; 1999. 

doi:10.2134/agronj1950.00021962004200020015x 
63.  Lias SG, Bartmess JE, Liebman JF, et al. Gas-Phase Ion and 

Neutral Thermochemistry. J Phys Chem Ref Data. 1988;17(1). 
64.  Sugiyama N. Using ICP-QQQ for UO2

+
 product ion 

measurement to reduce uranium hydride ion interference and 
enable trace 

236
U isotopic analyses. Agil Technol - Appl Note. 

2016. 

 

 

TOC graphic:  


