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A B S T R A C T   

Inductively coupled plasma–tandem mass spectrometry (ICP–MS/MS) has rapidly established itself as a method 
for interference-free trace-element and isotope ratio analyses and has broad applications in geochemistry and 
geochronology, which are essential for understanding ore formation processes and the source of fluids and 
metals. Connect ICP–MS/MS to a laser ablation (LA) system, in situ interference-free trace-element data from ore 
and gangue minerals can be obtained, providing an effective vector approach to mineral exploration. 
LA–ICP–MS/MS also provides an unprecedented method for in situ dating of β-decay radiogenic isotope systems, 
which have isobaric interferences between daughter and parent isotopes that mean their ratios cannot be 
measured using a single quadrupole ICP–MS. In this review, we elucidate the main differences between single 
quadrupole ICP–MS and ICP–MS/MS, and describe the different approaches (on-mass and mass-shift) that allow 
interference-free analyses. We review advances in ICP–MS/MS methodology for trace-element (mainly REEs, 
noble metals and halogens) analyses and laser-based in situ U–Pb (with 204Pb correction), 87Rb–87Sr, 176Lu–176Hf, 
and 187Re–187Os dating of minerals based on publications from January 2012 to July 2023. We also speculate on 
future applications of the LA–ICP–MS/MS technique in metallogeny.   

1. Introduction 

Geochemistry plays an essential role in understanding the processes 
that produce economic concentrations of minerals, whether by hydro
thermal, magmatic, metamorphic, hydrologic (both surficial and sub
surface), or weathering processes or a combination of these (Hedenquist 
and Lowenstern, 1994; Groves et al., 1998; Richards, 2003; Sillitoe, 
2010; Weis et al., 2012; Zhou et al., 2020). Geochemistry also contrib
utes importantly to a vector approach to exploration when trace-element 
distributions vary systematically within a mineral system (Hawkes and 
Webb, 1962; Kelley et al., 2010; Cooke et al., 2020; Wilkinson et al., 
2020; Layton-Matthews and McClenaghan, 2022). Obtaining the varia
tions in different trace-element contents within ore and gangue minerals 
can be particularly valuable for understanding ore formation processes. 

Geochronology is also necessary for a complete understanding and 
quantification of the geologic processes that form mineral deposits, 
which is essential for constructing reliable genetic models of their for
mation (Chiaradia et al., 2014). Radiometric dating is one of the 

methods to determine the time scale of metallic mineral deposit, 
providing direct ages of minerals formed during different stages of the 
mineralization process. The 87Rb-87Sr, 176Lu-176Hf and 187Re-187Os 
β-decay geochronological techniques are well-established dating tool 
and have been applied widely to the geochronology of mineral systems. 
Historically, these techniques require analyses of bulk samples where 
parent isotopes must be separated from decay-product daughter isotopes 
after dissolution, followed by thermal-ionization mass spectrometry 
(TIMS) or multi-collector-inductively coupled plasma-mass spectrom
etry (MC–ICP–MS) isotopic measurements, which can be time 
consuming and costly, meaning that large quantities of age data can be 
difficult to obtain. In addition, the requirement for chemical separation 
of isotopes hinders the acquisition of spatially resolved isotopic ratios. 

Many geochemical and geochronological studies of ore deposits have 
been facilitated by advances in the development of quadrupole (Q)– 
ICP–MS for quantitative trace-element, ultra-trace-element, and isotope 
analysis (Bierlein, 1995; Zwahlen et al., 2014; O’Brien et al., 2015; Song 
et al., 2019; Zhao et al., 2021). The advantages of Q–ICP–MS include 
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parts per trillion levels of detection for elements across the periodic table 
(from Li to U), a wide linear dynamic range (sub ppt to thousands of 
ppm), high throughput, and multi-element/isotope capability (Brenner 
and Taylor, 1992; Becker, 2005). When combined with a laser ablation 
(LA) system, ICP–MS can provide trace-element contents and U–Pb age 
information from single crystals of minerals including zircon, apatite, 
and other U-bearing minerals (Liu et al., 2013; Chew et al., 2014; Cook 
et al., 2016). However, ICP–MS also has some drawbacks, with the 
occurrence of spectral interferences being the most important (Dams 
et al., 1995; Lum and Leung, 2016). For elements affected by interfer
ence from argides, chlorides, hydrides, oxides, or matrix elements, 
detection limits are always high, and trace levels cannot be accurately 
measured. In addition, in situ radiometric dating of β-decay systems 
cannot be achieved using single quadrupole LA-ICP-MS, as β-decay 
systems naturally have isobaric interference between the daughter and 
parent isotopes. 

In 2012, the introduction of quadrupole-based ICP–tandem mass 
spectrometry (ICP–MS/MS), also known as triple quadrupole ICP–MS or 
ICP–QQQ, has enhanced the concept of chemical resolution to avoid 
spectral overlap by improving control over reaction cell chemistry. 
Three years later, Balcaen et al. (2015) reviewed the use of ICP–MS/MS 
for interference-free quantitative determination of metals and metal
loids (including B, C, Al, P, S, Cl, Si, Ti, Cr, Co, Ni, As, Se, Sr, I and Cs) in 
different sample types (e.g., food, environmental, clinical, biological, 
and geological materials) by early users of the novel technique and 
discussed possible reaction pathways with typical reaction gases (e.g., 
H2, O2, and NH3). Other review articles on ICP-MS/MS including the 
method development for interference-free ultra-trace element determi
nation (Bolea-Fernandez et al., 2017) and advances in the development 
and application of ICP–MS/MS in biological, environmental, food, 
medical, material and radionuclide (Diez-Fernandez et al., 2020; Zhu 
et al., 2021). In addition, the LA-ICP-MS/MS technique has been suc
cessfully applied to in situ Rb–Sr, Lu–Hf, K–Ca and Re–Os dating of 
geological samples and has improved U–Pb dating by removing the 
204Hg interference from 204Pb. According to the best of the authors’ 
knowledge, the advances in the development and application of LA-ICP- 
MS/MS dating of β-decay systems have not been reviewed so far. 

This contribution aims to describe the particularities of ICP–MS/MS 
instruments and the different modes that provide interference-free 
conditions as well as to provide an overview of advances in (LA)– 
ICP–MS/MS for trace-element analysis and laser-based in situ dating of 
β-decay systems. We focus on the ultra-trace-element analysis of rare 
earth element (REE), noble metal, halogen and sulfur contents that aid 
the petrogenetic interpretation of magmatic–hydrothermal ore deposits, 
and in situ 87Rb–87Sr, 176Lu–176Hf, and 187Re–187Os dating of ore and 
gangue minerals. We also speculate on future developments and new 

applications. 

2. ICP–tandem mass spectrometry (ICP–MS/MS) 

2.1. Instrument setup 

Currently available ICP–MS/MS instruments include the Agilent 
8800 (2012) and 8900 (2016), the Thermo Fisher Scientific iCAP TQ 
(2017), and the PerkinElmer NexION 5000 (2020). The main difference 
with traditional collision reaction cell (CRC)–ICP–MS systems is the 
introduction of an additional quadrupole (Q1) in front of the CRC 
(Fig. 1). The ICP–MS/MS instrument can be used in different modes 
depending on the nature of the analyte, matrix composition, detection 
limits, and sensitivity required. The instrument can be used as a con
ventional Q–ICP–MS instrument, with the first quadrupole Q1 operated 
as an ion guide (no mass selection) and the CRC under vacuum. This 
mode has the highest sensitivity but cannot accurately determine the 
contents of elements (e.g., K, Ca, Fe, Ti, V, As, and Se) that are affected 
by polyatomic interference. 

In addition, the CRC can be pressurized with a reactive or non- 
reactive gas, with Q1 still set for no mass selection (single quad 
mode). The addition of a non-reactive gas (e.g., He) in the cell can lead 
to a large reduction in polyatomic interference through kinetic energy 
discrimination (KED). Polyatomic ions have a larger collisional cross- 
section than atomic ions with the same mass, thus they collide more 
frequently and lose more energy than the target ions and can be selec
tively prevented from entering the MS using a decelerating potential 
(Feldmann et al., 1999a, Feldmann et al., 1999b). This mode has the 
additional benefit of reducing the response from low mass, high con
centration elements in geological samples (including Na, K, Ca, and Mg) 
by an order of magnitude or more. This means that elements that would 
normally require the use of ICP–OES can be included in the ICP–MS run, 
significantly reducing the cost of analysis per sample. However, some 
analytes, sample types, and interferences cannot be adequately 
addressed using collision mode. Examples include trace-level measure
ment of Si, P, and S and the resolution of doubly charged and isobaric 
interferences. Although the addition of a reactive gas (e.g., H2, NH3, or 
O2) in the cell in single quad mode can remove some polyatomic and 
doubly charged interferences, the formation of unwanted ions in the cell 
can lead to new interferences—a weak point of single quad mode. 

The MS/MS reaction mode is often more efficient than single quad 
mode, especially for some key elements (e.g., Se, P, S and noble ele
ments) when aiming for ultra-trace-level analysis. In this mode, Q1 can 
be used as a mass filter, thereby only allowing ions with one m/z ratio to 
enter the cell. This leads to better control over the reactions taking place 
in the CRC and more insight into the reactions and origin of the ions 

Fig. 1. Schematic of an ICP–MS/MS system with an octupole CRC between two quadrupoles (Agilent Technologies manual).  
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produced. With chemical resolution based on ion–molecule reactions in 
CRC, spectral overlap from both atomic and molecular ions with the 
same m/z ratio as the target ion can be removed. 

In Fig. 2, an example of the determination of Se contents using 
different analytical modes and in the presence of different matrix ele
ments (e.g., REEs, Zr, Mo, and Ru) that could lead to interference is 
shown. With a non-reactive gas (He), only interference by polyatomic 
ions can be reduced, whereas the doubly charged Gd2+ and Dy2+ ions 
cannot be removed (Fig. 2a). Conversion of Se+ into SeO+ in single quad 
mode and detection of m/z ratios of 96 can solve the problems of both 
polyatomic and doubly charged ions, but if Zr, Mo, or Ru are present in 
the samples, erroneous results may be produced (Fig. 2b). However, in 
MS/MS mode, with the first quadrupole operated as a mass filter, 
interference-free analysis can be performed, regardless of the matrix 
composition (Fig. 2c). 

An additional advantage of ICP–MS/MS is the improved abundance 
sensitivity. The International Union of Pure and Applied Chemistry 
(IUPAC) defines abundance sensitivity in mass spectrometry as the ratio 
of the maximum ion current recorded at mass (m) to the ion current 
arising from the same species recorded at an adjacent mass, m ± 1 
(IUPAC, 2014). This becomes crucial when low-abundance isotopes 
have to be measured in the presence of neighboring high-abundance 
isotopes (e.g., for ultra-trace analysis of high purity materials). Quad
rupoles typically used in ICP–MS instruments have abundance sensi
tivities of 10− 6–10− 7 (Boulyga and Becker, 2002); however, ICP–MS/MS 
instruments operating in MS/MS mode perform two mass selections 
using two quadrupole mass spectrometers, and the final abundance 
sensitivity can be calculated as the product of their corresponding 

abundance sensitivities and the combined abundance sensitivity for 
ICP–MS/MS is theoretically 10− 12–10− 14. An illustrative example of this 
was presented by Diez Fernández et al. (2015), who reported the use of 
the technique for determining B/Ca ratios in natural biogenic carbon
ates. The addition of O2 to the reaction cell greatly reduced the overlap 
between the tail of the large 12C signal and the low 11B signal owing to 
the higher abundance sensitivity of the instrument. 

2.2. Overcoming spectral overlap: On-mass and mass shift approaches 

With a reactive gas, spectral overlap can be reduced in two different 
ways: reactions can be induced to convert the interfering species into 
new species that do not interfere with the measurement of the target ion 
at its “natural” isotopic mass (on-mass mode), or the target ion can be 
converted to a product that can be measured free from interference at 
another m/z ratio (mass-shift mode). For example, Pt can be analyzed 
using two different reactive gases: O2 and NH3 (Kutscher et al., 2018). 
With O2 in the CRC, Pt will pass through the cell unaffected, as no re
action occurs between Pt and O2, and it can be detected in on-mass mode 
(Fig. 3a). The interfering species, HfO+, initially has the same m/z ratio 
as Pt but is converted into HfO2

+ and eliminated by the analyzing 
quadrupole (Q2). At the same time, the first quadrupole (Q1) filters out 
all ions with lower and higher masses that could potentially react and 
overlap with the target ion mass. With NH3 in the CRC (Fig. 3b), Pt 
undergoes different reactions forming Pt–NH3 complexes, the most 
abundant of which is Pt(NH3)2, leading to a mass shift of 34 amu. HfO+

will not react in the same way and will again be eliminated by the 
analyzing quadrupole. Similar reaction schemes can be applied to other 
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96Mo+

96Ru+

O2 reaction gas

80Se+

40Ar40Ar+

40Ca40Ar+

160Gd++

160Dy++

96Zr+

96Mo+

96Ru+

Q1 (no mass selected)
allow all ions enter the CRC

CRC Q1 (m/z=80)
allow through all ions at m/z=80

Q1 (no mass selected)
allow all ions enter the CRC

CRC Q1 (m/z=96)
allow through all ions at m/z=96

Q1 (m/z=80)
                  rejects all ions apart from m/z=80

CRC Q1 (m/z=96)
 rejects all ions apart from m/z=96

O2 reaction gas

80Se+

40Ar40Ar+

40Ca40Ar+

160Gd++

160Dy++

96Zr+
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He collision gas

80Se+

160Gd++
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96Mo+

96Ru+
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(a) He mode

(b) O2 “single quad” mode

(c) O2 “MS/MS” mode

Fig. 2. Analysis of Se in a complex matrix using different modes of an ICP–MS/MS instrument. With Q1 used as an ion guide only (no mass selection), interference 
remains, whereas operating in MS/MS mode allows interference-free measurement of Se when using O2 as a reaction gas. 
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platinum group elements (PGEs), including Rh, Pd, Ir, as well as Au. In 
most cases, they do not react with O2, and the interfering ions can be 
eliminated efficiently. 

2.3. Selection of collision/reaction gas 

The first step in method development is the selection of the most 
appropriate reaction gas. For several elements and matrices, suitable 
methods have been described in the literature, the instrument manual, 
or online software provided by the instrument manufacturer. Helieum 
(He) gas is widely used as a collision gas, and O2, H2, NH3, N2O, CH4, 
and CH3F are the most used reaction gases (Bolea-Fernandez et al., 
2015). Promising results have also been presented using other reaction 
gases, including CO2 (Amr et al., 2017) and H2S (Zhu et al., 2018). 

From an analytical standpoint and for new applications, access to 
information about the mechanisms and efficiencies of reactions between 
target or interfering elements and possible reaction gases is useful. 
Typically, the most favorable reactions that take place in a reaction cell 
are those that do not require additional energy (i.e., exothermic re
actions [ΔHr < 0]), or more accurately those that are thermodynami
cally permissible (ΔG < 0; Tanner et al., 2002). Several systematic 
studies of product ion formation over much of the periodic table have 
been explored with different gases, including O2, H2, NH3, N2O, CH3F, 
H2S, and CO2, using commercial ICP–MS/MS systems (Balcaen et al., 
2013; Bolea-Fernandez et al., 2014; Sugiyama and Nakano, 2015; Zhu, 
2018; Harouaka et al., 2021, Harouaka et al., 2022). These studies are 
especially useful for the identification of targeted reactions to be 
leveraged for analytical method development, including for the sepa
ration of isobaric interferences from elements of interest. For example, 
Harouaka et al. (2021) explored ion/molecule reactivity based on 
thermodynamics across the periodic table using N2O and an Agilent 
8900 ICP–MS/MS. Comparison between the results using N2O and 
similar measurements conducted with O2 show that N2O is more effi
cient at forming oxides. Cd+ and Pb+ cations produced oxides with N2O 
but did not react with O2. With N2O in the CRC, when collisions were 
reactive, two significant species were formed: oxides and nitrides. Ox
ides (MO+) were the dominant product, accounting for < 85 % of all 
product ions, whereas the nitrides (MN+) accounted for < 20 % of all 
products. This is because oxide formation, which requires breaking the 
NN–O bond (1.7 eV), is more energetically favorable than nitride for
mation, which breaks the N–NO bond (5.0 eV; Armentrout et al., 1982). 

In addition, for a given tuning, Sr, Ba, and REEs are more reactive and 
form MO+ signals accounting for > 50 % of the total signal intensities of 
all other ions containing that element (e.g., M+, MN+, MO+, MNO+). 
However, Na, Ka, Rb, Cs, Cu, Ag, Ga, and Tl hardly react with N2O, and 
the MO+ ions produced are < 1 % of the total signal intensity. Based on 
this information, a strategy for the use of a specific gas and the condi
tions needed to enable interference-free measurements can be designed. 

3. Approaches 

In this section, the analytical methods described in the literature are 
summarized, focusing on ore-related trace elements and radiometric 
dating. Analytical approaches for trace elements (including REEs, noble 
metals, halogens, S, P, etc.) and radiometric dating based on ICP-MS/MS 
technique are summarized in Tables 3 and 4, respectively. 

3.1. Elemental analysis by ICP–MS/MS 

3.1.1. Rare earth elements 
REEs, which comprise fifteen lanthanides and yttrium, are important 

tracers of the source of ore-forming fluids, magma and the process of 
hydrothermal mineralization (Bi et al., 2002; van Doncen et al., 2010; 
Cao et al., 2021; Rieger et al., 2022). However, the accurate determi
nation of REE contents can be affected by the formation of polyatomic 
species in the plasma source. Spectral interferences on REEs are sum
marized in Table 1. Most interferences are BaH+ on La+, BaO+ on Eu+, 
SnO+ on LREEs+ and SnCl+, BaCl+ on HREEs+. Furthermore, some LREE 
oxide interference can occur owing to the high reactivity of REEs with 
O2, which can affect the accurate determination of HREE contents (e.g., 
interference of 143Nd16O+ on 159Tb+ and 144Sm16O+ on 160Dd+). With 
the ICP-MS/MS instrument, these interferences can be minimized. 

Wu et al. (2016) proposed an ICP-MS/MS method for determination 
of Eu+ in barium carbonate (BaCO3) materials. Compared with con
ventional single quadrupole ICP-MS, both NH3 on-mass mode and O2 
mass shift mode in ICP-MS/MS can be used to effectively eliminate 
polyatomic interferences, particularly Ba-based interferences. The pro
posed ICP-MS/MS method is a sensitive technique with a limit of 
detection as low as 2.0 ng/L for 153Eu+. Amr et al. (2017) determined 
REE contents in plant and soil samples using an Agilent 8800 ICP–MS/ 
MS with O2 as the reaction gas, and REE oxide contents were measured 
using the mass-shift strategy, which significantly reduced polyatomic 

195Pt+
179Hf16O+

179Hf+

O2 reaction gas

CRC Q1 (m/z=195)
allow through all ions at m/z=195

Q1 (m/z=195)
                  rejects all ions apart from m/z=195

CRC Q1 (m/z=229)
 rejects all ions apart from m/z=229

NH3 reaction gas

195Pt+
179Hf16O+

179Hf+

Q1 (m/z=195)
                  rejects all ions apart from m/z=195

229[195Pt(NH3)2]+

(a) On-mass mode

(b) Mass-shift mode

179Hf16O2+

195Pt+

179Hf16O+

Fig. 3. Illustration of the (a) on-mass and (b) mass shift methods to remove 179Hf16O+ interference on 195Pt+ (modified after Balaram, 2021).  
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Table 1 
Spectral interferences on isotopes of rare earth elements.  

m/ 
z 

Isotope abundance (%)  Interference 

La Ce Pr Nd Sm Eu Gd   Atomic Dimer Argide Chloride Hydride Oxide 

136  0.19        Xe, Ba ZnZn ZrAr, MoAr, 
RuAr 

TcCl, RuCl BaH SeO, TeO 

137                
138 0.09 0.25        Ba ZnZn, 

GaGa 
MoAr, RuAr, 
PdAr 

RuCl, RhCl BaH SnO, SbO, 
TeO 

139 99.91           TcAr, RuAr, 
RhAr 

RuCl, PdCl BaH SbO, TeO 

140  88.45         GaGa, 
GeGe 

MoAr, RuAr, 
PdAr 

RhCl, PdCl BaH, LaH SnO, SbO, 
TeO, XeO 

141   100         RuAr, RhAr, 
PdAr 

RuCl, PdCl, 
CdCl 

CeH SbO, TeO 

142  11.11  27.2       GaGa, 
GeGe 

RuAr, PdAr PdCl, AgCl PrH TeO, XeO 

143    12.2       GeGe RhAr, PdAr, 
AgAr 

PdCl, CdCl CeH, NdH TeO, IO 

144    23.8 3.07      GeGe RuAr, PdAr AgCl NdH TeO, IO, 
XeO 

145    8.3       GeGe PdAr, AgAr PdCl, CdCl NdH, SmH IO, XeO 
146    17.2       GeGe PdAr, CdAr AgCl, CdCl NdH XeO, BaO 
147     14.99      GeGe AgAr, CdAr PdCl, CdCl NdH XeO 
148    5.7 11.24      GeGe PdAr, CdAr CdCl, InCl NdH, SmH XeO, BaO 
149     13.82        CdCl, SnCl NdH, SmH XeO, CsO 
150    5.6 7.38      GeGe, 

AsAs 
PdAr, CdAr CdCl, InCl NdH, SmH XeO, CsO, 

BaO 
151      47.81     SeSe CdAr, InAr CdCl, SnCl NdH, SmH CsO, BaO 
152     26.75  0.2    SeSe CdAr, SnAr InCl, SnCl EuH XeO, BaO, 

CeO 
153      52.19     SeSe CdAr, InAr CdCl, SnCl SmH, EuH, 

GdH 
BaO 

154     22.75  2.18    SeSe CdAr, SnAr SnCl EuH BaO, LaO, 
CeO 

155       14.8    SeSe InAr, SnAr SnCl, TeCl SmH, EuH, 
GdH 

BaO, LaO  

Isotope abundance (%)  Interference  
Gd Tb Dy Ho Er Tm Yb  Lu  Atomic Dimer Argide Chloride Hydride Oxide 

156 20.47  0.06        SeSe CdAr, SnAr SnCl, SbCl SmH, GdH BaO, LaO, 
CeO 

157 15.65          SeSe SnAr, SbAr SnCl, TeCl GdH, DyH LaO, CeO, 
PrO 

158 24.84  0.09        SeSe, BrBr SnAr, TeAr SbCl, TeCl GdH CeO, PrO, 
NdO 

159  100         SeSe SnAr, SbAr SnCl, TeCl GdH, DyH CeO, PrO, 
NdO 

160 21.86  2.33        SeSe, BrBr SnAr, TeAr SbCl, TeCl GdH, TbH CeO, NdO, 
SmO 

161   18.89         SbAr, TeAr SnCl, TeCl, 
XeCl 

GdH, TbH, 
DyH 

NdO 

162   25.47  0.14      SeSe, BrBr, 
KrKr 

SnAr, TeAr TeCl, ICl GdH, DyH NdO 

163   24.9        KrKr SbAr, TeAr, 
IAr 

TeCl, XeCl DyH, ErH NdO, SmO 

164   28.26  1.6      KrKr SnAr, TeAr, 
XeAr 

ICl, XeCl DyH, ErH NdO, SmO 

165    100       KrKr TeAr, Iar, 
XeAr 

TeCl, XeCl, 
BaCl 

DyH, ErH NdO, SmO 

166     33.5      KrKr TeAr, XeAr XeCl DyH, HoH NdO, SmO 
167     22.87      KrKr IAr TeCl, XeCl, 

BaCl 
HoH, ErH SmO, EuO 

168     26.98  0.13    KrKr, SrSr TeAr, XeAr XeCl, CsCl ErH NdO, SmO, 
EuO, GdO 

169      100     KrKr XeAr, CsAr XeCl, BaCl ErH, YbH SmO, EuO 
170     14.91  3.04    KrKr, SrSr TeAr, XeAr, 

BaAr 
CsCl, BaCl ErH, TmH SmO, EuO, 

GdO 
171       14.28    SrSr XeAr, CsAr, 

BaAr, CeAr 
XeCl, BaCl, 
CeCl 

ErH, TmH, 
YbH 

EuO, GdO 

172       21.83    KrKr, 
RbRb, SrSr 

XeAr, BaAr, 
CeAr 

BaCl ErH, YbH SmO, GdO 

173       16.13    SrSr CsAr, BaAr XeCl, BaCl, 
LaCl, CeCl 

YbH GdO 

174       31.83   Hf RbRb, SrSr XeAr, BaAr, 
CeAr 

BaCl, LaCl YbH GdO, DyO 

175         97.41   SrSr BaAr, LaAr BaCl, LaCl, 
CeCl 

YbH, HfH GdO, TbY 

(continued on next page) 
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interference on the measurement of REE contents, especially interfer
ence from LREE oxides on HREEs. Samples were digested with concen
trated acids, and the sample solutions were diluted and measured 
directly using ICP–MS/MS. The instrumental limits of detection (LODs) 
ranged from 2.0 to 60 ng/L for all REEs. Zhu et al. (2018) used ICP–MS/ 
MS to determine the Y and La contents in an aqueous Sr and Ba solution. 
To avoid spectral overlap by 88Sr1H+ and 138Ba1H+ on 89Y+ and 139La+, 
respectively, CH3F gas was added into the reaction cell, which converted 
the 89Y+ ions into (89Y19F2)+ and 139La+ ions into (139La19F2)+, whereas 
88Sr+ and 138Ba+ did not form (MF2)+ ions. This reduced the LODs for Y 
and La to 0.42 and 0.09 pg g− 1, respectively. Ding et al. (2021) used 
ICP–MS/MS with O2 as the reaction gas to determine the distribution of 
REEs in U ore samples (guilleminite, saléeite, and metatorbernite) after 
the chemical separation of REEs from the U matrix. The instrumental 
LODs were 0.11–0.77 pg mL− 1 for all REEs. Klein et al. (2021) developed 
an ICP–MS/MS-based multi-element approach targeting the analysis of 
REEs, Sc, Ga, Ge, Nb, In, Te, and Ta in sediment. N2O was applied as a 
reaction gas, which produced more oxides for many TCEs than the 
frequently used O2, improving the selectivity and sensitivity of the 
method and achieving instrument LODs for all analyzed elements of 
between 0.00023 and 0.13 mg L− 1. Furthermore, for all analyzed ele
ments except for Te, the recoveries (or accuracy) from selected reference 
materials (RMs; marine sediment GBW 07313, sediment GBW 07311, 
and basalt BCR-2) were between 80 % and 112 %. It is worth noting that 
the selection of an internal standard to correct for potential matrix ef
fects and instrument instability in ICP–MS/MS should be decided 

carefully, based on the reactivity of the different analytes and the best 
reaction products when measuring trace elements (Bolea-Fernandez 
et al., 2021). 

3.1.2. Noble metals 
The noble metals comprise the six platinum group elements (PGEs, 

Ru, Rh, Pd, Os, Ir, and Pt), as well as Au and Ag. These elements typically 
occur in ore minerals at levels of parts per billion (ng g− 1) to a few parts 
per million (μg g− 1). Accurate determination of these metals at trace 
levels is of interest to the geoscience community and mining industry. 
The data provide insight into the petrogenesis of rocks and mineral 
deposits, which is invaluable for exploration studies (Economou-Eli
opoulos, 1996; Ismail et al., 2014). The quantification of noble metals in 
geological samples is most frequently done by ICP–MS. However, 
interference remains a challenge, as co-existing analyte ions cause 
isobaric and polyatomic interference on noble metal isotopes, limiting 
their measurement at low concentrations (Bencs et al., 2003; Barefoot, 
2004; Yang et al., 2020). Spectral interferences on noble metals are 
summarized in Table 2. 

ICP–MS/MS has the proven capability for interference-free deter
mination of noble metals in complex matrices. How well different gas 
modes (including NH3 and O2) eliminated interferences on noble metals 
has been tested, and NH3 was shown to be the most efficient reaction gas 
(Sugiyama and Shikamori, 2015). Unlike oxygen, which can only react 
to form MO+ or MO2

+, NH3 reacts with elemental ions to form a variety of 
product ions, such as M(NH)(NH3)n

+, M(NH2)(NH3)n
+ and M(NH3)n

+. This 

Table 1 (continued ) 

m/ 
z 

Isotope abundance (%)  Interference 

La Ce Pr Nd Sm Eu Gd   Atomic Dimer Argide Chloride Hydride Oxide 

176       12.76  2.59  Hf SrSr XeAr, BaAr, 
CeAr 

LaCl, PrCl YbH, LuH GdO, TbO, 
DyO  

Table 2 
Spectral interferences on isotopes of noble metals.  

m/z Isotope abundance (%)  Interference 

Ru Rh Pd Ag  Atomic Dimer Double-charge Argide Chloride Hydride Oxide 

96 5.54     Zr, Mo TiTi Os++, Pt++ FeAr, NiAr CoCl, NiCl ZrH, MoH SeO, BrO, KrO 
97             
98 1.87     Mo TiTi Pt++, Hg++ FeAr, NiAr NiCl, CuCl MoH, RuH SeO, BrO, KrO 
99 12.76     Tc TiTi Pt++, Hg++ CoAr, NiAr, CuAr NiCl, ZnCl MoH, RuH SeO, BrO, KrO 
100 12.6     Mo TiTi, VV, CrCr Hg++ NiAr, ZnAr CuCl MoH, TcH, RuH KrO, SrO 
101 17.06      VV Hg++ NiAr, CuAr NiCl, ZnCl MoH, TcH, RuH KrO, RbO 
102 31.55  1.02    VV, CrCr Hg++, Pb++ NiAr, ZnAr CuCl, ZnCl, MoH, RuH KrO, RbO, SrO 
103  100     CrCr Pb++ CuAr, ZnAr ZnCl RuH, PdH KrO, RbO, SrO 
104 18.62  11.14    CrCr Pb++ NiAr, ZnAr ZnCl, GaCl RuH, RhH KrO, RbO, SrO 
105   22.33    CrCr  CuAr, ZnAr, GdAr ZnCl, GeCl RuH, RhH, PdH RbO, SrO, YO 
106   27.33   Cd CrCr  ZnAr, GeAr GaCl RuH, PdH SrO, YO, ZrO 
107    51.84   CrCr  ZnAr, GaAr ZnCl, GeCl PdH, CdH ZrO 
108   26.46   Cd CrCr, FeFe  ZnAr, GeAr GeCl, GaCl PdH, AgH ZrO, MoO 
109    48.16     GaAr, GeAr GeCl, SeCl PdH, AgH, CdH ZrO, NbO, MoO 
110   11.72   Cd MnMn, FeFe  ZnAr, GeAr, SeAr GeCl, AsCl PdH, AgH ZrO, NbO, MoO 
m/z Isotope abundance (%)  Interference 

Os Ir Pt Au  Atomic Dimer Double-charge Argide Chloride Hydride Oxide 
184 0.02     W ZrZr  NdAr, SmAr SmCl WH ErO, YbO 
185             
186 1.59     W ZrZr, NbNb  NdAr, SmAr SmCl, EuCl WH, ReH ErO, TmO, YbO 
187 1.96     Re ZrZr, MoMo  SmAr, EuAr NdCl, SmCl, GdCl WH, ReH, OsH ErO, TmO, YbO 
188 13.24      ZrZr, MoMo  NdAr, SmAr EuCl WH, ReH, OsH ErO, YbO 
189 16.15      MoMo  SmAr, EuAr SmCl, GdCl ReH, OsH YbO 
190 26.26  0.014    ZrZr, MoMo  NdAr, SmAr, GdAr EuCl, GdCl OsH YbO, HfO 
191  37.3     MoMo  EuAr, GdAr SmCl, GdCl, DyCl OsH, PtH YbO, LuO 
192 40.78  0.782    MoMo  SmAr, GdAr GdCl OsH, IrH YbO, LuO, HfO 
193  62.7     MoMo  EuAr, GdAr GdCl, TbCl OsH, IrH, PtH YbO, LuO, HfO 
194   32.97    MoMo  SmAr, GdAr GdCl, TbCl OsH, IrH YbO, LuO, HfO 
195   33.83    MoMo  GdAr, TbAr GdCl, DyCl IrH, PtH HfO 
196   25.24   Hg MoMo  GdAr, DyAr TbCl, DyCl, PtH HfO, TaO, WO 
197    100     GdAr, TbAr, DyAr GdCl, DyCl, ErCl PtH, HgH HfO, TaO 
198   7.163   Hg TcTc, RuRu  GdAr, DyAr DyCl PtH, AuH HfO, TaO, WO  
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is a potential problem when NH3 is used in a conventional single 
quadrupole CRC-ICP-MS as all ions enter the CRC and may react with 
NH3 to form new spectral interferences. In contrast, the ICP-MS/MS 
operating in MS/MS reaction mode can resolve this issue as the first 
quadrupole selects only the target mass to pass into the cell, so the re
action chemistry is controlled and consistent. Sugiyama and Shikamori 
(2015)’s study revealed that Ru+, Rh+, Pd+ and Ag+ had low reaction 
rates with NH3, while Os+, Ir+, Pt+ and Au+ exhibited high reactivity. As 
for the major interference ions, such as SrO+, RbO+, YO+, LuO+, YbO+, 
ZrO+, NbO+, HfO+, TaO+ and WO+ showed high reaction rates with 
NH3. Although interference ions also react with NH3 to form various 
product ions which may overlap with the mass of the analyte product 
ion, an analyte product ion that is free (or relatively free) from spectral 
interference can be found by using a “product ion scan” function of ICP- 
MS/MS. Finally, Sugiyama and Shikamori (2015) established an on- 
mass method for the determination of Ru, Rh, Pd and Ag and a mass- 

shift method for Os, Ir, Pt and Au transferred to Os(NH)+, Ir(NH)+, Pt 
(NH3)2

+ and Au(NH3)2
+. This method successfully measured 1 ng g− 1 

metal contents accurately in a matrix-free standard solution containing 
interfering elements Cu, Zn, Ni, Mo, Y, Sr, Rb, Zr, Nb, Pb, Hg, Ta, W, Hf, 
and REEs, demonstrating the effectiveness of the MS/MS reaction cell 
with NH3 at removing complex interferences on noble metals (Sugiyama 
and Shikamori, 2015). 

Suoranta et al. (2016) discussed in detail the advantages of MS/MS 
mode over single MS mode. The PGE mass fractions determined for BCR- 
723 (road dust RM) in single-MS mode was 20–80 times higher than 
their certified values. The addition of NH3 into the CRC and measuring 
in MS/MS mode significantly reduced interferences, and the measured 
PGE mass fractions were close to the certified values. The PGE and Re 
mass fractions in an ultramafic komatiite RM, OKUM, were measured to 
investigate the reliability of the ICP–MS/MS method proposed by Mitra 
et al. (2021). The Rd, Pd, Re, and Pt mass fractions measured in OKUM 

Table 3 
Overview of analytical methods for measuring trace-element compositions using (LA)–ICP–MS/MS, and applications in the literature.  

Analytes Institute Instrument CRC 
gas 

Reaction type [Q1/Q2] Figures of merit Applications References 

Rare earth elements 
Eu, Gd, Sm Zhejiang Institute of 

Geology & Mineral 
Resources 

Agilent 8800 O2 or 
NH3 

Mass-shift [Eu+/EuO2
+] or 

on-mass (NH3) 
ILODs: 2.0 ng/L for 153Eu+ Barium carbonate 

materials 
Wu et al., 
2016 

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

/ Agilent 8800 O2 Mass-shift [M+/MO+] ILODs: 2.0–60.0 ng/L for 
all REEs 

Plant and soil samples Amr et al., 
2017 

Y, La National Metrology 
Institute of Japan 

Agilent 8800 
s 

CH3F Mass-shift [M+/MF2+] ILOD: 0.42 pg g− 1 for Y; 
0.09 pg g− 1 for La in Sr and 
Ba matrix 

/ Zhu et al., 
2018 

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

University of South 
China 

Agilent 8900 O2 Mass-shift [M+/MO+] ILOD: 0.11–0.77 pg mL− 1 

for all REEs 
JA-2 (andesite), JB-2 
(basalt), JB-3 (basalt) 
and JR-2 (rhyolite), 
uranium ore sample 

Ding et al., 
2021 

La, Ce, Pr, Nd, 
Sm, Eu, Gd, 
Tb, Dy, Yb, 
Lu 

/ Agilent 8900 N2O Mass-shift [M+/MO+] ILODs: 0.00023–0.009 μg 
L-1 for all REEs; recoveries 
between 80 % and 112 % 
except Te 

Sediment samples Klein et al., 
2021 

Noble elements 
Ru, Rh, Pd, Os, 

Ir, Pt, Au, Ag 
Agilent Technologies 
Japan 

Agilent 8800 NH3 On-mass: Ru, Rh, Pd, Ag; 
mass-shift: Os, Ir, Pt, Au/[M 
+ NHn(NH3)m] 

ILODs: 0.0–3.8 pg g− 1 / Sugiyama and 
Shikamori, 
2015 

Pd, Pt, Rh Montanuniversität 
Leoben 

Agilent 8800 NH3 On-mass: 103Rh; mass-shift: 
103Rh/(103/171), 108Pd 
(108/159), 195Pt (195/229) 

MLOD: 0.02–0.24 ng g− 1 Moss sample Suoranta 
et al., 2016 

Rh, Pd Geological Survey of 
Canada 

Laser 
ablation- 
Agilent 
8800x 

NH3 On-mass MLOD for 103Rh is 1.7 ng 
g− 1, for 105Pd is 7.0 ng g− 1; 
accuracy: 0.5–19 %; 
precision: 19–31 % 

Cu-rich minerals Yang et al., 
2020 

Ru, Rh, Pd, Os, 
Ir, Pt, Re 

Indian Institute of 
Technology Kanpur 

Agilent 8800 NH3 On-mass Precision: 0.4–7.7 % Road dust (BCR-723) 
and ultramafic komatiite 
(OKUM) 

Mitra et al., 
2021 

Halogens, S, P and other elements 
B, P, S, Ti, Ca, 

B/Ca, P/Ca, 
S/Ca 

University of Oviedo Agilent 8800 O2 On-mass: B, Ca, Ag; mass- 
shift [P+/PO+, S/SO+, Ti/ 
TiO+] 

ILOD for B is 0.41 μmol 
mol-1 

Carbonate Diez 
Fernandez 
et al. 2015 

P, S, Br, I / Thermo 
Scientific 
iCAP TQ 

O2 On-mass: 127I; mass-shift 
[31P+/31P16O+, 
32S/32S16O+, 79Br/79Br16O+] 

LODs: 0.064–1.5 ng mL− 1 

with uranium matrix 
Uranium ore Fletcher et al., 

2020 

F University of Aberdeen, 
UK 

Agilent 8800 NH3 Mass-shift 
[138Ba19F+/138Ba19F 
(14NH3)3

+] 

ILODs: 0.043 mg L− 1 Fluorine compounds in 
environmental samples 

Jamari et al., 
2017 

F China University of 
Geosciences, Wuhan 

Agilent 8800 NH3 Mass-shift 
[138Ba19F+/138Ba19F 
(14NH3)3

+] 

ILODs: 0.022 μg mL− 1 Food and tea samples Guo et al., 
2017 

Ge Macquarie University Laser 
ablation- 
Agilent 8900 

N2O Mass-shift [Ge+/GeO+] MLOD < 0.2 μg g-1 Ultramafic alkaline 
rocks 

Phillips et al., 
2023 

ILOD: Instrumental limit of detection. 
MLOD: Method limit of detection. 
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Table 4 
Overview of analytical methods for radiometric dating using LA–ICP–MS/MS.  

Minerals Institute Laser ablation 
system 

ICP-MS/MS CRC gas Reaction type Laser parameters Reference 
materials 

Figures of merit Geological applications References 

U-Pb dating 
Zircon University of 

Gothenburg 
New Wave 
NWR213 

Agilent 
8800 

NH3 +

O2 

Mass shift for U 
(UO+); Pb on mass; 
charge-transfer for 
Hg (Hg+/Hg0) 

Spot size: 25 μm Plesovice zircon / / Kasapoğlu 
et al., 2016 Repetition rate: 5 

Hz 
Fluence: 7 J cm− 2 

Apatite, titanite University of 
Adelaide 

RESOlution-LR 
ArF 193 nm 

Agilent 
8900x 

NH3 Mass shift for U 
(UNH+); Pb on 
mass; charge- 
transfer for Hg 
(Hg+/Hg0) 

Apatite: Spot size: 
29 or 43 μm 

MAD apatite, 
MKED1 titanite 

/ / Gilbert et al., 
2020 

Repetition rate: 5 
Hz 
Fluence: 3.5 J cm− 2 

Titanite:Spot size: 
51 μm 
Repetition rate: 5 
Hz 
Fluence: 5 J cm− 2  

Apatite University of 
Gothenburg 

ESI NWR213 Agilent 
8800 

NH3 +

N2O or 
NH3 

only 

NH3-N2O mode: 
mass shift for U 
(UO+); NH3-only 
mode: on-mass for 
U+; Pb on-mass; 
charge-transfer for 
Hg (Hg+/Hg0) 

40–50 μm laser 
spot using NH3- 
N2O mode and 
65–90 μm laser 
spot for NH3-only 
mode. 

MAD2 Age accuracy < 4 %, 
reproducibility < 2 % 

/ Xiang et al., 
2021 

Rb-Sr dating           
Feldspar, mica, 

biotite 
University of 
Gothenburg 

ESI 213NWR Agilent 
8800 

O2 Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 80–110 
μm 

BCR-2G, NIST 
SRM610 and 
biotite La Posta 

Age accuracy < 1.5 %, initial 
87Sr/86Sr ratios accuracy <
0.2 % 

Magmatic rocks Zack et al., 
2016 

Repetition rate: 10 
Hz 
Fluence: 7 J cm− 2 

Mica University of 
Gothenburg 

ESI 213NWR Agilent 
8800 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 50 μm NIST 610, Mica- 
Mg-NP 

Mica isochron age error ~ 1 % / Hogmalm 
et al., 2017 Repetition rate: 

4–5 Hz 
Fluence: 6 J cm− 2 

Fluorite, biotite, 
calcite, epidote, 
albite, muscovite, 
adularia 

University of 
Gothenburg 

ESI 213NWR Agilent 
8800 

N2O or 
SF6 

Mass shift for Sr 
(SrO+ or SrF+); Rb 
on mass 

Spot size: 50 μm NIST610 / Vein mineralization Tillberg 
et al., 2017 Repetition rate: 

4–5 Hz 
Fluence: 6 J cm− 2 

Plagioclase, albite, K- 
feldspar, muscovite 
and biotite 

University of 
Gothenburg 

ESI 213NWR Agilent 
8800 

/ / / / / Orogenic gold deposit Şengün et al., 
2019 

Phlogopite Macquarie 
University 

LSX213 G2 +
213 nm, analyte 
G2 ATEX 193 
nm ArF excimer. 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 85 μm NIST 610, Mica- 
Mg-NP, and 
BHVO-2G 

/ Kimberlite Gorojovsky 
and Alard, 
2020 

Repetition rate: 5 
or 10 Hz 
Fluence: 7 J cm− 2 

Biotite, phengite, 
muscovite, apatite, 

Curtin University RESOlution LR 
193 nmArF 
excimer 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 87 or 64 
μm 

NIST 610, Mica- 
Mg-NP 

/ Metamorphic, 
hydrothermal and 
mineralization events 

Olierook 
et al., 2020 

Repetition rate: 5 
Hz 
Fluence: 2.5 J cm− 2 

K-feldspar, illite, 
calcite and albite 

/ / / / / / / / Slickenfibres in deep 
crystalline basement 
faults 

Tillberg 
et al., 2020 

(continued on next page) 
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Table 4 (continued ) 

Minerals Institute Laser ablation 
system 

ICP-MS/MS CRC gas Reaction type Laser parameters Reference 
materials 

Figures of merit Geological applications References 

Biotite, muscovite 
and feldspars 

University of 
Adelaide 

RESOlution-LR 
ArF 193 nm 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 87 or 64 
μm 

Mica-Mg-NP / Archean to Proterozoic 
crustal evolution 

Li et al., 2020 

Repetition rate: 5 
Hz 
Fluence: 3.5 J cm− 2 

Celadonite University of 
Victoria 

Teledyne 
CETAC LSX-213 
G2 + Nd:YAG 
213 nm 

Agilent 
8800 #100 

10 % 
CH3F / 
90 % He 

Mass shift for Sr 
(SrF+); Rb on mass  

NIST 610, Mica- 
Mg-NP 

/ Dating upper ocean crust 
lavas 

Laureijs 
et al., 2021 Spot size: 50 μm 

Repetition rate: 10 
Hz 
Fluence: 6 J cm− 2 

Phlogopite University of 
Adelaide 

RESOlution ArF 
(193 nm) 
excimer and 
NWR (213 nm) 
Nd-YAG 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Line raster: Spot 
size 74 μm 

NIST 610, Mica- 
Mg-NP 

Age accuracy < 3 % for 70 % 
of analyzed samples 

/ Redaa et al., 
2021 

Repetition rate 5 
Hz 
Fluence: 3.5 J cm− 2 

Spot: 74 μm, 5 Hz, 
10 J cm− 2 

Illite, K-feldspar, 
albite, calcite, 
mica, zeolites, 
fluorite and/or 
epidote 

University of 
Gothenburg, 
Sweden 

ESI 213NWR Agilent 
8800 

N2O or 
SF6 +

H2 

Mass shift for Sr 
(SrO+ or SrF+); Rb 
on mass 

Spot size: 50–80 
μm 

NIST 610, Mica- 
Mg-NP 

/ Poly-phased vein 
mineralization 

Tillberg 
et al., 2021 

Biotite Guangzhou 
Tuoyan 
Analytical 
Technology, 
China. 

NWR193 ArF iCAP TQ 
00108 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 110 μm Mica-Mg-NP / Metamorphic evolution 
of North Himalayan 
gneiss domes 

Gou et al., 
2022 Repetition rate: 5 

Hz 
Fluence: 7 J cm− 2 

Biotite Curtin University RESOlution LR 
193 nm ArF 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 64 μm NIST 610, Mica- 
Mg-NP 

/ Lithological fabric Liebmann 
et al., 2022 Repetition rate: 5 

Hz 
Fluence: 2.5 J cm− 2 

NPs of GL-O 
(glauconite), Mica- 
Mg (phlogopite), 
Mica-Fe (biotite) 
and FK-N (K- 
feldspar) 

University of 
Adelaide 

RESOlution LR 
193 nm ArF 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 74 or 67 
μm 

NIST 610, Mica- 
Mg-NP 

/ / Redaa et al., 
2022a 

Repetition rate: 5 
Hz 
Fluence: 3.5 J cm− 2 

Muscovite and K- 
feldspar 

University of 
Adelaide 

RESOlution LR 
193 nm ArF 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 74 or 67 
μm 

Mica-Mg-NP / Tectono-thermal events 
and mineralization 

Redaa et al., 
2022b 

Repetition rate: 5 
Hz 
Fluence: 3.5 J cm− 2 

Biotite, muscovite 
and Mica-Fe-NP 

University of 
Gothenburg 

ESI NWR213 Agilent 
8800 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Round laser spots 
with a diameter of 
50 and 60 μm; 

Mica-Mg-NP / Thermochronological 
and petrochronological 
studies 

Rösel et al., 
2022 

Rectangular spot 
was used with a 
width of 20 μm and 
length of 80 and 
100 μm 
respectively. 
Repetition rate: 10 
Hz 

(continued on next page) 
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Table 4 (continued ) 

Minerals Institute Laser ablation 
system 

ICP-MS/MS CRC gas Reaction type Laser parameters Reference 
materials 

Figures of merit Geological applications References 

Fluence: 5–6.8 J 
cm− 2  

Illite University of 
Adelaide 

RESOlution LR 
193 nm ArF 

Agilent 
8900x 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 74 μm Mica-Mg-NP / Unraveling the histories 
of Proterozoic shales 

Subarkah 
et al., 2022 Repetition rate: 10 

Hz 
Fluence: 3.5 J cm− 2 

Phlogopite, K- 
richterite, K- 
feldspar, biotite, 
clinopyroxene, 
plagioclase 

Macquarie 
University 

Photon 
Machines 
Excimer 193 nm 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass  

Mica-Mg-NP 
and NIST 610, 
BCR-2G, BHVO- 
2G 

/ Igneous rocks Wang et al., 
2022 Repetition rate: 5 

Hz 
Fluence: 7 J cm− 2 

Spot size: 85 μm 
Biotite Northwest 

University, China 
ESI NWR 
FemtoUC 257 
nm 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 30 μm, 
line scan, length 
60 μm 

NIST 610 / Pegmatite Chen et al., 
2023 

Fluence: 2.5–3.5 J 
cm-2Frequency: 
5–8 Hz 

Muscovite Curtin University RESOlution LR 
193 nm ArF 

Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

/ / / Time-strain evolution of 
shear zones 

Ribeiro et al., 
2023 

Muscovite, biotite University of 
British Columbia 
Okanagan 

ESI 193NWR Agilent 
8900 

N2O Mass shift for Sr 
(SrO+); Rb on mass 

Spot size: 50 μm NIST 610, Mica- 
Mg-NP 

/ Himalayan mica Larson et al., 
2023 Repetition rate: 10 

Hz 
Fluence: 4 J cm− 2 

Lu-Hf           
Garnet, apatite and 

xenotime 
University of 
Adelaide 

RESOlution 193 
nm 

Agilent 
8900 

10 % 
NH3 in 
90 % He 

Mass shift for Hf 
[Hf(NH)(NH2) 
(NH3)3

+]; Lu on 
mass 

Spot size: 43–120 
μm 

NIST 610 Age uncertainties ~ 0.5 % / Simpson 
et al., 2021 

Repetition rate: 5 
Hz 
Fluence: 3 J cm− 2 

Apatite Curtin University RESOlution 193 
nm 

Agilent 
8900 

10 % 
NH3 in 
90 % He 

Mass shift for Hf 
[Hf(NH)(NH2) 
(NH3)3

+]; Lu on 
mass 

Spot size: 67 μm NIST 610, 
OD306 apatite 

/ Thermotectonic history 
of the Akia terrane 

Gillespie 
et al., 2022 Repetition rate: 10 

Hz 
Fluence: 3.3 J cm− 2 

Phosphate (merrillite 
and stanfieldite) 

University of 
Adelaide 

RESOlution LR 
193 nm 

Agilent 
8900x 

10 % 
NH3 in 
90 % He 

Mass shift for Hf 
[Hf(NH)(NH2) 
(NH3)3

+]; Lu on 
mass 

Spot size: 173 and 
257 μm 

NIST 610, 
OD306 apatite 

/ Space exploration Glorie et al., 
2022 

Calcite University of 
Adelaide 

RESOlution LR 
193 nm 

Agilent 
8900x 

10 % 
NH3 in 
90 % He 

Mass shift for Hf 
[Hf(NH)(NH2) 
(NH3)3

+]; Lu on 
mass 

Spot size: 257 μm NIST 610 and 
MKED calcite 

Age uncertainties of 1.7 %-6% 
were obtained from calcite 
with 0.5 ppm Lu 
concentrations 

/ Simpson 
et al., 2022 Repetition rate: 10 

Hz 
Fluence: 10 J cm− 2 

Fluorite University of 
Adelaide 

RESOlution LR 
193 nm 

Agilent 
8900x 

10 % 
NH3 in 
90 % He 

Mass shift for Hf 
[Hf(NH)(NH2) 
(NH3)3

+]; Lu on 
mass 

Spot size:173 or 
257 μm 

NIST 610 and 
calcite ME-1 

/ / Glorie et al., 
2023 

Repetition rate: 10 
Hz 
Fluence: 9 J cm− 2 

Garnet University of 
Adelaide 

RESOlution LR 
193 nm 

Agilent 
8900x 

10 % 
NH3 in 
90 % He 

Mass shift for Hf 
[Hf(NH)(NH2) 
(NH3)3

+]; Lu on 
mass 

Spot size:43 or 120 
μm 

NIST 610 Age precision ~ 1.5 % Polymetamorphic 
histories 

Simpson 
et al., 2023 

Repetition rate: 10 
Hz 
Fluence: 3.5 J cm− 2 

(continued on next page) 
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were within error of their consensus values. Using a Thermo Fisher 
Scientific iCAP TQ ICP–MS/MS, Kutscher et al. (2018) reported the 
measurement of the Au, Pt, Rh, and Ir mass fractions in the AMIS 0416 
ore RM using O2 on-mass and NH3 mass-shift modes. The results of both 
modes agree well with the certified values (recovery = 89 %–107.6 %). 

Combining ICP–MS/MS with a laser ablation sample introduction 
system provides a promising microbeam technique for determining the 
contents of noble metals with very low limits of detection. Yang et al. 
(2020) reported the measurement of low ng g− 1 contents of Rh and Pd in 
Cu-rich minerals using LA–ICP–MS/MS for the first time. Using He as a 
collision gas combined with NH3 as a reaction gas under MS/MS mode, 
99.8 % of the CuAr interference was removed and 98 % of the sensitivity 
remained. The CuAr contribution to 103Rh and 105Pd signals in chalco
pyrite and bornite was < 2.3 ng g− 1, a reduction of more than two orders 
of magnitude compared with those obtained using single quadrupole 
LA–ICP–MS. The method LODs for 103Rh (1.7 ng g− 1) and 105Pd (7.0 ng 
g− 1) obtained using LA–ICP–MS/MS with an ablation spot size of 110 μm 
were an order of magnitude lower than those obtained using single 
quadrupole LA–ICP–MS (16 ng g− 1 for Rh and 48 ng g− 1 for Pd), 
demonstrating the potential for LA–ICP–MS/MS to be used widely for 
the quantitative determination of trace PGE contents in Cu-rich sulfide 
minerals (Yang et al., 2020). 

3.1.3. Halogens, S, P, and other elements 
Halogens and light elements (such as S, B, P, etc.) play an important 

role during mass transport in mineralizing fluids and magma (Webster 
and Duffield, 1994); therefore, better constraints on the halogen and 
light element contents of magmas and associated fluids are of great 
importance to the understanding of metallogenesis. Halogens, including 
fluorine (F), chlorine (Cl), bromine (Br), and iodine (I), are typically 
present as anionic species. It has been shown that using pyrohydrolysis 
to extract the halogen anions, ion chromatography to separate them, and 
conductivity detection for analysis is effective, but the detection limits 
are generally orders of magnitude higher than those obtained using an 
ICP–MS (Balcone-Boissard et al., 2009). 

Due to the excellent interference elimination capability of ICP–MS/ 
MS, the LODs of halogens other light elements could be lowered further, 
especially for the measurement of these key elements in complex 
matrices. For example, Fletcher et al. (2020) used ICP–MS/MS to 
determine P, S, Br, and I contents in U ore contents during research into 
mine source and production quality. With ICP–MS/MS, no chemical 
separation is needed before analysis. The method limit of detection for P, 
S, Br, and I are 3.2, 30, 1.28, and 4.7 ng mL− 1, respectively, which have 
not been undertaken by traditional Q-ICP–MS. 

F cannot be directly detected by conventional Q-ICP-MS because of 
severe water-derived interferences at m/z = 19 from 1H3

16O+ and 
1H18O+, and extremely low sensitivity due to the fact that it is very 
difficult to convert fluorine atoms to the positive ions that are measured 
in ICP-MS. Yamada (2015) discussed the feasibility of F detection by ICP 
− MS/MS, where F was changed to BaF+ through the online addition of 
barium solution, the formation of polyatomic BaF+ (at a new mass of m/ 
z = 157, 138Ba19F+) ions was enabled and introduced into Q1. With NH3 
in the CRC, 138Ba19F(14NH3)3

+ was the product of mass-shift and 
measured at Q2. The potential interfering ions with the same m/z, such 
as 138Ba18O1H+, 138Ba16O1H3

+, and 138Ba17O2H+ can be reduced under 
MS/MS mode (Guo et al., 2017; Jamari et al., 2017). 

In addition, a very low detection limit for B (0.41 μmol mol− 1), P and 
S in natural biogenic carbonates was achieved by ICP–MS/MS, allowing 
very low B/Ca, P/Ca, and S/Ca ratios to be measured in organic phases, 
which is of interest for research into ocean acidification but out of reach 
even for sector field–ICP–MS (Diez Fernández et al., 2015). ICP–MS/MS 
also provides accurate analysis of low Ge concentrations in silicates and 
sulfides matrix. The use of LA–ICP–MS/MS with N2O as a reaction gas to 
analyze Ge as an oxide in silicates has been proposed by Phillips et al. 
(2023). Contrary to high mass resolution, this approach does not 
significantly reduce sensitivity, thus preserving spatial resolution even Ta
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for minerals with sub μg g− 1 levels of Ge. 

3.2. Radiometric dating using LA–ICP–MS/MS 

3.2.1. U–Pb dating 
Solution-based ID–TIMS has successfully produced U–Pb dates with 

high accuracy and precision, but ID–TIMS is markedly more time- 
consuming and lacks the high spatial resolution provided by micro
beam methods. LA–ICP–MS U–Pb dating is one of the most commonly 
used methods for dating minerals, including zircon, apatite, titanite, and 
calcite with high spatial resolution (20–80 μm). However, many of these 
U-bearing minerals also contain non-radiogenic common Pb, which 
must be corrected for to accurately determine the age of the mineral. The 
direct measurement of 204Pb is theoretically the ideal method for com
mon Pb correction (Petrus and Kamber, 2012), as it does not assume U/ 
Pb concordance. The other advantage of 204Pb corrections is for samples 
where intercept ages cannot be determined accurately because of mul
tiple age populations (e.g., detrital samples) or samples that exhibit a 
degree of open-system behavior. However, the measurement of 204Pb by 
ICP–MS is currently limited by isobaric interference from 204Hg. How
ever, the 204Pb correction was hindered by the inaccurate determination 
because of 204Hg interference. 

ICP–MS/MS can address the previously unresolvable 204Hg inter
ference on 204Pb. Woods (2014) from Agilent Technologies (UK) showed 
for the first time that using NH3 in the reaction cell can effectively 
remove interference from 204Hg to obtain an accurate 204Pb/208Pb iso
topic measurement by solution ICP-MS/MS, as > 90 % Hg underwent a 
charge transfer reaction with NH3 (Hg+ + NH3 = Hg0 + NH3

+), while < 2 
% of the Pb reacts with the NH3. Gilbert and Glorie (2020) extended this 
method to directly measure 204Pb and subsequent common 204Pb 
correction in a range of common Pb-bearing apatites and titanites by 
LA–ICP–MS/MS. For apatites and titanites with 204Pb signal intensities 
of > 100 cps, the 204Pb-corrected age and lower intercept ages agree 
within error, indicating the effective of the 204Pb-corrected method. 
However, for very low 204Pb signal intensities (<20 cps), the un
certainties are too large to produce meaningful corrected ratios. Thus, 
using as large a beam size as practical and tuning the ICP–MS/MS for 
maximum sensitivity is essential to minimize the uncertainties on 
apatite and titanite ages. 

Some gases were added to the NH3 reaction gas in the CRC to 
improve signal intensity and stability. Kasapoğlu et al. (2016) found that 
adding O2 as a second reaction gas leads to the stable production of UO+

as the dominant U reaction product without compromising Hg removal 
and Pb transmission. Using this approach, they obtained LA–ICP–MS/ 
MS zircon U–Pb ages of 51.7 ± 4.7 to 47.8 ± 2.4 Ma from basaltic to 
rhyolitic volcanic rocks in lower Eocene terrestrial sedimentary units in 
the Central Sakarya Zone. Xiang et al. (2021) used N2O instead of O2 as 
the second gas in the CRC and produced a stable UO+ signal. They 
compared this NH3–N2O method with using only NH3, by comparing 
U–Pb ages of eight apatite RMs with ages ranging from 21 to 1160 Ma. 
Results show that the measured ages of the apatites were within 4 % of 
the reference ages, and the accuracy of U–Pb dating is not measurably 
affected by different reaction gases. Compared with the T-W concordia 
lower intercept age which was done during classic single quadrupole LA- 
ICP-MS analysis, the weighted mean 204Pb-corrected 206Pb/238U age for 
both reaction gases of LA-ICP-MS/MS are more accurate within the 
uncertainty of the ID-TIMS datum. 

3.2.2. Rb–Sr dating 
The pioneering work of Moens et al. (2001) demonstrated that online 

separation of 87Sr from 87Rb using CRC technology enables direct dating 
using a single quadrupole mass spectrometer with a CRC (CRC–ICP–MS). 
Using CH3F as a reaction gas, 87Sr+ reacts to form 87Sr19F+ and can be 
measured at a m/z ratio of 106, whereas 87Rb+ is largely unreactive due 
to its more stable electron configuration and can be measured on-mass. 
This method was used for the Rb/Sr isochron age determination of 

magmatic rocks after dissolution of the samples without chromato
graphic separation. The measured age agrees with the reference age of 
thermal ionization mass spectrometry (TIMS). However, the precision of 
the age is relatively poor (up to ~ 11 %), restricting the geological 
application. A problem with using a single quadrupole CRC–ICP–MS is 
the new interferences at m/z = 106, such as 106Pd+, 90Zr16O+, 
89Y16O1H+, 66Zn40Ar+, etc. This can be avoided by using ICP–MS/MS 
under MS/MS mode. Accurate determination of 87Sr/86Sr isotopic ratios 
in BCR-2 and BHVO-2 basalt RMs were measured by Liu et al. (2020) 
using solution ICP–MS/MS in mass-shift mode with O2 as the reaction 
gas, with an external precision of better than 0.1 % relative standard 
deviation (RSD) without prior Sr purification. Furthermore, Bolea-Fer
nandez et al. (2016) reported the use of LA–ICP–MS/MS with CH3F gas 
in the CRC for direct Sr isotope analysis of glass-type geological RMs 
with high Rb/Sr ratios (0.02–0.67). The Q1 is set to the m/z ratio of the 
target mass (e.g., 87Sr+, 85Rb+or 87Rb+), and the ions leaving the reac
tion cell are filtered by the Q2 set to the m/z ratio corresponding to 
either the primary reaction product (e.g., 87Sr19F+) or the unreacted ion 
(e.g., 85Rb+or 87Rb+). The external precision of 87Sr/86Sr isotope ratio 
was 0.05 ~ 0.3 %. 

In situ Rb–Sr dating of Rb- and K-rich minerals (including biotite, 
muscovite, and K-feldspar) by LA–ICP–MS/MS was first achieved by 
Zack and Hogmalm (2016) at the University of Gothenburg, Sweden. 
Using O2 as the reaction gas, part of the ablated Sr reacted to form SrO+, 
whereas no RbO+ was formed. The accuracy of the measured Rb–Sr 
isochron ages was better than 1.5 %, and that of the initial 87Sr/86Sr 
ratios was better than 0.2 %. Subsequently, Hogmalm et al. (2017) 
adopted two new reaction gases, N2O and SF6, which achieved higher 
reaction efficiencies than O2. Nearly 100 % of the Sr reacted with N2O to 
form SrO+, and > 70 % of the Sr reacted with SF6 to form SrF+, while <
0.01 % of the Rb reacted with either gas. The sensitivity of SrO+ and 
SrF+ in obtaining Sr contents is 10 and 6 times higher, respectively, than 
that when using O2 as the reaction gas. With these more reactive gases, 
the error in mica isochron ages is < 1 %. At present, N2O is the most 
widely used reaction gas for LA Rb–Sr dating. 

The effect of elemental fractionation and matrix effects on the ac
curacy and precision of Rb–Sr dating during LA–ICP–MS/MS analysis 
have been investigated. Gorojovsky and Aland (2020) used NIST 610 
and BHVO-2G RMs and nano-powder phlogopite pellets (CRPG Mica- 
Mg-NP) RM to test the effects of laser wavelength (213 nm and 193 
nm), laser frequency (5 Hz and 10 Hz), laser carrier gas (He, H2, and N2), 
dwell time, and external standard calibration on the accuracy and pre
cision of 87Rb/86Sr and 87Sr/86Sr ratios. The results showed that the 
accuracy and precision of 87Rb/86Sr and 87Sr/86Sr ratios are significantly 
affected by laser wavelength and frequency. The best accuracy and 
precision were obtained when using a laser wavelength of 193 nm and 
ablating at a frequency of 5 Hz, which achieved internal precisions (2σ) 
of 0.3 % and 0.15 % for 87Rb/86Sr and 87Sr/86Sr ratios, respectively. For 
internal calibration, better accuracy is obtained with the addition of H2 
as a trace gas. 

RMs play an important role in monitoring data quality and validating 
measurement procedures, and they are the most direct and effective 
method for correcting chemical and isotopic fractionation and matrix 
effects (Jochum and Nohl, 2008). At present, the commonly used RMs 
for in situ Rb-Sr dating include standard glasses (NIST SRM 610 and 612, 
USGS BCR-2 g and BHVO-2 g basaltic glasses) and phlogopite nano- 
powder pellets (CRPG Mica-Mg-NP; Zack and Hogmalm, 2016; Hog
malm et al., 2017; Şengün et al., 2019; Armistead et al., 2020; Gor
ojovsky and Alard, 2020; Li et al., 2020; Olierook et al., 2020; Tillberg 
et al., 2020; Redaa et al., 2021). Some MPI-Ding glass standards are also 
used as RMs for laser Rb–Sr dating, including ATHO-G (rhyolite), T1-G 
(quartz diorite), and StHs6/80-G (andesite; Laureijs et al., 2021). Redaa 
et al. (2022) and Jegal et al. (2022) assessed the chemical and isotopic 
compositions and homogeneity of phlogopite (Mica-Mg-NP), glauconite 
(GL-O-NP), biotite (Mica-Fe-NP), and K-feldspar (FK-N-NP) 
nano-powder pellets and fused glasses, and their suitability for in situ 
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Rb–Sr dating of K-rich silicate minerals using LA–ICP–MS/MS. The re
sults showed that only the two nano-powders (Mica-Mg-NP and 
GL-O-NP) were suitable for in situ Rb–Sr dating by LA–ICP–MS/MS, 
given their homogeneity. However, Redaa et al. (2021) observed that 
Mica-Mg-NP and natural phlogopite have variable elemental fraction
ation and ablation characteristics, resulting in age deviations of ~ 7 % 
for natural phlogopite when using chemically consistent nano-powders 
as an external standard. This indicates that not only chemical proper
ties but also physical properties can significantly magnify matrix effect. 
Therefore, developing mineral-specific, matrix-matched RMs for 
phlogopite and other Rb- and K-rich minerals is needed. Additional 
secondary mineral standards of known age are also required for more 
reliable Rb–Sr age determinations. Using a secondary mineral standard 
enables proper assessment of data quality and allows age offset correc
tions to be calculated (Armistead et al., 2020; Li et al., 2020). Huang et al 
(2023) proposed that GBW ZBH-25 biotite was a good secondary RM for 
in situ Rb-Sr dating. 

LA–ICP–MS/MS Rb–Sr dating has been used to constrain the timing 
of tectono-thermal events in shear zones (Tillberg et al., 2020, 2021; 
Redaa et al., 2022; Liebmann et al., 2022; Wang et al., 2022; Ribeiro 
et al., 2023), Cu–Au and vein mineralization (Tillberg et al., 2017; 
Şengün et al., 2019; Olierook et al., 2020), tracing crustal evolution in 
cratons and orogens (Li et al., 2020; Gou et al., 2022) and the evolution 
of oceanic crust (Laureijs et al., 2021). Proterozoic marine sedimentary 
rocks dominated by shales have also been dated by analyzing para
genetic illite (Subarkah et al., 2021). Another field of application is the 
provenance of micas. Radiogenic Sr is hosted dominantly in micas, 
especially in old or highly differentiated sources; therefore, single-grain 
mica ages can be calculated from measured 87Sr/87Rb ratios if the initial 
87Sr/87Rb ratio can be estimated. Rösel and Zack (2022) proposed a 
range of geologically relevant initial 87Sr/87Rb ratios, including 0.703 
± 0.003 for mantle derived magmatic rocks, 0.715 ± 0.015 for evolved 
magmatic rocks, and 0.730 ± 0.030 for crustal rocks. Using this method, 
hundreds of detrital mica grains can be analyzed per day. 

3.2.3. Lu–Hf dating 
The β-decay of 176Lu produces 176Hf, with a half-life of ~ 37.12 Gy 

(Scherer et al., 2001). Traditional applications of this method require 
time-consuming chemical separation of the parent (176Lu) and daughter 
(176Hf) isotopes, which is commonly accompanied by the loss of textural 
context of the analyzed minerals. Accurate in situ measurement of these 
isotopes is hindered by isobaric interferences from both 176Lu and 176Yb 
on 176Hf. 

With the Agilent 8800 ICP–MS/MS coupled to a LA system, Zack and 
Hogmalm (2015) explored the removal of the isobaric interference from 
176Lu and 176Yb on 176Hf. Approximately 50 % of the Hf is transmitted in 
mass-shift mode relative to that transmitted using no reaction gas, 
whereas < 0.05 % of the Lu and < 0.00005 % of the Yb are transmitted. 
This technique was used to date a 1.8 Ga old xenotime, which had high 
Lu/Hf (1000) and Yb/Hf (10000) ratios and yielded a Lu–Hf age that 
was within error of the U–Pb age and 176Hf*/176Lu ratios of 0.0345 ±
1.4 % (2 s). Simpson et al. (2021) proposed a LA–ICP–MS/MS method 
using NH3 as the cell gas and used this method to date garnet, apatite, 
and xenotime. The resulting uncertainties in the isochron ages were as 
low as ~ 0.5 % (95 % confidence interval). Similar LA–ICP–MS/MS 
methods using NIST 610 as a primary RM have been applied in Lu–Hf 
dating of calcite (Simpson et al., 2022), fluorite (Glorie et al., 2023), and 
phosphates (merrillite and stanfieldite in pallasite meteorites; Glorie 
et al., 2022). Although laser-based Lu–Hf dating has the advantage of 
being less prone to laser-induced isotopic fractionation than U–Pb, Wu 
et al. (2023) found matrix-induced bias (i.e., determined age/recom
mended age) between NIST 610 and xenotime, NIST 610 and apatite, 
and NIST 610 and garnet of 1.13–1.30, 1.148–1.151, and 1.049–1.051, 
respectively, indicating a significant matrix effect between NIST 610 
glass and natural minerals. Hence, using secondary matrix-matched RMs 
for calibration of age bias and quality control during LA–ICP–MS/MS 

Lu–Hf dating is necessary to obtain meaningful ages. 
In situ laser-based Lu–Hf, Sm–Nd, and U–Pb apatite dating has been 

used to study polymetamorphic histories within individual multi-growth 
garnets to reveal the thermo-tectonic history of the North Atlantic 
Craton (Simpson et al., 2023). The Lu–Hf and Sm–Nd isotopic systems in 
these apatites record a regional high-temperature metamorphic event at 
~ 2.7 Ga, whereas the U–Pb system records a milder thermal event at ~ 
1.7 Ga. This decoupling of the U–Pb system from the Sm–Nd and Lu–Hf 
systems reflects different closure temperatures. The higher closure 
temperatures of the Lu–Hf and Sm–Nd systems (>700 ◦C; Cherniak, 
2000) prevented the re-equilibration of these systems during the milder 
event, whereas the diffusion of Pb at temperatures of < 450 ◦C at 1.7 Ga 
reset the U–Pb age, demonstrating that the Lu–Hf and Sm–Nd are more 
robust and thus more likely to faithfully record high temperature events 
than the U–Pb system. 

A current limitation of in situ Lu–Hf dating is the large laser spot size 
(>120 μm) necessary to accurately measure Hf isotopic compositions; 
therefore, the sensitivity of the instrument and mass-shift efficiency of 
Hf should be enhanced in future. Isotopically homogenous primary RMs 
and secondary RMs with well-known ages should also be sought to 
further improve the accuracy and precision of ages. 

3.2.4. Re–Os dating 
187Re decays to produce 187Os by β-decay with a half-life of 42.3 Gy; 

it provides one of the few options for directly dating sulfide minerali
zation events. Molybdenite (MoS2) is the most attractive target for 
Re–Os dating due to its high partition coefficient for Re and negligible 
common Os. Molybdenite Re–Os ages represent the crystallization age of 
molybdenite precipitated from hydrothermal fluids (Selby and Creaser, 
2001). Dating of molybdenite is hindered by several analytical compli
cations and is only performed in highly specialized labs. The main 
problem is that the different masses of 187Re and 187Os cannot be 
resolved by mass spectrometry, and chemical separation of these iso
topes is difficult. 

In situ Re–Os dating of molybdenite has been attempted using 
LA–ICP–MS/MS with methane (CH4) in the CRC. Hogmalm et al. (2019) 
demonstrated that CH4 reacted efficiently with Os+ to form OsCH2

+

(~70 % conversion), while 1 %–2% of the parent isotope Re also reacted 
to ReCH2, leaving significant interference that was corrected mathe
matically. Six natural molybdenite samples from a range of geological 
settings with Re contents of > 10 ppm were analyzed using laser spots 
diameter of 70 μm, and ages were calibrated using molybdenite nano- 
powder pellets, yielding precise (1 %–5%; 2 s) and accurate (<1%, 
compared with ID-TIMS) ages. 

Although LA–ICP–MS/MS does yield ages with external precision 
close to those of ID–TIMS in some cases, the effect of micro-scale parent- 
daughter decoupling on age accuracy is still controversial while using in 
situ method, such as NanoSIMS and LA-ICP-MS/MS. Previous work 
(Stein et al., 2003; Selby and Creaser, 2004) has shown that radiogenic 
187Os may not remain in the crystallographic site previously occupied by 
the parent, 187Re, as it has a different ionic radius, bond length, and 
oxidation state. This means that the parent and daughter isotopes may 
become spatially decoupled with time, and the amount of daughter 
isotope collected when sampled is not directly proportional to the initial 
parent isotope content and the time elapsed. Zimmerman et al. (2022) 
obtained highly inaccurate molybdenite Re–Os ages relative to the 
ID–TIMS values, indicating that the measurement of 187Os by 
LA–ICP–MS/MS is too imprecise to preclude parent–daughter decou
pling to an extent that prevents high-precision geochronology. Sampling 
at the micron-scale (70–100 μm) may not overcome decoupling, thereby 
resulting in inaccurate radiometric ages. A full 2D or 3D LA–ICP–MS/MS 
scan and the homogenization of an entire crystal may yield more precise 
Re–Os ages. 

Furthermore, sample heterogeneity can be mistaken for decoupling. 
A series of well-characterized, homogenous molybdenite RMs are 
required to correct for instrument fractionation and monitor data 
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quality. 

4. Future applications in metallogeny 

Chemical data on a greater range of natural ore and hydrothermal 
minerals would be invaluable in understanding the fundamental con
trols on trace-element distribution and interpreting the conditions of ore 
formation in a variety of settings (Cook et al., 2016). LA-ICP–MS/MS 
offers many advantages to expend this to minerals for which little or no 
LA–ICP–MS trace-element data are currently available, including REEs 
in Sn-rich minerals (such as cassiterite and stannite), Ba-rich minerals 
(witherite, barite), bonamite and molybdenite; noble metals in Cu-Fe- 
Zn-Ni sulfides, REE-rich minerals, W-rich minerals (such as wolframite 
and scheelite) and columbo-tantalite minerals; halogens in hydrother
mal minerals (such as apatite, micas, amphibole, etc). Considerable 
opportunity also exists for LA–ICP–MS/MS studies addressing the par
titioning of potential economic metals, including Sc, Sb and Ge, in multi- 
phase sulfide–oxide–silicate assemblages. Such additional data will 
assist in building element distribution models and assessing the source 
of metals and fluids. 

In addition, ICP–MS/MS provides an unprecedented laser-based 
method for in situ dating using β-decay systems (including 87Rb–87Sr, 
176Lu–176Hf, 187Re–187Os, 138La–138Ce, and 40K–40Ca) in common ore 
and gangue minerals. The datable minerals, methods, and applicable 
deposit types are listed in Table 5. The closure temperatures of the Rb–Sr 
system in K-bearing minerals (e.g., K-feldspar = 200–300 ◦C; biotite =
300–400 ◦C; mica = 500–550 ◦C; phlogopite = 400–600 ◦C; amphibole 
= 450–550 ◦C; Armstrong et al., 1966; Verschure et al., 1980; Blanck
enburg et al., 1989; Willigers et al., 2004) cover the range of common 
temperatures of hydrothermal alteration and mineralization 
(200–600 ◦C; Sillitoe, 2010); therefore, direct analysis of the Rb–Sr 
isotopic compositions of hydrothermal K-rich minerals can provide age 
information for hydrothermal alteration and mineralization. Several 
recent publications have explored in situ Rb–Sr dating of muscovite and 
biotite to better understand the genesis of orogenic Au deposits (Şengün 
et al., 2019; Olierook et al., 2020) and vein mineralization (Tillberg 
et al., 2017). Additionally, LA-ICP-MS/MS has great potential for in situ 
dating of Rb-rich ore minerals (such as amazonite, lepidolite, pollucite 
with Rb2O content up to 3.3 %) in Li-, Rb-and Cs-rare metal deposits. 
Although LA-ICP-MS/MS is powerful, the application of in situ Rb-Sr 
dating is still limited due to the precision and accumulation of radio
genic 87Sr. So, only limited minerals with high Rb/Sr ratios could be 
used for in situ Rb-Sr dating. 

Another large field of potential applications is directly dating HREE- 
rich minerals, including xenotime, euxenite, gadolinite, and apatite, 
using in situ Lu–Hf LA–ICP–MS/MS dating. These minerals can occur as 
the major ore minerals in HREE deposits. The Lu–Hf isotopic system in 
apatite generally has a higher closure temperature (>700 ◦C; Cherniak, 
2000) than the U–Pb system (<450 ◦C); therefore, the Lu–Hf system is 
more robust and more likely to faithfully record high-temperature 
events than the U–Pb system and is promising for dating mafic 
magma-related deposits (Kharkongor et al., 2023). Furthermore, the 
several orders of magnitude improvement in abundance sensitivities 
attainable with MS/MS increases the potential for in situ Hf isotope 
analyses in samples with high-Ta and -W matrices, as the tail of the 180Ta 
signal would affect the accurate determination of 179Hf in single quad
rupole mass spectrometry. 

Future technical developments are likely to lead to smaller spot sizes 
and better spatial resolutions, in turn facilitating insights into finely 
zoned or intergrown minerals that cannot be analyzed at present. 
Maximizing the sensitivity of ICP–MS/MS is expected with future study. 
There has also been increasing interest in in situ dating of β-decay sys
tems using LA coupled with CRC–MC–ICP–MS instruments (Bevan et al., 
2021; Craig et al., 2021; Dauphas et al., 2022), which can improve the 
precision and external reproducibility relative to that of quadrupole 
based ICP–MS/MS, leading to the hope that minerals with relatively low 

contents and with requirement of high analytical precision (such as 
138La–138Ce, and 40K–40Ca) can be accurately dated using in situ LA 
technique. A novel single-spot Rb–Sr isochron method for dating biotite 
has been developed using CRC–MC–ICP–MS (Cruz-Uribe et al., 2023). 
This technique allows sub-spot Rb–Sr dating within individual laser 
spots, obtaining multiple dates within a single time-resolved analysis, 
leading to potential applications in revealing multiple heating, cooling, 
and fluid-alteration events within small domains in single biotite crys
tals. This technique is expected to be expanded to include other β-decay 
systems. Another limitation of MS/MS based dating is a lack of well- 
characterized matrix matched RMs. Currently, the largest source of 
uncertainty comes from the matrix effect arising from the different 
ablation behaviors of different materials (Zack and Hogmalm, 2016). 
Developing more reliable matrix-matched RMs is needed. 

In conclusion, the advances in LA–ICP–MS/MS described in this re
view are having a profound effect on geochemistry and in situ β-decay 
geochronology in studies of mineral deposits. ICP–MS/MS technology 
was introduced onto the market only ten years ago, but since then new 
applications have frequently been described. It may, therefore, be 
assumed that over the next few years, (LA)–ICP–MS/MS will grow 

Table 5 
Datable minerals by LA–ICP–MS/MS using β-decay systems and applicable de
posit types.  

Minerals Datable 
method 

Mass 
fractions 
(Mean ± SD, 
μg/g) 

External 
precision 
(%) (3) 

Applicable 
deposit type 

Ore minerals     
Molybdenite 

(1) 
Re–Os Re: 248 ±

349; Os: 1.4 
± 3.0 

~1–5 % Porphyry Cu–Au, 
VMS Cu–Pb–Zn, 
epithermal Au 

Hydrothermal minerals 
Biotite (1) Rb–Sr Rb: 676 ±

1082; Sr: 24 
± 98 

~1–3 % Porphyry Cu–Au 

Muscovite, 
sericite (1) 

Rb–Sr Rb: 1564 ±
1423; Sr: 34 
± 308 

~1–3 % Epithermal Au, 
orogenic Au, 
porphyry Cu–Au, 
VMS Cu–Pb–Zn 

K-feldspar 
(orthoclase, 
adularia) (1) 

Rb–Sr Rb: 316 ±
1334; Sr: 398 
± 1082 

~1–5 % Porphyry Cu–Au, 
epithermal Au 

Clay minerals 
(illite, 
smectite) (1) 

Rb–Sr Rb: 26 ± 45; 
Sr: 218 ± 236 

~1–5 % Epithermal Au, 
Carlin Au, 
orogenic Au, 
MVT Pb–Zn, VMS 
Cu–Pb–Zn 

Amazonite, 
lepidolite, 
pollucite 

Rb–Sr Rb2O: 1.4 % 
~3.3 % 

n.a. Li-, Rb-and Cs- 
rare metal 
deposit 

Fluorite (2) Lu–-Hf Lu: ~0.03–4 ~1–20 % MVT Pb–Zn, 
pegmatite 
polymetals 

Garnet (1) Lu–Hf Lu: 2 ± 12; 
Hf: 5 ± 38; U: 
4 ± 18; Pb: 3 
± 36 

~1–3 % Skarn Cu-Au 

Apatite (1) Lu–Hf Lu: 11 ± 88; 
Hf: 1 ± 16; U: 
23 ± 157; Pb: 
34 ± 800 

~1–3 % Porphyry Cu–Au, 
mafic magma 
related deposits, 
rare-earth 
deposit 

Calcite (1) Lu–Hf Lu: 3 ± 31; 
Hf: 3 ± 30; U: 
21 ± 50; Pb: 5 
± 70 

~1–5 % epithermal Au, 
orogenic Au 

(1) Mean mass fractions are calculated based on data from the GEOROC data
base (https://georoc.eu/) accessed on 25 July 2023. 
(2) Glorie et al. (2023). 
(3) The external precision is calculated simply based on age and error values 
published in previous articles and is largely dependent on the Re, Rb, and Lu 
mass fractions. 
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exponentially in use, as it provides a powerful complement to the 
shortcomings of single-quadrupole ICP–MS—and even sector-field 
ICP–MS in some cases—for many applications where ultra-trace ele
ments have to be determined in complex matrices and where β-decay 
systems have to be dated within individual, in situ crystals. 
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Kasapoğlu, B., Ersoy, Y.E., Uysal, İ., Palmer, M.R., Zack, T., Koralay, E.O., Karlsson, A., 
2016. The petrology of Paleogene volcanism in the Central Sakarya, Nallıhan 
Region: implications for the initiation and evolution of post-collisional, slab break- 
off-related magmatic activity. Lithos 246–247, 81–98. https://doi.org/10.1016/j. 
lithos.2015.12.024. 

Kelley, D.L., Benn, C., Riedell, K.B., Johnson, T., 2010. The role of geochemistry in 
Andean copper discoveries. SEG Special Publications. 15, 271–286. 

Kharkongor, M.B.K., Glorie, S., Mulder, J., Kirkland, C.L., Chew, D., Kohn, B., 
Simpson, A., 2023. Apatite laser ablation Lu Hf geochronology: a new tool to date 
mafic rocks. Chem. Geol. 636 https://doi.org/10.1016/j.chemgeo.2023.121630. 
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Redaa, A., Farkaš, J., Gilbert, S., Collins, A.S., Wade, B., Löhr, S., Zack, T., Garbe- 
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