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A B S T R A C T   

LA-ICP-MS U–Pb dating of garnet has become one of the important geochronometric methods in recent years. 
Both the matrix-matched and non-matrix-matched external standards were used for dating. However, under 
which conditions reliable ages can be obtained and the difference between the matrix-matched and non-matrix- 
matched methods have not been well constrained. In this contribution, a series of ablation experiments 
(including spot analysis and line scanning) were conducted on different grandite garnets using various ablation 
parameters (spot size, repetition rate and fluence) under both the matrix-matched (garnet as external standard) 
and non-matrix-matched (zircon as external standard) conditions, with the aim to obtain the optimal conditions 
for precise LA-ICP-MS garnet U–Pb dating. The results show that U–Pb fractionation associated with downhole 
depth, intrinsic properties of U (more refractory) and Pb (more volatile) and radiation damage (alpha dose) of 
crystal lattice occurs in zircon and garnet. The fractionation can be minimized or even eliminated by optimizing 
the ablation parameters (e.g., large spot size and low repetition rate) or the analytical modes (e.g., line scanning). 
This makes it feasible to use zircon as external standard for garnet U–Pb dating. Line scanning is most favorable 
for garnet U–Pb dating at broad ablation parameters regardless of matrix-matched or non-matrix-matched. In 
spot analysis mode, all the garnets can be precisely dated using a large spot size (e.g., ≥90 μm) coupled with 
moderate-low repetition rate (e.g., 2–5 J/cm2) and fluence (e.g., 2–5 J/cm2) under matrix-matched condition. 
Under non-matrix-matched condition, all the garnets can also be precisely dated when a larger spot size (e.g., 
≥120 μm) coupled with moderate repetition rate (e.g., 5 Hz) and fluence (e.g., 5 J/cm2) is used. Too high or too 
low repetition rates (e.g., <2 Hz and > 10 Hz) and fluences (e.g., <2 J/cm2 and > 10 J/cm2) were found to be 
unsuitable for garnet U–Pb dating. Low-U and high-U samples are best treated differently due to their different 
U–Pb fractionation coefficients, especially at the high fluence and repetition rate conditions. Equally, U-con
centration matched garnet standards are required to improve the accuracy and precision of the U–Pb dating 

Natural grandite garnets selected from Fe, W and Cu–Mo skarn deposits can be precisely dated using the 
optimized methods. These garnets have compositions varying widely between andradite and grossular with 
variable U (1–100 ppm) and common Pb (f206 of 0–0.7) concentrations, indicating that the methods are reliable 
and thus suitable for wide applications.   

1. Introduction 

Grandite garnets are a solid-solution series of andradite (Ca3Fe2

Si3O12) and grossular (Ca3Al2Si3O12), which occur in a variety of 

magmatic intrusions (Huggins et al., 1977; Barrie, 1990; Scheibner 
et al., 2007; Python et al., 2007) and calc-silicate skarns typically 
associated with economic Fe, Cu, W, Sn and Mo deposits (Smith et al., 
2004; Meinert et al., 2005; Xu et al., 2016). They have long been used for 
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U–Pb, Lu–Hf and Sm–Nd geochronology based on ID-TIMS (isotope 
dilution–thermal ionization mass spectrometry) or MC-ICP-MS (multi 
collector-inductively coupled plasma-mass spectrometry) analysis after 
chemical digestion and separation (Mezger et al., 1989; Scherer et al., 
2000; Jung and Mezger, 2003; Smit et al., 2013; Cheng et al., 2018; Jung 
et al., 2019). The above analytical methods, however, have drawbacks 
of inclusion interference, time-consuming and costly. Recently, grandite 
garnets were applied for LA-ICP-MS (laser ablation-inductively coupled 
plasma-mass spectrometry) U–Pb dating because they contain rela
tively high U concentrations (several to hundreds of ppm U) compared 
with other garnets (Deng et al., 2017; Seman et al., 2017; Gevedon et al., 
2018; Yan et al., 2020). The precision of the LA-ICP-MS garnet U–Pb 
dating is 1–10% when using matrix-matched external standard for 
correction (Seman et al., 2017). Interestingly, other studies showed that 
non-matrix-matched external standards such as zircon standards (e.g., 
91500 and GJ-1) can also be applied for the garnet U–Pb dating (Deng 
et al., 2017; Li et al., 2018; Wafforn et al., 2018; Zhang et al., 2019; Fan 
et al., 2021). If it is true, the method has excellent potentials for wide 
applications because garnet standards are not always available but 
zircon standards are ubiquitous. However, so far, under which condi
tions reliable ages can be obtained from the non-matrix-matched anal
ysis and the difference between the matrix-matched and non-matrix- 
matched methods have not been well constrained. It is thus necessary 
to investigate the ablation behaviors of granite garnets and the associ
ated U–Pb fractionation under both the matrix-matched and non- 
matrix-matched conditions. This would greatly promote the un
derstandings of the garnet U–Pb geochronology. 

Uranium incorporation into grandite garnets is mainly associated 
with the coupled substitution for major elements (e.g., Ca, Fe, Al and Si, 
Smith et al., 2004; Gaspar et al., 2008; Deng et al., 2017; Zhang et al., 
2019), the concentrations of which are thus highly dependent on the 
compositions of the garnets. This implies that matrix effect might be a 
major factor affecting the LA-ICP-MS U–Pb dating. In addition, grandite 
garnets commonly incorporate variable common Pb during their growth 
(Deng et al., 2017; Seman et al., 2017), which need to be corrected with 
the highest accuracy to minimize the uncertainty of the U–Pb age (El 
Korh, 2014). This suggests that an appropriate correction strategy for 
common Pb is required. 

Previous studies showed that matrix effect and elemental fraction
ation during LA-ICP-MS analysis can be minimized by optimizing the 
analytical conditions, such as adding water vapor before the ablation 

cell (Luo et al., 2018, 2019), using active laser focusing (Hirata and 
Nesbitt, 1995), soft (Hirata, 1997) or linear ablation (Li et al., 2001) and 
changing the ablation parameters of laser fluence, spot size, repetition 
rate and carrier gas flow (Horn et al., 2000; Poitrasson et al., 2003; 
Shaheen et al., 2012; Thompson et al., 2018). For the garnet U–Pb 
dating, available studies showed that large spot sizes and high repetition 
rates seem to work well (Seman et al., 2017; Yang et al., 2018; Burisch 
et al., 2019; Bineli Betsi et al., 2020). In this study, in combination with 
appropriate initial Pb correction strategies, a series of ablation experi
ments (spot analysis and line scanning) were conducted on different 
grandite garnets using various ablation parameters (spot size, repetition 
rate and laser fluence) under both the matrix-matched (garnet as 
external standard) and non-matrix-matched (zircon as external stan
dard) conditions. The laser-induced U–Pb fractionation between garnet 
and zircon as well as among garnets was investigated and the mecha
nisms were discussed. The optimal parameters for precise garnet U–Pb 
dating under different conditions (especially for high-U and low-U 
garnets, respectively) were obtained. The optimized methods were 
finally applied to various skarn deposits to test their validity and use
fulness. The garnet U–Pb dating is typically meaningful for skarn de
posits due to the garnets ubiquitous in both the magmatic and 
hydrothermal stages (Deng et al., 2017), facilitating to decipher the 
magmatic-hydrothermal processes in this type of mineralization. 

2. Reference materials and garnet samples 

2.1. Reference materials 

Three garnet reference materials (Willsboro, Mali and QC04) and 
zircon standard 91500 were used in this study (Table 1). The Willsboro 
garnet was sourced from the Willsboro wollastonite deposit (USA), 
which has a near end-member andradite (And90Grs10) composition and 
has been suggested as a primary reference material for LA-ICP-MS garnet 
U–Pb dating (Seman et al., 2017). Based on ID-TIMS analysis, it has a 
206Pb/238U age of 1022 ± 16 Ma. The relatively high uncertainty might 
be due to the low U concentrations (1–2 ppm) (Seman et al., 2017). The 
Mali garnet was sourced from an alluvial deposit in southern Mali. It has 
an average composition of And52Grs37 with higher U concentrations 
(4.4–7.6 ppm). The ID-TIMS 206Pb/238U age is 202.0 ± 1.2 Ma (Seman 
et al., 2017). The QC04 garnet was collected from the Qicun Fe skarn 
deposit and has a composition of And90-98Grs1–8 with the highest U 

Table 1 
Summary of the reference materials and the garnet samples.  

Sample Description Composition U (ppm) Th (ppm) Sm (ppm) Age (Ma) Source 

Reference zircon or garnet     
91500 Zircon ZrSiO4 70–100, mean of 80 28–35, mean of 

30 
0.2–0.6, mean of 
0.4 

1065.4 ± 0.3 
(TIMS) 

Wiedenbeck et al. 
(2004) 

Willsboro Skarn, yellow And90Grs10 1.0 ± 0.5 (2SD) 0.8 ± 0.5 (2SD) 1.2–2.4, mean of 
1.8 

1022 ± 16 (TIMS) Seman et al. (2017) 

Mali Probably skarn, red And52Grs37 7.0 ± 6.8 (2SD) 3.3 ± 6.8 (2SD)  202.0 ± 1.2 
(TIMS) 

Seman et al. (2017) 

QC04 Skarn, dark-red And90-98Grs1–8 38–130, mean of 76 0.1–3.0, mean of 
1.6 

0.1–1.4, mean of 
0.6 

130.0 ± 1.0 (LA- 
ICP-MS) 

Deng et al. (2017) 

Jinling Fe skarn deposit (36◦51′ N, 118◦10′ E)  
ZB23 Endoskarn, dark-red And72Grs28 10.2–20.0, mean of 

14.4 
1.2–11.2, mean of 
3.5 

23–66, mean of 
40 

129.6 ± 0.8 (LA- 
ICP-MS) 

This study 

ZB05 Exoskarn, red-brown And94Grs6 6.1–14.3, mean of 
9.6 

0.1–0.4, mean of 
0.2 

0.01–0.5, mean of 
0.1 

129.6 ± 0.3 (LA- 
ICP-MS) 

This study 

ZB03 Exoskarn, oscillatory 
zoning, yellow 

And54-98Grs2–47 1.1–4.3, mean of 
2.6 

0.1–8.6, mean of 
2.5 

0.1–5.7, mean of 
1.8 

129.3 ± 1.2 (LA- 
ICP-MS) 

This study 

Xintianling W skarn deposit (25◦39′ N，112◦57′ E)  
XTL01 Skarn, oscillatory zoning, 

red-brown 
And31- 

75Grs22–64Sp2–6 

3.2–21.6, mean of 
7.6 

0.1–2.5, mean of 
0.5 

0.5–1.9, mean of 
1.0 

158.2 ± 0.5 (LA- 
ICP-MS) 

This study 

XTL02 Skarn, red-brown And45-60Grs34- 

47Sp6–9 

6.1–19.5, mean of 
12.9 

0.1–0.8, mean of 
0.3 

0.6–1.8, mean of 
1.2 

158.1 ± 0.9 (LA- 
ICP-MS) 

This study 

Hongshan Cu–Mo skarn deposit  
Hongshan Exoskarn, dark-red And40-61Grs37–57 15–38, mean of 23 0.01–0.9, mean of 

0.3 
4.2–12.3, mean of 
7.5 

80.7 ± 0.4 (LA- 
ICP-MS) 

Tian et al. (2019)  
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concentrations (22–118 ppm, Deng et al., 2017) of the three garnet 
references. Based on LA-ICP-MS U–Pb dating using zircon 91500 as the 
external standard, it has a concordia lower intercept age of 130 ± 2 Ma 
and a weighted mean 207Pb-corrected 206Pb/238U age of 130 ± 1 Ma 
(Deng et al., 2017). The zircon 91500 has been widely used as external 
standard for zircon U–Pb dating. It is also characterized by high U 
concentrations (70–100 ppm) and shows an ID-TIMS 206Pb/238U age of 
1062.4 ± 0.4 Ma with a concordia age of 1065.4 ± 0.3 Ma (Wiedenbeck 
et al., 2004). 

2.2. Garnet samples from different types of skarn deposits 

Garnet samples from different types of skarn deposits, including the 
Fe, W and Cu–Mo skarn deposits, were tested for U–Pb dating 
(Table 1). The Jinling Fe skarn deposit, located at the Luxi Block of the 
eastern North China Craton, is associated with the early Cretaceous 
(~130 Ma) high-Mg diorite and hosts ~100 million tons of Fe (Lan et al., 
2019). At least three generations of grandite garnets are developed in 
this deposit, which have variable Ca, Al and Fe contents as well as low to 
high U concentrations (several to tens of ppm) and thus are favorable for 
studying the garnet U–Pb geochronology. 

The Xintianling W skarn deposit is located in the Hunan province of 
south China. It hosts about 0.33 Mt. of WO3 and is associated with the 
late Jurassic (153–163 Ma) Qitianling granite batholith (Yuan et al., 
2012). The garnets in this deposit are compositionally Mn-rich grandite 
garnets and have variable U concentrations (several to tens of ppm). 
They are commonly intergrown with scheelite, the ages of which can 
constrain the timing of the W mineralization directly. 

The Hongshan Cu–Mo skarn deposit is one of the largest Cu skarn 
deposits in the Yidun terrane, Yunnan province, southwestern China. It 
is associated with the late Cretaceous quartz monzonite porphyry (Yang 
et al., 2016), and the garnet is characterized by the composition of 
And40-61Grs37–57 with high U concentrations (tens of ppm) (Tian et al., 
2019). 

3. Analytical methods 

3.1. SEM and EPMA analyses 

Back-scattered electron (BSE) images and chemical compositions of 
laser-induced particles (analyzed by EDAX) of garnets were acquired 
using a JSM-7800F SEM (scanning electron microscopy) at the State Key 
Laboratory of Ore Deposit Geochemistry (SKLODG), Institute of 
Geochemistry, Chinese Academy of Sciences (IGCAS), Guiyang, China. 
The analytical conditions were 20 kV accelerating voltage and 10 nA 
beam current. The crater depths at various spot sizes (24–160 μm) and 
repetition rates (2, 10 and 20 Hz) for different materials (zircon, glass 
and garnet) were also measured using a Focused Ion Beam-Scanning 
Electron Microscope (FIB-SEM, with a z-axis determination limit of 
0.1 μm) at the Center for Lunar and Planetary Sciences, IGCAS. The same 
ablation time of 60 s was used in order to compare the ablation rates of 
different materials. 

Major elements of garnets were analyzed using a JOEL JXA 8230 
EPMA (Electron Probe Microanalysis) at the SKLODG. The analytical 
conditions were 25 kV accelerating voltage and 10 nA beam current. The 
ZAF program was employed for matrix correction. Mineral standards of 
almandine (Fe, Mn, Al, Mg and Si), pyrope (Ti and Cr), orthoclase (Na 
and K), apatite (F), diopside (Ca) and tugtupite (Cl) were used for cali
bration. The detection limits of the major elements are below 0.01 wt%. 

3.2. LA-ICP-MS analysis 

Element-distribution mapping of garnets was conducted firstly to see 
where and how the U, Th and Pb are distributed in the garnets. The 
mapping was performed at the SKLODG using an Agilent 7700× ICP-MS 
equipped with a RESOlution S-155 193 nm laser ablation system. A two- 

volume sample cell is equipped in this system and He (0.35 L/min) and 
Ar (0.9 L/min) gases mixed in the cell were applied as the carrier gas. 
The areas of interest were pre-selected based on detailed petrographic 
observations and then ablated by defining a number of equally spaced 
lines. The spot size, spacing between individual lines and scanning speed 
were typically designed to ensure the image resolution with appropriate 
acquisition time (Ulrich et al., 2009). In this study, lines were ablated 
using the laser spot size of 15 μm, scanning speed of 10 μm/s, laser 
fluence of 5 J/cm2 and repetition rate of 10 Hz. After setting up the 
appropriate ablation parameters, the analyses were fully automated and 
driven by the laser software of GeoStar and the mass spectrometer. 
Processing and imaging of the data were done by the software of Iolite 
(Paton et al., 2011). The glass standard of NIST610 was used for external 
calibration while the EPMA determined 29Si was used as internal 
standard. 

LA-ICP-MS U–Pb dating of zircon and garnet was also performed at 
the above lab using an Agilent 7900 ICP-MS equipped with a GeoLasPro 
193 nm ArF excimer laser ablation system. The laser ablation parame
ters such as spot size, repetition rate and fluence were changed during 
the experiments to obtain the optimal conditions. The instrumental 
setup and analytical parameters are summarized in Table 2. A helium 
flow rate of 0.45 L/min was used to carry the ablated materials to the 
ICP, with an additional 0.003 L/min N2 gas added after the ablation cell 
to enhance the signal sensitivity (Hu et al., 2008). The ICP-MS was tuned 
to reduce the oxide rate (ThO+/Th+ < 0.1%) and doubly charged ion 
production (Ca++/Ca+ < 0.4%), maximize the sensitivities of the heavy 
masses (e.g., U, Th and Pb) and maintain the equal sensitivities of U and 
Th (238U/232Th ≈ 1) (Günther and Hattendorf, 2005). Each analysis 
incorporated a background acquisition of approximately 20 s (gas blank) 
followed by 40 s data acquisition from the sample and 20 s for wash-out. 
The dwell time of each isotope was adjusted from 6 to 30 ms (Table 2). 

3.3. Data reduction 

Data reduction including off-line selection and integration of back
ground and analyte signals, time-drift correction and quantitative cali
brations was performed using the ICPMSDataCal software (Liu et al., 
2010). To ensure that a similar mass bias coefficient k can be obtained 
(Ulianov et al., 2012), the same length of analyte signals (20–30 s) was 
chosen for the standards and samples. In order to avoid surface 
contamination and large particle production, the first 3–5 s analyte 
signals were abandoned. Large inclusions were screened out during the 
signal selection and abnormal spikes in the background and analyte 
signals were filtered. 

Table 2 
LA-ICP-MS instrumental setup and the operating conditions.  

Laser ablation system 

Laser type GeoLasPro 193 nm ArF excimer laser 

Spot size 24, 32, 44, 60, 90, 120 and 160 μm 
Repetition rate 2, 5, 10 and 20 Hz 
Fluence 2, 5 and 10 J/cm2 

Sampling 
mode 

Static spot ablation and line scanning 

Carrier gas 0.45 L/min He +0.003 L/min N2 

Mass spectrometer 
Instrument Agilent 7900 ICP-MS 
Cooling gas 

(Ar) 
15 L/min 

Makeup gas 
(Ar) 

1.0 L/min 

RF power 1450 W 
Dwell time 6 ms for 27Al, 29Si, 43Ca and 57Fe; 10 ms for 202Hg, 204Pb and 208Pb, 

232Th; 20 ms for 206Pb and 238U; 30 ms for 207Pb 
ThO+/Th+ <0.1% 
Th+/U+ ~100%  
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Fig. 1. The ablation behaviors of U and Pb in zircon (91500) and garnets (Willsboro, Mali and QC04) at moderate to low repetition rates (2 and 5 Hz) and fluences (2 
and 5 J/cm2) with a range of spot sizes (24 to 160 μm). The accepted 206Pb/238U ratios of 91500, Willsboro and Mali are the weighted mean ratios obtained from ID- 
TIMS (Wiedenbeck et al., 2004; Seman et al., 2017). Because there is no ID-TIMS data for QC04, the accepted 206Pb/238U ratio of QC04 is the theoretical ratio 
calculated from the terrestrial Pb isotope model (Stacey and Kramers, 1975). 
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Fig. 2. The ablation behaviors of U and Pb in zircon (91500) and garnets (Willsboro, Mali and QC04) at high repetition rates (10 and 20 Hz) and moderate to low 
fluences (2 and 5 J/cm2) with a range of spot sizes (24 to 160 μm). Note that there is a remarkable spot size- and time-dependent U–Pb fractionation in zircon at the 
high repetition rate (A and E). The accepted 206Pb/238U ratios are the same as in Fig. 1. 
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3.4. Common Pb correction and age calibration 

For a U–Pb age calibration, common Pb should be typically 
considered for the accessory minerals due to the variable amounts of 
common Pb (Chew et al., 2014). Many approaches have been used for 
common Pb correction (Williams, 1998; Gregory et al., 2007; Chew 
et al., 2014; El Korh, 2014), which commonly require an estimation of 
initial common Pb ratios using the terrestrial Pb isotope model (Stacey 
and Kramers, 1975). The approaches assume that no unsupported 
radiogenic Pb was inherited from a precursor mineral (Romer and Sie
gesmund, 2003; Gregory et al., 2007; El Korh, 2014). The proportion of 
common Pb can be simply assessed through the following way (Gregory 
et al., 2007): 

f206 =
206Pbc

/206Pbtotal

=
( 207Pb

/206Pbm − 207Pb
/206Pb*)/( 207Pb

/206Pbc −
207Pb

/206Pb*)

where f206 is the amount of common 206Pb expressed as a fraction of 
the total 206Pb, 207Pb/206Pbm is the measured ratio, 207Pb/206Pb* is the 
expected radiogenic ratio for the inferred age and 207Pb/206Pbc is the 
common Pb composition. The f206 could vary between 0 and 1. The f206 
values of the reference materials (91500, Willsboro, Mali and QC04) 
used in this study are lower than 0.01, corroborating that they contain 
very low common Pb (Wiedenbeck et al., 2004; Deng et al., 2017; Seman 
et al., 2017). Two widely-used methods were adopted for age calibra
tion: (1) the uncorrected data were plotted on the Tera-Wasserburg di
agram (207Pb/206Pb-238U/206Pb) (Tera and Wasserburg, 1972), where a 
linear regression through the plots yields a lower intercept age that 

represents the garnet age; (2) the 207Pb-based correction method (Wil
liams, 1998; Aleinikoff et al., 2002), which can give rise to an individual 
206Pb/238U age for each analysis by assuming an initial 207Pb/206Pb. The 
initial 207Pb/206Pb was estimated by the Tera-Wasserburg regression 
line that determines the initial 207Pb/206Pb ratio on the y-axis intercept 
(El Korh, 2014). Concordia diagram and weighted mean 206Pb/238U age 
calculation were processed using the Isoplot software (Ludwig, 2003). 

4. Results and discussion 

4.1. U–Pb fractionation in zircon and garnet during laser ablation 

Due to the large difference in matrix composition, it is inferred that U 
and Pb behave differently between the zircon and garnet during laser 
ablation. It has been recognized that laser-induced fractionation de
pends on ablation parameters such as spot size, repetition rate and laser 
fluence (Ulianov et al., 2012), the effects of which were thus investi
gated in detail. 

4.1.1. Effects of spot size, repetition rate and laser fluence 
The effects of spot size, repetition rate and laser fluence were tested 

using a range of spot sizes (24, 32, 44, 60, 90, 120 and 160 μm) to ablate 
the zircon standard 91500 and the garnet reference materials (Wills
boro, Mali and QC04) at low to high fluences (2, 5 and 10 J/cm2) and 
repetition rates (2, 5, 10 and 20 Hz). The results show that at the 
moderate to low repetition rates (2 and 5 Hz) no significant U–Pb 
fractionation occurs in both the zircon and garnet samples with varied 

Fig. 3. The ablation behaviors of U and Pb in zircon (91500) and garnets (Willsboro, Mali and QC04) at varied fluences (5 and 10 J/cm2) and repetition rates (5 and 
10 Hz) with a constant spot size of 120 μm. Note that the Pb/U ratios of the high-U samples (91500 and QC04) vary more significantly than the low-U samples with 
increasing fluence and repetition rate. The accepted 206Pb/238U ratios are the same as in Fig. 1. 
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spot sizes (24 to 160 μm) and fluences (2 and 5 J/cm2) (Fig. 1), although 
a slight time-dependent (also called downhole/depth-dependent) U–Pb 
fractionation occurs at 5 Hz in the zircon 91500 (Fig. 1E). There are 
larger fluctuations of Pb/U ratios at the smaller spot sizes (e.g., 24 and 
32 μm), which are likely due to the lower contents of U and Pb ablated. 
By contrast, at the higher repetition rates (10 and 20 Hz), a significant 
time-dependent U–Pb fractionation occurs in zircon but not in garnets 
(Fig. 2). The time-dependent U–Pb fractionation becomes enhanced as 
the spot size decreases, which can be minimized by large spot sizes (e.g., 
≥90 μm) (Fig. 2A and E). In addition, the Pb/U ratios of the high-U 
samples (91500 and QC04) increase with decreasing spot size 

(Fig. 2A, D, E and H). This almost does not occur in the low-U samples 
(Willsboro and Mali) (Fig. 2B, C, F and G). 

The effects of laser fluence and repetition rate were further tested at 
varied fluences (5 and 10 J/cm2) and repetition rates (5 and 10 Hz) with 
a constant spot size of 120 μm (Fig. 3). It shows that enhanced laser 
fluence has little effect on the time-dependent U–Pb fractionation, but 
leads to a slight increase of Pb/U ratio for the high-U samples (91500 
and QC04). Elevating repetition rate leads to the Pb/U ratio increasing 
slightly in the high-U samples but decreasing in the low-U samples. 

The above results indicate that large spot sizes (e.g., ≥90 μm) and 
low repetition rates (e.g., 2–5 Hz) are favorable for minimizing the 

Fig. 4. Comparison of U–Pb fractionation between spot analysis and line scanning for zircon (91500), glasses (NIST 610 and 612) and garnets (Willsboro, Mali and 
QC04), illustrating that line scanning can effectively minimize or eliminate the U–Pb fractionation. Spot size of 60 μm, repetition rate of 10 Hz and fluence of 5 J/ 
cm2 were used for both the spot analysis and line scanning. Crater depths in spot analysis are marked to show that different materials have different ablation rates, 
which could exert effects on depth-dependent U–Pb fractionation. S = spot analysis; L = line scanning. The accepted 206Pb/238U ratios are the same as in Fig. 1. 
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U–Pb fractionation in zircon and garnet. The effects of fluence on U–Pb 
fractionation are more significant in high-U samples than in low-U 
samples. 

4.1.2. Line scanning vs. spot analysis 
Line scanning ablation has been proved to be effective in minimizing 

the time-dependent U–Pb fractionation and thus been widely used in 
non-matrix-matched U–Pb dating of accessary minerals such as apatite 
(Chew et al., 2011), allanite (Darling et al., 2012) and titanite (Storey 
et al., 2006; Li et al., 2010). In this study, the line scanning ablation was 
tested on zircon and garnet at the spot size of 60 μm, repetition rate of 
10 Hz, fluence of 5 J/cm2 and scanning speed of 3 μm/s. To compare the 
results, spot analysis was carried out at the same ablation parameters. 
Glass standards of NIST 610 and 612 were also analyzed for comparison. 
The results show that besides the commonly observed phenomenon that 
time-dependent U–Pb fractionation in zircon and glass can be elimi
nated by the line scanning, it is notable that almost no time-dependent 
U–Pb fractionation occurs in garnets under both the line scanning 
and spot analysis modes (Fig. 4). It is also notable that, compared with 
the low-U samples (e.g., Willsboro and Mali), the Pb/U ratios of the 
high-U samples (e.g., 91500, NIST 610 and QC04) show enhanced dif
ference between the line scanning and spot analysis. 

4.1.3. Types and mechanisms of U–Pb fractionation 
Previous studies showed that U–Pb fractionation during LA-ICP-MS 

analysis can be resulted from laser-induced, transport-induced and ICP- 
induced processes. The laser-induced fractionation is associated with the 
thermal decomposition and the formation of non-stoichiometric aerosol 
particles during the laser-sample interaction, whereas the transport- 
induced fractionation refers to the selective particle deposition during 
the transportation, and the ICP-induced fractionation occurs whenever 
transported particles are not completely ionized within the ICP (Fryer 
et al., 1995; Outridge et al., 1997; Horn et al., 2000; Guillong et al., 
2003; Koch et al., 2004; Kuhn et al., 2004; Garcia et al., 2007; Machida 
et al., 2015; Fietzke and Frische, 2016). Considering that all the samples 
in this study were analyzed under the same ICP-MS conditions and the 
working conditions were optimized, the ICP-induced fractionation is not 
discussed in this study. The laser- and transport-induced fractionation 
can be constrained based on detailed investigations on the distributions 
and compositions of the laser-produced particles (Guillong et al., 2003; 
Košler et al., 2005). Under the SEM imaging, the particles of garnets 
were deposited on the floors, walls or the surfaces around the craters 
(Fig. 5). They are mostly spherical with sizes varying between nano
meter and micrometer (<3 μm). There are three important trends 
identified: (1) the amounts of particles produced at the low repetition 
rate (e.g., 2 Hz) are much less than those produced at the high repetition 

Fig. 5. The distributions and compositions of laser-produced particles and the crater depths at various ablation parameters. The micrographs were obtained from BSE 
(Back-scattered Electron) imaging and the compositions of the particles were analyzed by EDAX (Energy Dispersive X-ray Analysis). Note that the crater depths of 
different materials (Willsboro, Mali and QC04 and NIST 610) show a decrease with decreasing repetition rate or increasing spot size. D = crater depth. 
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rate (e.g., 20 Hz) (Fig. 5A and B), (2) the particles deposited on the crater 
wall become fewer as the spot size increases (Fig. 5B) and (3) the sizes of 
the particles deposited on the crater wall generally decrease with 
increasing spot size (Fig. 5C–E). These trends indicate that both the low 
repetition rate and large spot size facilitate the ablated materials to be 
transported to the ICP. In addition, it is also found that the crater depths 
of the analyzed materials (zircon, glass and garnet) show a decrease with 
decreasing repetition rate or increasing spot size (Fig. 5A, B, G–I and 6), 
indicating that both the low repetition rate and large spot size can slow 
down the ablation rate. This is meaningful for mitigating the downhole- 
dependent U–Pb fractionation. Therefore, the above results suggest that 
laser- and transport-induced U–Pb fractionation commonly occur in the 
studied materials during laser ablation, but can be minimized by low 
repetition rate and large spot size (Figs. 1 and 2). Notably, different 
materials have different ablation rates (Fig. 6D), which could lead to 
contrasted depth-dependent U–Pb fractionation (Fig. 4). It is thus 
necessary to evaluate the effects of ablation rate during LA-ICP-MS 
U–Pb dating . 

It is noted that the chemical compositions (analyzed by EDAX in the 
SEM) of the particles from the garnets show a spatial variation. For 
example, the Fe contents of the particles (Willsboro and QC04) decrease 
gradually from the inner wall to the rim and then to the distal surface of 
the crater while the Si + O contents increase (Fig. 5C–F). The spatial 
variation of particle compositions has also been observed in the other 
materials such as zircon and NIST glasses (Košler et al., 2005), which 
were considered to be resulted from thermal decomposition and be 
responsible for the downhole-dependent U–Pb fractionation. For the 
zircon, it was proposed that ZrO2 and SiO2 particles are generated 
during laser ablation, of which the ZrO2 particles are favorably 

deposited on the inner wall or the surface around the crater. Because U is 
preferentially partitioned into the ZrO2 particles while Pb not, the 
increasing deposition of ZrO2 particles leads to the increase of the Pb/U 
ratio as the crater depth increases (Košler et al., 2005). For the garnet, a 
similar thermal decomposition might occur, but leads to weak U–Pb 
fractionation due to the different mechanisms of U incorporated into the 
particles. As mentioned before, the garnets in this study were decom
posed into Fe-rich and Si + O-rich particles with a spatial distribution, in 
which the Ca contents keep relatively stable (Fig. 5C–F). Because U 
incorporation into grandite garnets is mainly controlled by the coupled 
substitution of [Ca2+]− 1

VII[REE3+,U4+]+1
VII[Si4+]− 1

IV [Fe3+,Al3+]+1
IV (Gaspar 

et al., 2008; Deng et al., 2017), especially the U substitutes Ca due to 
their similar ionic radii (Smith et al., 2004; Gaspar et al., 2008), the 
constant Ca contents make the U to be unfractionated as the ablation 
proceeds. This thus leads to the little depth-dependent U–Pb fraction
ation in the garnets (Figs. 1, 2 and 4). 

The above mechanisms cannot well explain the 206Pb/238U ratios of 
the high-U samples (e.g., 91500, QC04 and NIST 610) increasing with 
elevated fluence (e.g., from 5 to 10 J/cm2) or with decreasing spot size at 
the high repetition rate (e.g., ≥10 Hz) (Figs. 2 and 3). It has been pro
posed that during laser ablation U and Pb are refractory and volatile 
elements, respectively, which can be fractionated from each other due to 
their different vaporization and transportation properties, leading to the 
Pb/U ratio changing with crater depth or spot size (Eggins et al., 1998; 
Mank and Mason, 1999; Horn et al., 2000). Based on this consideration, 
in combination with higher fluence and repetition rate leading to higher 
ablation temperature (Eggins et al., 1998; Horn et al., 2000), it is 
inferred that the fractionation between U and Pb is enhanced at the high 
fluence and repetition rate conditions (Outridge et al., 1997; Horn et al., 

Fig. 6. The crater depths of different materials (zircon, glass and garnet) at various spot sizes and repetition rates (A–C) and the comparison of ablation rates among 
them (D). 

Y.-H. Chen et al.                                                                                                                                                                                                                                



Chemical Geology 572 (2021) 120198

10

2000). The high U concentrations in the high-U samples reinforce the 
above fractionation. 

Another remarkable phenomenon is that most of the measured 
206Pb/238U ratios by LA-ICP-MS are lower than the accepted values 
(measured by ID-TIMS or theoretical ratio) (Figs. 1, 2 and 3), especially 
for the high-U samples (91500 and QC04) at the large spot sizes (e.g., 
≥120 μm) coupled with high repetition rate (e.g., ≥10 Hz). The differ
ence in Pb/U ratio between LA-ICP-MS and ID-TIMS analyses has been 
typically observed in zircon, which could lead to the age deviation 
during LA-ICP-MS U–Pb dating (Allen and Campbell, 2012; Steely et al., 

2014; Marillo-Sialer et al., 2016; Sliwinski et al., 2017). Although the 
mechanism is still controversial, alpha dose (radiation damage) has been 
considered to play a role. Allen and Campbell (2012) considered that Pb 
escapes more readily than U around the margin of the ablation hole in 
radiation damaged sample, leading to the increase of 206Pb/238U with 
increasing radiation damage. Other studies suggested that alpha dose 
can lead to the faster laser ablation rate, which might exert the effect on 
U–Pb fractionation (Steely et al., 2014; Marillo-Sialer et al., 2016; Sli
winski et al., 2017). In this study, the high-U garnet (QC04) show much 
higher ablation rate than those of the low-U garnets (Willsboro and 

Fig. 7. The 207Pb-corrected 206Pb/238U ages of the garnets (Willsboro, Mali and QC04) obtained from various spot sizes, repetition rates and fluences under the 
matrix-matched condition. The Willsboro and Mali were used as external standard, respectively. 
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Mali) (Fig. 6D), in combination with its enhanced derivation in Pb/U 
ratio from the accepted value (Fig. 2D and H), indicating that stronger 
effects of alpha dose likely occurred in the high-U garnet. The mecha
nisms of alpha dose on U–Pb fractionation in garnet should be further 
tested based on detailed comparison between the LA-ICP-MS and the ID- 
TIMS analyses. 

In summary, there are at least three types of U–Pb fractionation 
identified in the studied samples. The first type is the time-dependent or 
downhole-dependent (significant in zircon but not in garnets), which 
has been well known. The second type is related to the intrinsic prop
erties of U (more refractory) and Pb (more volatile), which can be 
affected by the laser fluence or repetition rate. The third type is the alpha 
dose-dependent, which is associated with the crystal lattice damage and 
thus the U and/or Th concentrations. These types of U–Pb fractionation 
typically suggest that low-U and high-U samples should be treated 
differently during U–Pb dating due to their different U–Pb fraction
ation coefficients. 

4.2. U–Pb ages at matrix-matched and non-matrix-matched conditions 

It is almost impossible to find a perfectly matrix-matched external 
standard for garnet U–Pb dating due to the variable compositions of 
natural garnet. Nonetheless, in this study, using garnet as external 
standard is considered as matrix-matched while using other materials (e. 
g., zircon) is considered as non-matrix-matched. Corresponding to the 
experiments for U–Pb fractionation, the age determinations of grandite 
garnets (Willsboro, Mali and QC04) were also conducted at various spot 
sizes (24, 32, 44, 60, 90, 120 and 160 μm), repetition rates (2, 5, 10 and 
20 Hz) and fluences (2, 5 and 10 J/cm2) using Willsboro, Mali and 
91500 as external standard, respectively. The U–Pb isotopic data are 
listed in Supplementary Data. 

4.2.1. Ages at matrix-matched 
All the analyzed garnets can be accurately dated at the moderate to 

low repetition rates (2 and 5 Hz) and fluences (2 and 5 J/cm2) coupled 
with a large spot size (e.g., ≥90 μm) when using either Willsboro or Mali 

as the external standard (Fig. 7A–F). As the spot size becomes smaller 
(≤60 μm), the ages of the Willsboro, Mali and QC04 become continu
ously younger or older with larger uncertainties. At the higher repetition 
rate of 10 Hz (coupled with fluence of 5 J/cm2), the Willsboro and Mali 
can also be accurately dated at the spot sizes larger than 60 μm (Fig. 7G 
and H), but the ages become either younger or older as the spot size 
deceases (e.g., ≤44 μm). For the high-U garnet (QC04), the age shows a 
continuous increase from the large to the smaller spot sizes (160 to 24 
μm) (Fig. 7I and J). The acceptable age (within 1% deviation from the 
recommended age) occurs at the spot sizes of 60 to 32 μm with large 
uncertainties. At more extreme conditions (20 Hz coupled with 2 J/ 
cm2), very large spot sizes (e.g., 160 μm) are required to get the accurate 
age for the low-U garnet (Mali) (Fig. 7K). Smaller spot sizes (e.g., ≤90 
μm) lead to serious scatter of the age. For the high-U garnet (QC04), the 
age shows a continuous increase from the large to the smaller spot sizes 
(160 to 24 μm) (Fig. 7L), similar to the trend obtained at the repetition 
rate of 10 Hz (Fig. 7I). The acceptable age can be obtained at the spot 
sizes varying between 90 and 60 μm, but large uncertainties occur. 

The effects of repetition rate and fluence on U–Pb age were further 
evaluated by setting a constant spot size of 120 μm with varied repeti
tion rates (5 and 10 Hz) and fluences (5 and 10 J/cm2). The results show 
that the ages of the Willsboro and Mali can be accurately obtained at the 
lower repetition rate and fluence (5 Hz + 5 J/cm2), but increase 2–5% to 
the higher repetition rate (10 Hz + 5 J/cm2) or higher fluence (5 Hz +
10 J/cm2) (Fig. 8A–C). 

4.2.2. Ages at non-matrix-matched 
When using 91500 as the external standard, the Willsboro can be 

accurately dated at the low repetition rate (2 Hz) and fluence (2 J/cm2) 
coupled with a moderate-large spot size (e.g., 60–90 μm) (Fig. 9A). 
Under the same condition, the Mali and QC04 cannot be well dated 
(Fig. 9B and C). At the moderate repetition rate (5 Hz) and fluence (5 J/ 
cm2), the low-U garnets (Willsboro and Mali) can be accurately dated 
using large spot sizes (e.g., ≥120 μm) (Fig. 9D and E). The ages will 
become either younger or older than their recommended ages (2–5% 
derivation) with larger uncertainties as the spot size deceases (e.g., <90 

Fig. 8. The 207Pb-corrected 206Pb/238U ages of the garnets (Willsboro, Mali and QC04) obtained from various repetition rates (5 and 10 Hz) and fluences (5 and 10 J/ 
cm2) at a constant spot size of 120 μm under the matrix-matched (A–C) and non-matrix-matched (D–F) conditions, illustrating the effects of repetition rate and 
fluence on U–Pb age. 
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μm). The high-U garnet (QC04) shows the age increasing continuously 
from the large to the smaller spot sizes (Fig. 9F). The acceptable age 
(within 1% deviation from the recommended age) can be obtained at the 
spot size of 60 μm. At the higher repetition rate of 10 Hz (coupled with 5 
J/cm2), it is difficult to obtain the accurate ages for all the garnets 
(Fig. 9G–I), although acceptable ages for Willsboro and QC04 can be 
achieved at the relatively small spot sizes (e.g., 24–44 μm). The ages of 
Mali are always younger than its recommended value at all the used spot 
sizes. Under more extreme conditions (20 Hz + 2 J/cm2), none of the 
garnets can be accurately dated. The ages either show serious deviations 

(2–10%) or have large uncertainties (Fig. 9J–L). 
The effects of repetition rate and fluence on U–Pb age were also 

tested at a constant spot size of 120 μm with varied repetition rates (5 
and 10 Hz) and fluences (5 and 10 J/cm2). The results show that the ages 
of all the garnets can be best obtained at the lower repetition rate and 
fluence (5 Hz + 5 J/cm2) (Fig. 8D–F). 

4.2.3. Ages from line scanning 
Line scanning is effective to eliminate the U–Pb fractionation in 

different materials (Fig. 4), which is thus hoped to work well for the 

Fig. 9. The 207Pb-corrected 206Pb/238U ages of the garnets (Willsboro, Mali and QC04) obtained from various spot sizes, repetition rates and fluences under the non- 
matrix-matched condition. Zircon 91500 was used as external standard. 
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garnet U–Pb dating. This is confirmed by the resultant ages. At a con
stant spot size of 60 μm, repetition rate of 10 Hz, fluence of 5 J/cm2, and 
scanning speed of 3 μm/s, the U–Pb ages of the Willsboro and Mali are 
consistent with their reference ages no matter using garnet or zircon as 
the external standard (Fig. 10A–D). Increasing spot size (from 60 to 120 
μm) results in minor effect on the U–Pb ages (Fig. 10E and F). 

4.3. Optimal conditions for garnet U–Pb dating 

Based on the above results, it is clear that U–Pb fractionation and 
matrix effects during laser ablation can be well minimized or eliminated 
by line scanning. The U–Pb ages of different grandite garnets can be 
accurately obtained at broad ablation parameters under both the matrix- 
matched and non-matrix-matched conditions. It is thus strongly sug
gested to use the line scanning for garnet U–Pb dating if possible (e.g., 
the garnet is large enough without complex zoning). However, natural 
garnets commonly have multiple generations of growth or are small in 
size, which require spot analysis. The ablation parameters under spot 
analysis thus need to be optimized due to the various U–Pb fraction
ation under different conditions. 

4.3.1. For matrix-matched 
Both the experiments on U–Pb fractionation and calibrations on 

U–Pb age show that moderate to low repetition rates (2–5 Hz) and 
fluences (2–5 J/cm2) coupled with a large spot size (≥90 μm) are 
favored by all the grandite garnets under the matrix-matched condition. 
However, because the U–Pb fractionation shows some difference be
tween the low-U (e.g., Willsboro and Mali, 1–7 ppm U) and high-U 
garnets (e.g., QC04, 30–130 ppm U), the garnets having different U 
concentrations are best treated differently. For the low-U garnets, be
sides the above ablation parameters, moderate to large spot sizes (e.g., 
≥60 μm) coupled with a high repetition rate and moderate fluence (e.g., 
10 Hz + 5 J/cm2) can also be applied. For the high-U garnets, if using the 
same repetition rate and fluence (10 Hz + 5 J/cm2), smaller spot sizes (e. 
g., 32–44 μm) are required. Too low or high repetition rates (e.g., <2 Hz 
and > 10 Hz) and fluences (e.g., <2 J/cm2 and > 10 J/cm2) are not 
favored, because elevated U–Pb fractionation or large uncertainties will 

occur under these conditions. 
The different ablation parameters required for low-U and high-U 

garnets suggests that U concentration-matched external standards are 
important for precise U–Pb dating. Because the available primary 
reference material (Willsboro) is low in U concentrations (1–2 ppm) 
(Seman et al., 2017), it is necessary to develop moderate- to high-U 
garnet standards. 

4.3.2. For non-matrix-matched 
Previous studies used various spot sizes (e.g., 44–257 μm), repetition 

rates (5–15 Hz) and fluences (1.5–6 J/cm2) to ablate garnets when using 
the non-matrix-matched materials such as zircon standards of 91500 
and GJ-1 or the glass standards of NIST 614 and 612 as the external 
standards (e.g., Wafforn et al., 2018; Burisch et al., 2019; Yan et al., 
2020; Bineli Betsi et al., 2020). This study shows that the ablation pa
rameters required to accurately date the garnets under non-matrix- 
matched condition are more restricted than those under matrix- 
matched conditions. All the garnets (including low-U and high-U gar
nets) can be accurately dated at the conditions of large spot sizes (e.g., 
≥120 μm) coupled with a moderate repetition rate (e.g., 5 Hz) and 
fluence (e.g., 5 J/cm2) when using zircon 91500 as the external stan
dard. Smaller spot sizes (e.g., 32–44 μm) coupled with a high repetition 
rate (e.g., 10 Hz) and moderate fluence (e.g., 5 J/cm2) can be applied to 
some garnets (e.g., Willsboro and QC04). Too high or low repetition 
rates (e.g., ≤2 Hz and ≥ 10 Hz) and fluences (e.g., ≤2 J/cm2 and ≥ 10 J/ 
cm2) are also not favored. 

4.3.3. Mass bias correction coefficient k 
Mass bias correction coefficient k is associated with the isotope 

concentration ratio and intensity ratio, which can provide useful infor
mation to evaluate the ablation behaviors of U and Pb through time and 
the matrix effects that occur between different materials (Ulianov et al., 
2012; Burn et al., 2017). The coefficient k for 238U and 206Pb is defined 
as follows (Ulianov et al., 2012): 

k =

(
C206Pb

std

C238U
std

)/(
I206Pb

std

I238U
std

)

or =
(

C206Pb
std

C238U
std

)

×

(
I238U

std

I206Pb
std

)

Fig. 10. The 207Pb-corrected 206Pb/238U ages of the garnets (Willsboro and Mali) obtained from line scanning under both the matrix-matched and non-matrix- 
matched conditions. 
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Where C206Pb
std

C238U
std 

and I206Pb
std
I238U
std

represent the reference isotope concentration 

ratio and the measured isotope intensity ratio of the standard, respec
tively. Based on calculating the k, it is easy to find out the difference in U 
and Pb behaviors between the zircon and garnet and thus figure out the 
optimal conditions for the garnet U–Pb dating. The results of this study 

show that the zircon and garnet reference materials have enhanced 
difference in k at the high repetition rates while the k values of them are 
more consistent at the low repetition rates (Fig. 11A and B). This is in 
good agreement with our observations that the accurate ages of all the 
garnets can be favorably obtained at the relatively low repetition rates 

Fig. 11. Comparison of mass bias correction coefficient k between zircon (91500) and garnet (Willsboro, Mali and QC04) obtained from various spot sizes, inte
gration intervals and repetition rates (A and B) as well as from the line scanning (C). Note that different materials show similar k values under the line scanning mode. 
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(Figs. 7 and 9). In addition, under the line scanning mode, the k values of 
different materials are quite consistent and constant over time 
(Fig. 11C), corroborating the finding that line scanning works well for 
U–Pb dating under both the matrix-matched and non-matrix-matched 
conditions (Fig. 10). 

Furthermore, it is noted that choosing different integration intervals 
has significant effect on the k value, especially for the zircon 91500 
(Fig. 11B). Similar k values for both the zircon and garnet can be ach
ieved if appropriate integration intervals (30 s) are selected. This implies 
that analyte signals should be chosen as consistent as possible between 
the sample and the standard in order to eliminate the time/depth- 
dependent U–Pb fractionation. 

5. Applications 

The above optimized methods were applied to various grandite 
garnets selected from the Jinling Fe, Xintianling W and Hongshan 
Cu–Mo skarn deposits. The characteristics of the garnets are summa
rized in Table 1 and the U–Pb isotopic data are listed in Supplementary 
Data. 

5.1. Fe skarn deposit 

There are three types of garnets developed in the Jinling Fe skarn 
deposit, which show compositions of Ad72Gr28 (ZB23), Ad94Gr6 (ZB05) 
and Ad53-98Gr2–47 (ZB03), respectively. From ZB23 to ZB05 and then to 

Fig. 12. The petrographic and elemental distribution characteristics of the garnets from the Jinling Fe skarn deposit. A, C and D were obtained from transmitted light 
under polarization microscope. B, D and F were obtained from BSE imaging under SEM. The elemental distribution of a zoned garnet grain (F) was obtained from LA- 
ICP-MS mapping. Abbreviations: Ap = Apatite; Cal = Calcite; Grt = Garnet; Kf = Potassic feldspar, Py = Pyrite; Px = Pyroxene. 
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ZB03, the U concentrations show a continuous decrease from 10.2–20.0 
ppm (mean of 14.4 ppm) to 6.1–14.3 ppm (mean of 9.6 ppm) and then to 
1.1–4.3 ppm (mean of 2.6 ppm). The ZB23 occurs as veinlet in the 
altered quartz monzonite, showing dark red color without chemical 
zoning (Fig. 12A and B). The ZB05 is from the exoskarn zone and 
featured by almost end-member andradite composition. It is red to 
brown and coarse-grained without significant zoning (Fig. 12C and D). 
The ZB03 is also from the exoskarn zone, showing light yellow color 
with remarkable chemical zoning (e.g., Si, Al, Fe) (Fig. 12E). The LA- 
ICP-MS elemental mapping of one zoned garnet grain from the ZB03 
shows that U is either positively correlated with Al + Si + REE in the 
core or with Fe + Si + REE in the rim (Fig. 12F), supporting the 
consideration that U incorporation into the grandite garnets is mainly 
controlled by the coupled substitution of [Ca2+]− 1

VII[REE3+, 
U4+]+1

VII[Si4+]− 1
IV [Fe3+,Al3+]+1

IV (Gaspar et al., 2008; Deng et al., 2017). 
The garnet grains of ZB03 are intergrown with magnetite and thus can 
directly constrain the timing of the Fe mineralization. 

When using Willsboro as the external standard at the ablation pa
rameters of 120 μm, 10 Hz and 5 J/cm2, all the above garnets can be well 
dated. Fifty-two analyses from the ZB23 yield a Tera-Wasserburg Con
cordia lower intercept age of 129.6 ± 0.8 Ma (MSWD = 1.1) and a 
weighted mean 207Pb-corrected 206Pb/238U age of 129.8 ± 0.5 Ma 
(MSWD = 0.8) (Fig. 13A). Sixty analyses from the ZB05 yield a Tera- 
Wasserburg Concordia lower intercept age of 129.6 ± 0.3 Ma (MSWD 
= 0.5) and a weighted mean 207Pb-corrected 206Pb/238U age of 129.5 ±
0.3 Ma (MSWD = 0.4) (Fig. 13B). Sixty-five analyses from the ZB03 yield 
a Tera-Wasserburg Concordia lower intercept age of 129.3 ± 1.2 Ma 
(MSWD = 1.0) and a weighted mean 207Pb-corrected 206Pb/238U age of 
129.3 ± 0.7 Ma (MSWD = 1.1) (Fig. 13C). These ages are consistent with 
each other within errors. 

When using zircon 91500 as the external standard at the ablation 
parameters of 60 μm, 5 Hz and 5 J/cm2, the ZB23 yields a Tera- 
Wasserburg Concordia lower intercept age of 129.7 ± 0.7 Ma (MSWD 
= 0.7, n = 47) and a weighted mean 207Pb-corrected 206Pb/238U age of 
129.7 ± 0.6 Ma (MSWD = 1.2) (Fig. 13D). The ZB05 yields a Tera- 

Wasserburg Concordia lower intercept age of 129.2 ± 0.4 Ma (MSWD 
= 0.8, n = 77) and a weighted mean 207Pb-corrected 206Pb/238U age of 
129.0 ± 0.5 Ma (MSWD = 1.2) (Fig. 13E). The ZB03 yields a Tera- 
Wasserburg Concordia lower intercept age of 129.1 ± 1.4 Ma (MSWD 
= 0.5, n = 43) and a weighted mean 207Pb-corrected 206Pb/238U age of 
128.8 ± 1.0 Ma (MSWD = 0.7) (Fig. 13F). Line scanning was also 
applied to the ZB05 using zircon 91500 as external standard. At the 
scanning parameters of 60 μm, 10 Hz, 5 J/cm2 and scanning speed of 3 
μm/s, a weighted mean 207Pb-corrected 206Pb/238U age of 128.7 ± 0.5 
Ma (MSWD = 1.4, n = 30) was obtained (Fig. 13E). 

The above results show that the U–Pb ages are quite consistent 
regardless of using zircon or garnet as the external standard, or using 
spot analysis or line scanning mode. All the ages are in good agreement 
with the LA-ICP-MS zircon 206Pb/238U age of the ore-forming quartz 
monzonite (129.7 ± 0.8 Ma, Lan et al., 2019). It is noteworthy the 
strongly zoned garnet can be precisely dated despite its widely varied 
compositions. 

5.2. W skarn deposit 

Two types of garnets occur in the Xintianling W skarn deposit, of 
which the first type (XTL01) shows obvious zoning (Fig. 14A and B) 
while the second (XTL02) does not (Fig. 14C and D). Both types contain 
high Mn contents, having a composition of Ad31-75Gr22–64Sp2–6 (XTL01) 
and Ad45-60Gr34-47Sp6–9 (XTL02), respectively. The garnet grains show 
higher Mn contents in the XTL02 than in the XTL01 with similar U 
concentrations (3.2–21.6 ppm). Spot analysis was applied to the XTL01 
while line scanning was applied to the XTL02 since the latter is more 
homogeneous in composition and texture (Fig. 14C and D). 

For the XTL01, using Willsboro as the external standard at the 
ablation parameters of 120 μm, 10 Hz and 5 J/cm2, one hundred and ten 
analyses yield a Tera-Wasserburg Concordia lower intercept age of 
158.2 ± 0.5 Ma (MSWD = 1.3) and a weighted mean 207Pb-corrected 
206Pb/238U age of 158.3 ± 0.3 Ma (MSWD = 0.8) (Fig. 14E). For the 
XTL02, at the scanning parameters of 60 μm, 10 Hz, 5 J/cm2 and 3 μm/s, 

Fig. 13. Tera-Wasserburg Concordia diagrams and 207Pb-corrected weighted mean 206Pb/238U ages of the garnets from the Jinling Fe skarn deposit, obtained from 
matrix-matched (A–C) and non-matrix-matched (D–F) conditions, respectively. Line scanning was also applied to the ZB05 (E). 
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Fig. 14. Petrographic characteristics (A–D), Tera-Wasserburg Concordia diagrams and 207Pb-corrected weighted mean 206Pb/238U ages (E–H) of the garnets from the 
Xintianling W and Hongshan Cu–Mo skarn deposits. A and C were obtained under transmitted light, while B and D were obtained from BSE imaging. Line scanning 
was applied to the XTL02 using 91500 (F) and Willsboro (G) as the external standards, respectively. Abbreviations: Qtz = Quartz; Di = Diopside; Act = Actinolite; 
FI=Fluorite; Sch = Scheelite. 
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thirty-five analyses yield a Tera-Wasserburg Concordia lower intercept 
age of 158.1 ± 1.0 Ma (MSWD = 0.7) and a weighted mean 207Pb-cor
rected 206Pb/238U age of 157.7 ± 0.8 Ma (MSWD = 0.8) when using 
zircon 91500 as the external standard (Fig. 14F). If using Willsboro as 
the external standard, the above ages are 158.2 ± 0.9 Ma (MSWD = 1.0) 
and 158.1 ± 0.9 Ma (MSWD = 1.0), respectively (Fig. 14G). 

Previous studies showed that the molybdenite Re–Os age of skarn 
ores is 159.1 ± 1.9 Ma (Yuan et al., 2012), the mica Ar–Ar age is 157.3 
± 1.0 Ma (Mao et al., 2004; Cai et al., 2008; Peng et al., 2007) and the 
Rb–Sr age of fluid inclusions is 157.4 ± 3.2 Ma (Cai et al., 2008). The 
U–Pb ages obtained from garnets in this study are in good agreement 
with the above ages, but have better precision. 

5.3. Cu–Mo skarn deposit 

The garnet from the Hongshan Cu–Mo deposit is dark red with a 
composition of And40-61Grs37–57. It contains higher U concentrations 
(15.5–37.9 ppm) than those of the garnets from the above two deposits. 
The Willsboro and Mali were used as the external standard at the 
ablation conditions of 120 μm, 10 Hz and 5 J/cm2, respectively. When 
using the Willsboro as the external standard, fifty-three analyses yield a 
Tera-Wasserburg Concordia lower intercept U–Pb age of 80.7 ± 0.4 Ma 
(MSWD = 1.3) (Fig. 14H). A similar but slightly younger age of 79.6 ±
0.3 Ma (MSWD = 2.2) was obtained when using the Mali as the external 
standard (Fig. 14H). These ages are consistent with the molybdenite 
Re–Os ages (78.6–83.8 Ma) of the skarn ores (Meng et al., 2013; Wang 
et al., 2014) and the LA-ICP-MS zircon U–Pb age (81.1 ± 0.5 Ma) of the 
related granitic porphyry (Wang et al., 2011). 

5.4. Prospects for application 

The selected garnets from different deposits have compositions 
varying widely between andradite and grossular with variable U con
centrations (from 1 to 100 ppm). To assess the effects of common Pb, the 
f206 values of them were calculated. It shows that the f206 values change 
from 0 to 0.73, variations of which are beyond 0.5 even in a single grain 
(Supplementary Data). This indicates that the amounts of common Pb in 
the garnets are quite variable and inhomogeneous, which seem to have 
little effect on the U–Pb ages when using the optimized methods in this 
study. In addition, according to the Tera-Waserburg plot, the obtained y- 
intercept 207Pb/206Pb ratios of garnets are 0.8014–0.8460 from the 
Jinling Fe deposit, 0.7503–0.849 from the Xintianling W deposit and 
0.8914 from the Hongshan Cu–Mo deposit. The y-intercept 207Pb/206U 
ratios from the Jinling and Hongshan deposits are close to the terrestrial 
Pb isotope model (207Pb/206Pb of 0.84–0.85), but those of the Xintian
ling deposit vary widely. This indicates that some abnormal common Pb 
might be involved into the Xintianling garnets. Nonetheless, these gar
nets can be accurately dated. It is therefore promising that despite the 
complex compositions and variable U and Pb contents in natural gar
nets, they can be precisely dated just by adjusting the ablation param
eters under either matrix-matched or non-matrix-matched condition. 
However, as mentioned before, because the low-U and high-U samples 
show contrasted behaviors in U–Pb fractionation during laser ablation, 
it is best to use U concentration-matched external standard for calibra
tion, and thus it is necessary to evaluate the U concentrations of the 
garnet samples before U–Pb dating. 

6. Conclusions 

Based on the detailed experiments on ablation behaviors of U and Pb 
as well as the U–Pb age calibrations for different garnet samples under 
both the matrix-matched (garnet as external standard) and non-matrix- 
matched (zircon 91500 as external standard) conditions, the following 
conclusions can be drawn out:  

(1) At least three types of U–Pb fractionation, which are associated 
with downhole depth, intrinsic properties of U (more refractory) 
and Pb (more volatile) and radiation damage (alpha dose) of 
crystal lattice, respectively, likely occur in zircon and garnet. The 
U–Pb fractionation can be minimized or even eliminated by 
optimizing the ablation parameters (e.g., large spot size and low 
repetition rate) or analytical modes (e.g., line scanning), making 
it feasible to use zircon as external standard for garnet U–Pb 
dating.  

(2) Line scanning is the most favorable analytical way for garnet 
U–Pb dating under both the matrix-matched and non-matrix- 
matched conditions.  

(3) In spot analysis mode, precise dating of garnets can be achieved 
under both the matrix-matched and non-matrix-matched condi
tions, but requires different ablation parameters. Large spot sizes 
(e.g., ≥90 μm) coupled with moderate repetition rate (e.g., 5 J/ 
cm2) and fluence (e.g., 5 J/cm2) are favored for all the garnets, 
but the low-U (<10 ppm U) and high-U garnets (tens to hundreds 
of ppm U) are best treated differently.  

(4) Natural garnets having widely varied compositions (from 
andradite to grossular) and variable U (e.g., 1–100 ppm) and 
common Pb (e.g., f206 = 0–70%) concentrations can be precisely 
dated by using the optimized methods, indicating that the 
methods are reliable and thus favorable for wide applications.  

(5) In order to improve the accuracy and precision of garnet U–Pb 
dating, U-concentration matched garnet standards are required. 
It is necessary to develop moderate- to high-U garnet standards. 
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