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The 2**U signal intensity of three cone combinations a (S+H), b (S+X), and ¢ (Jet+X) with GE on or off and different amounts
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Fig.2 The 2°Pb signal intensity of three cone combinations a (S+H), b (S+X), and ¢ (Jet+X) with GE on or off and different amounts

of nitrogen.
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Fig. 3 The oxide yield UO/U of three cone combinations a (S+H), b (S+X), and ¢ (Jet+X) with GE on or off and different amounts of

nitrogen.
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Fig.4 The Highest **Pb signal intensity under conditions of oxide yield (UO/U) below 1%, with different cone combinations
(a. S+H, b. S+X, and c. Jet+X), GE states, and nitrogen flow rates.
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Fig. 5 The Tera-Wasserburg plots of WC-1 with different laser parameters corrected by NIST614 glass.

i35 ID-TIMS WA #4804 72.36+0.27Ma fE% 2% 2.3.2 PTKD-2 i U-Pb 4F#%
T —2 [l 7 2 BBl B 4% £ F PTKD-2 B i 11 Tera-
— 376 —


http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn
http://www.ykcs.ac.cn

TRV, 25 KA A = 2 18] 43 3E R LA-MC-ICP-MS U-Pb J4F 7%k

844

553 44
@ [T 60pm, 7Hz LD-5 | s
0.8 FAE EAERS: 71.84+0.55Mal|
n=24, 2SE o
i MSWD=2.7 :
gt LR EAE0863 L g
B 04f £ 03
0. 43000 .
1200 i
0.1
ok 600 3:0() . ] .6ﬂ
0 20 40 60 80 100
238U/206Pb
®)  T4aum, 10Hz D5 L 0.6
0.8 A A
73.20+0.56Ma | 05
0.6 | n=48, 2SE
= MSWD=1.7 | 04
< A8 s T
E04r \ 760863 |03
' L 0.2
0.2 13000
1200 soll 01
ok, 600300 =
0 20 40 60 80 100

238U/206Pb

9
8
7
@6
on
T‘*@fﬂm5
I
a
=) 3
2
1
0 0
0
S O N O T O v —= >~ o
= = a4 & ©® @ % 0 n 9
S O O O o o o o o o
£ S Y o % Ff & ¥ o=
S = — a4 & @ o % n o0
S A S
Uit
—
20
on
=
B g
K
-]
0

S W = K ad x ¥ 9 0 =
- - 4 N 0 oo < < v 9
S S o o o o S o o o
S v —~ N o 6 F & v
S = = a o ¢« o % T n
S S S S o S oS S S o
2 2222282
=N
Ui (ng/g)

Ele JFifaZ%E YW LD-5 1E (2) 60um il (b) 44pm HBEEAE R I LA-MC-ICP-MS U-Pb 4E#% Tera-Wasserburg BRI s
U CE S B MAFEESET WC-1 IARMKIE Tera-Wasserburg &l
Fig. 6 The Tera-Wasserburg plots of LA-MC-ICP-MS U-Pb ages and distribution of element U content at laser ablation sites for the

calcite reference material LD-5 at (a) 60pm and (b) 44um spot size.
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Fig. 7 The Tera-Wasserburg plots of LA-MC-ICP-MS U-Pb ages and distribution of element U content at laser ablation sites for the

calcite reference material PTKD-2 at (a) 60pm and (b) 44pum spot size.
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Fig. 8 The Tera-Wasserburg plots of LA-MC-ICP-MS U-Pb ages and distribution of element U content at laser ablation sites for the
calcite reference material TARIM at (a) 60pum and (b) 44pum spot size.

High Spatial Resolution U-Pb Dating of Low-Uranium Calcite Using
LA-MC-ICP-MS
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HIGHLIGHTS
(1) The sensitivity of U and Pb was enhanced up to 7.4 and 5.8 times after optimization of the mass spectrometer
parameters, and the introduction of N, and the combination of Jet+X cone maximized the sensitivity of Pb and
U, respectively.
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(2) The “down-hole” fractionation behavior was consistent when the depth to diameter ratios (aspect ratio) of the
ablation crater were the same, although beam spot and frequency were different.

(3) By optimizing the experimental parameters, an accurate determination of U-Pb ages with high spatial resolution
(44um) was achieved for calcite reference materials with low U content (0.04—0.63pg/g) using LA-MC-ICP-MS.

ABSTRACT: The combination of carbonate minerals with the U-Pb isotope dating system provides direct temporal
constraints for geoscientific applications. LA-MC-ICP-MS with its high sensitivity and accuracy, has been
successfully applied to the high spatial resolution U-Pb dating of zircon, calcite and other minerals. The
experimental parameters of LA-MC-ICP-MS were optimized in detail, and a high spatial resolution U-Pb dating
method was established for low-uranium calcite minerals. The effects of cone combination, GE mode, N,
introduction and Ar carrier gas flow rate on the U and Pb signal intensity and oxide yield (UO/U) were discussed in
detail. The results showed that the highest sensitivity of Pb was achieved under the conditions of Jet+X cone
combination, guard electrode (GE) grounded state, 8mL/min N, introduction and 0.9L/min Ar carrier gas flow rate,
while the oxide yield (UO/U) was lower than 1%. Three low uranium (0.04—0.63pg/g), calcite U-Pb dating reference
materials were used to validate the reliability of the method. Samples LD-5, PTKD-2 and TARIM yielded a lower
intercept age of 73.20+0.56Ma, 152.7+2.5Ma and 206.2+1.3Ma, respectively, under the condition of 44um beam
spot, which were in agreement with the calibrated results of ID-TIMS/ID-MC-ICP-MS within the error
range. The BRIEF REPORT is available for this paper at http://www.ykes.ac.cn/en/article/doi/10.15898/j.ykcs.
202403160057.

KEY WORDS: low-uranium calcite; U-Pb dating; LA-MC-ICP-MS; high spatial resolution; parameter

optimization

BRIEF REPORT

Significance: Carbonate minerals, especially calcite, are widely distributed and formed as primary and secondary
minerals in a variety of geological environments'"!. The U-Th-Pb dating technique is a prominent classical isotope
dating method, applicable to almost the entire geologic time scale. Calcite was found to be bound to uranium during
its formation, making it a potentially suitable timer for U-Pb and U-Th geochronology! ™. Therefore, calcite
geochronology can provide direct temporal constraints for many geoscientific applications and has a very broad
application prospect. However, carbonate minerals usually have relatively low U content, which has hindered the
development of this method. With its high sensitivity and high accuracy, LA-MC-ICP-MS has been successfully
applied to high spatial resolution U-Pb dating of a wide range of minor minerals including carbonate minerals.
Zhang et al® carried out a calcite U-Pb age methodology using mixed collectors (FCs+ICs) and multiple ions
counting collectors (MICs) analytical mode. They achieved accurate U-Pb age determinations for PKC-1, Duff
Brown Tank, JT and ASH-15 standards by optimizing the mass spectrometer and laser parameters at 33um, 90um,
75um and 110pm beam spots, respectively. Xie et al'®! achieved accurate U-Pb age determinations of low-uranium
(down to 0.03pg/g) calcite at 85um beam spot conditions using a mixed collector (FCs+ICs) mode based on
optimized instrumental parameters. However, the previous U-Pb age analysis studies have not investigated the
influence of the oxide yield and the GE states of the MC-ICP-MS instrument in detail. In addition, the U-Pb age
analyses have only been carried out on carbonate samples with high uranium content (Duff Brown Tank, ASH-15,
etc., with =2pg/g uranium) with U-Pb ages below 50um beam spot. The spatial resolution of U-Pb dating of low
uranium carbonate samples (<1pg/g) needs to be further improved.

Methods: The samples used in the experiments were NIST glass standards NIST612 and NIST614 128)and the
calcite reference materials WC-1, PTKD-2, LD-5, and TARIM, listed in Table 1. NIST612 was used to optimise the
instrumental parameters, NIST614 and WC-1 were used as standards to calibrate 207pp2%ph and 28U/ *°Pb ratios,
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and PTKD-2, LD-5, and TARIM were unknown samples with low uranium contents. Glass and calcite samples were
fixed in epoxy resin to prepare the target and polished with 7000 grit sandpaper until the sample surface was
exposed. Sample surfaces were polished smooth with 0.3um Al,O; polishing powder and ultrasonically cleaned with
ultrapure water prior to each test.

The Neptune Plus multi-collector inductively coupled plasma-mass spectrometer (MC-ICP-MS, ThermoFisher
Scientific) and the GeoLas Pro excimer laser ablation system (LA, Coherent) were used in this experiment. In order
to achieve the highest sensitivity, multiple ions counting collectors (MICs) analytical mode was used to receive all U
and Pb elements, and the specific cup configuration and instrumental parameter settings are shown in Table 2.

The data were processed using the two-step calibration method of the previous work!?’). The raw data were first

imported into the Iolite software™® and processed using X_U-Pb_Geochro4. After blank subtraction, the **’Pb/**Pb
and **U/*"Pb ratios of the calcite standard WC-1 and the unknown samples were calibrated using NIST614 as an
external standard sample and the uncertainty of the ratios was derived with a single-point internal precision of 2 SE.
The **U/*%Pb ratio of the unknown sample was further corrected with matrix-matched WC-1, and the 207pp,2%py,
28U/2%Pb of WC-1 was plotted on a Tera-Wasserburg plot using IsoplotR"*", and the ratio of the obtained lower
intercept to the reference lower intercept (26.43) was the correction factor. This correction factor includes matrix
effects, laser induced fractionation and fractionation between U/Pb elements associated with ICP and is used to
further correct the ***U/**°Pb ratio of the unknown sample. Finally, the **’Pb/**Pb and ***U/**°Pb ratios of the
samples resulting from the two-step correction were plotted on a Tera-Wasserburg plot using IsoplotR to calculate
the lower intersection age and age uncertainty (2SE).
Data and Results: The effects of the experimental parameters (including the cone combination, the amount of
nitrogen introduced, whether the guard electrode was open, and the Ar carrier gas flow rate) on the U and Pb
sensitivity and the plasma state (oxide yield, UO/U) were systematically discussed in order to obtain the best
analysis instrument parameters. As shown in Fig.1 and Fig.2, the high-sensitivity Jet+X cone combination and the
introduction of N, had obvious sensitizing effects on U and Pb. The sensitivity of U and Pb was enhanced up to 7.4
and 5.8 times under the GE grounded state, the Jet+X cone combination and the introduction of N,. Comparatively,
the high-sensitivity cone combination more significantly enhanced the sensitizing effect on Pb, whereas the
introduction of N, more remarkably improved the sensitizing effect on U.

Fig.3 shows the effect of the instrumental conditions on the oxide yield. The oxide yield (UO/U) in the GE
grounded state was higher than that in the GE ungrounded state, and the oxide yield became rapidly higher with the
increase of the Ar carrier gas flow rate. In addition, the optimization of the experimental conditions was aimed at
increasing the sensitivity and decreasing the oxide yield, in other words, the conditions with the highest sensitivity
were chosen at lower oxide yields. Fig.4 shows the maximum signal intensity of **Pb for different instrumental
conditions for oxide yields (UO/U) within 1%, with the Ar carrier gas flow rate corresponding to the maximum
signal intensity. The best experimental conditions were achieved using the Jet+X cone combination, N, flow rate of
8mL/min and the GE grounded state, corresponding to an Ar carrier gas flow of 0.9L/min.

Under optimized experimental conditions, the same depth to diameter ratios (aspect ratio) of the ablation crater
was guaranteed, and the “down-hole” fractionation behavior of WC-1 was similar under different laser spot sizes
and frequencies. Based on the optimized experimental parameters, the method was validated using three low-
uranium (0.04—0.63pg/g) calcite U-Pb dating reference materials. High-uranium WC-1 was used for **U/**Pb
correcting, and the spot size and frequency were altered on the premise of crater aspect ratios of the standard and
samples remaining consistent. The calcite samples LD-5, PTKD-2 and TARIM yielded a lower intercept age of
73.20+£0.56Ma, 152.7+£2.5Ma and 206.2+1.3Ma, respectively, which were in agreement with the calibrated results
from the ID-TIMS/ID-MC-ICP-MS within uncertainties.
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