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We present a new procedure for U-Pb dating of vesuvianite using laser
ablation sector field inductively coupled plasma mass spectrometry (LA-
SF-ICP-MS). Vesuvianite is a common mineral in skarn ore deposits and
in metamorphic and metasomatic argillaceous carbonate rocks. The age
of vesuvianite growth directly dates the formation of skarn mineraliza-
tion, possibly also the metamorphism and metasomatism of argillaceous
limestones. Vesuvianite U-Pb dating may provide age information for
hydrothermal, metamorphic, and metasomatic processes that may be
hard to get by zircon U-Pb dating. We analyzed eleven vesuvianite
samples. Matrix effects were corrected by using Ti-bearing andradite
(schorlomite) of known age as no well-characterized vesuvianite was
available as a U-Pb reference material. The robustness of the analytical
protocol was assessed by additional U-Pb dating of four vesuvianite
samples by ID-TIMS. The U-Pb ages determined by ID-TIMS and LA-SF-
ICP-MS agree well within uncertainties. An additional seven vesuvianite
samples yielded in situ U-Pb ages that agree with previously published
zircon, cassiterite, or wolframite U-Pb ages from the same area.
Therefore, U-Pb dating of vesuvianite by LA-SF-ICP-MS represents
a fast, relatively low-cost approach with high spatial resolution that may
be particularly suited to date skarn mineralization.

1. Introduction

Vesuvianite or idocrase ((Ca, Na);o(Al, Mg, Fe);3(SiO4)10(-
Si,0,)4(OH, F, O);), as a common mineral, usually occurs in
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skarn ore deposits and in metamorphic and metasomatic
argillaceous carbonate rocks.“ Vesuvianite may have concen-
trations of several tens or hundreds ppm of U, but does not have
particularly high ***U/*>**Pb as significant amounts of common
Pb may substitute for Ca in this Ca-rich mineral.’ The suitability
of vesuvianite for U-Pb dating depends mainly on the age and
the *®U/?%*Pb ratio of the mineral. The 2**U/***Pb ratio depends
on the availability of U in the rock and the presence of minerals
that incorporate available Pb to a higher extent than vesuvianite
does. There are few examples of successful Pb-Pb or U-Pb
vesuvianite age determination by isotope dilution thermal
ionization mass spectrometry (ID-TIMS),>* although a great
number of studies characterized the mineralogy and trace
elemental geochemistry of vesuvianite.>™*

Romer® demonstrated that vesuvianite could yield directly
the age of skarn ore deposits. Romer® presented an ID-TIMS U-
Pb age of 1780 £ 9 Ma for a vesuvianite specimen from an early
Proterozoic tungsten skarn mineral deposit at Bjontjirn,
northern Sweden. Romer and Heinrich* reported the ID-TIMS
20°pph/>*8y age of a 31.6 & 0.3 Ma old idiomorphic vesuvianite
crystal from the contact metamorphic aureole of the Bufa del
Diente syenite intrusion, north-east Mexico. These vesuvianite
crystals formed when magmatic aqueous fluids infiltrated the
impure carbonate country rocks. Therefore, U-Pb dating of
vesuvianite could provide the age of skarn deposits or of
metamorphic and metasomatic alterations.

The high precision of ID-TIMS U-Pb dating of vesuvianite
minerals is offset by the delicate and time-consuming analytical
protocol.”™** Furthermore, the U-Pb TIMS dating of hydro-
thermal vesuvianite may be affected by the presence of U and/or
Pb bearing inclusions. For instance, minuscule inclusions of
Pb-rich minerals (e.g., epidote, calcite, sulfide minerals, schee-
lite) may overwhelm the Pb budget of vesuvianite with common
Pb, resulting in low ***U/***Pb ratios, and eventually making U-
Pb dating challenging or impossible. Similarly, inclusions of U-
rich minerals (e.g, titanite) may dominate the U-Pb system of
the vesuvianite bulk sample resulting in a situation, where the
U-Pb system of the inclusion determines the age of the bulk
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sample. In situ U-Pb dating of vesuvianite using a laser or ion
probe avoids many of these problems inherent to ID-TIMS
dating that needs a larger sample size and, therefore, has
limited spatial resolution."*™® In situ U-Pb dating enables
inclusions or altered domains to be avoided and allows textur-
ally different domains to be analysed separately. Furthermore,
sample preparation is relatively simple and fast. For isotopic
dating using a laser or ion probe, however, a well-characterized
vesuvianite reference material is currently not available.

The main goal of this study is to establish a procedure for in
situ U-Pb dating of vesuvianite by LA-SF-ICP-MS. In the absence
of a suitable vesuvianite refence material, we used Ti-bearing
andradite (schorlomite) of known age to correct for matrix
effects. To test the robustness of the analytical protocol, four
vesuvianite samples dated by LA-SF-ICP-MS were also dated by
ID-TIMS.

2. Experimental
2.1 Sample preparation

Vesuvianite samples investigated in this work are museum
specimens (M is the prefix of the sample number, M659, M660,
M784, M1377, M1439, M6599, M6601, M6608 M6635; Institute
of Geology and Geophysics, Chinese Academy of Sciences
(IGGCAS), Beijing), and were bought from a mineral trader
(Wilui specimens), or have been studied earlier (Bufa, Romer
and Heinrich?*). Most vesuvianite samples had relatively large
grains (up to several millimeters). Grains without visible
inclusions were selected by hand picking under a binocular
microscope. Selected grains were embedded in a 1 inch epoxy
mount, sectioned to expose their interiors, polished, and pho-
tographed. The grain mount was cleaned in 2% HNO; for
several minutes prior to laser ablation analysis. The vesuvianite
crystals are yellow, brown, brown-black, emerald green or
purple with a metallic or bituminous luster. Compositional
zoning was generally not observed in optical or BSE images.
Based on initial trace element analysis using ICP-MS, three
vesuvianite samples (Wilui, M784, and M6635) characterized by
relatively high U contents, old U-Pb ages, or low common Pb
contents were selected for U-Pb determination for conventional
ID-TIMS analysis.

2.2 ID-TIMS

U-Pb dating of vesuvianite by ID-TIMS was done at GFZ German
Research Centre for Geoscience, Potsdam, Germany. Vesuvi-
anite samples were immersed in warm dilute nitric acid for 30
minutes to remove surface contamination and carbonates.
Then, they were rinsed with distilled H,O and acetone before
weighing. Aliquots were spiked with a mixed *°*Pb->**U tracer.
The samples were dissolved in 40% HF on a hotplate at 160 °C
for three days. All samples were dried to a precipitate, re-
dissolved in 1 mol L' HNO;, and dried at low temperature to
convert fluorides to nitrates. Lead and U separation was
adapted from the HBr-HCl ion-exchange chromatography
described in Romer and Heinrich.* Due to the high B content of
sample Wilui (Wiluite), the Pb separation was repeated to
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remove borate that was not completely removed during the first
separation (borate seems to suppress Pb and U ionization). U
and Pb were loaded with H;PO, and silica gel on the same Re
single filament. The isotopic ratios of U and Pb were measured
using a Triton TIMS instrument operated in static or dynamic
multi-collection mode, depending on signal intensity, using
Faraday collectors and an ion counter. Lead was analyzed at
1200-1260 °C and U at 1360-1430 °C. Data reduction followed
the procedures described by Schmid et al* The initial
205ph/2%ph  and 2”’Pb/**’Pb were estimated using the
206ph/209ph ps. 238y/2%*Pb diagram and the 2°’Pb/*°*Pb vs.
206ph/2%*ph diagram, respectively. The procedural blank for Pb
and U is better than 15 pg and 1 pg, respectively. The data were
plotted using Isoplot 3.0.*

2.3 In situ U-Pb reference material

A well-characterized reference material is essential for in situ U-
Pb dating. There is no vesuvianite reference material available
for microanalysis. To handle this deficiency, we selected a Ti-
bearing andradite (schorlomite) from a wollastonite ijolite of
the Prairie Lake carbonatite complex (Northwestern Ontario,
Canada; Wu et al.*). Vesuvianite and grossular-andradite have
similar major element compositions (Table 1St) and, therefore,
may show similar matrix effects. Fig. 1 shows elemental frac-
tionation of schorlomite PL34 and vesuvianite M6635 during
laser sampling. No obvious ***U/*°°Pb fractionation was
observed between schorlomite and vesuvianite, which confirms
the expectation. The schorlomite PL34 and vesuvianite sample
M6635 data were acquired using the same spot size and repe-
tition rate as 44 um and 8 Hz, respectively. The temporal vari-
ation of the signal indicates that fractionation of the two
materials is similar.

Schorlomite PL34 has negligible common Pb contents and
its age is well-constrained. Therefore, it was used as an in-house
primary reference material. The Prairie Lake complex is
composed of carbonatite, ijolite, and potassic nepheline
syenite.>® Two baddeleyite samples from the carbonatite yield
SIMS U-Pb ages of 1157.2 £ 2.3 Ma and 1158.2 + 3.8 Ma,
identical to the ID-TIMS U-Pb age of 1163.6 + 3.6 Ma obtained
for baddeleyite from ijolite. Apatite from the carbonatite yields
the same U-Pb age of ~1160 Ma using ID-TIMS, SIMS and laser
ablation techniques. These data indicate that the various rocks
forming this complex were synchronously emplaced at about
1160 Ma.***> Therefore, we use a Concordia age of ~1160 Ma for
schorlomite PL34.

2.4 LA-SF-ICP-MS

In situ U-Pb isotope measurements were made using a single
collector SF-ICP-MS (Element XR, ThermoFisher Scientific) and
a 193 nm ArF excimer laser (Geolas HD, Coherent), located at
IGGCAS. The detailed description of instrumentation can be
found in Wu et al.*® Helium and nitrogen were used as carrier
gases through the ablation cell and mixed with argon down-
stream of the ablation cell. Daily optimization of instrumental
performance with NIST SRM 612 involved maximising the
signal relative to background intensity ratios for Pb, Th and U,

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Time vs. signal sensitivity of schorlomite PL34 and vesuvianite M6635 during typical LA-SF-ICP-MS analysis.

while satisfying low oxide production rates (ThO'/Th" <0.5%),
low double-charged ions (Ca®>*/Ca* <1.0%), and robust plasma
conditions (U*/Th* in a range of 0.95-1.05). The isotopes **’Hg,
204pp, 205ph, 297ph, 298pb, *2Th, 23U, and *>**U were analyzed by
cycling the electrostatic analyzer (EScan mode) at a static
magnet mass. The dwell time was set to 15 ms for °°Pb and
238, 2 ms for >°>’Hg and ***Pb, 10 ms for >°®Pb and ***Th, and 30
ms for **’Pb, respectively. Typical operating conditions are
summarized in Table 1. We chose the 32, 44 or 60 um diameter
of ablation pit for precise analysis depending on the U content
of vesuvianite samples. Each analytical session used the same
spot size for the standard and samples. Prior to each analytical
session, a pre-ablation run was used to remove any contami-
nation from the vesuvianite surface by ablating a 90 um spot for
2s. Each spot analysis consisted of an approximately 15 s
background and 45 s sample data acquisition.

The raw data (the analytical sequence and the intensities for
all isotopes of all analyses) were exported for offline data
reduction using Iolite software for semi-quantitative calculation
of trace element concentrations* and Glitter software for U-Pb
age calculation.? Signals of >**Pb, >°°Pb, >°"Pb, >°®Pb, >**Th, and
238U were acquired for U-Pb dating, whereas the **°U signal was
calculated from >*U on the basis of the ratio ***U/**U =
137.818.

The Ti-bearing andradite (schorlomite) PL34, used as
a primary U-Pb reference material, showed systematic element
fractionation allowing for downhole fractionation correction.
To evaluate matrix effects, we also employed vesuvianite Wilui
as an external calibration standard to calculate other vesuvi-
anites. Vesuvianite samples M6635 and Bufa with known ID-
TIMS U-Pb ages were used as secondary reference materials
to monitor the reliability of our analytical protocol.

The mode of data reduction depended on the contribution of
common Pb to the total amount of Pb present: samples with
significant common Pb are reported as ages on a Tera-Was-
serburg diagram. Weighted **°Pb/***U mean dates were calcu-
lated using the *°’Pb correction of common Pb,** assuming
a common Pb composition corresponding to the two-stage

This journal is © The Royal Society of Chemistry 2022

crustal Pb model of Stacey and Kramers.”” The U-Pb ages and
weighted mean ages were calculated using the Isoplot 3.23

software package.”

Table 1 Typical LA-SF-ICP-MS instrumental parameters

Laser ablation system

Manufacturer, model &

type

Ablation cell & volume

Laser wavelength

Pulse width

Energy density/fluence
Repetition rate

Spot size

Sampling mode/pattern
Ablation gas flow
Ablation duration

SF-ICP-MS
Manufacturer, model &
type

RF power

Guard electrode
Sample cone

Skimmer cone

Coolant gas flow (ar)
Auxiliary gas flow (ar)
Carrier gas flow (ar)
Enhancement gas flow
(N,)

Scan mode

Isotopes measured (1/z)
+ sample time

Mass window
Sample per peak
Detection system

Resolution (M/AM)
Total integration time
per reading

Coherent, geolas HD

In-house built cell, aerosol
dispersion volume <3 cm?
193 nm
20 ns
~4Jem—
5 Hz

32, 44, 60 pm

Single hole drilling, ten cleaning pulses
~0.75 L min~" (He)

45 seconds

2

ThermoFisher scientific element XR

~1350 W

Connected (pt)

Nickel Jet sample cone

Nickel “X” version skimmer cone
15.00 L min™*

~0.80 L min "

~0.94 L min™"

~5 mL min~*

E-scan

292Hg (2 ms), 2°*Pb (2 ms), 2°°Pb (15 ms),
207ph (30 ms), 2°*Pb (10 ms), >**Th (10 ms),
35U (10 ms), ***U (15 ms)

20%

20

Single SEM detector in

triple mode, counting, analog and faraday
Low (~300)

0.27 s
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3. Results and discussion

Chemical and isotopic homogeneities were assessed by re-
flected light together with the false-color backscattered electron
(BSE) image (Fig. 2), electron probe microanalysis (EPMA)
(Table S1t), and laser ablation sector field ICP-MS (LA-SF-ICP-
MS) analyses. ID-TIMS U-Pb analytical results for vesuvianite
are shown in Table 2. All age errors quoted in the text and in
Table 2 and all error ellipses shown in concordia diagrams are
given at 2s uncertainties. LA-SF-ICP-MS U-Pb results are
summarized in Table 3. The individual U-Pb isotopic data of
vesuvianite samples are provided in Table S2 in the ESI} (indi-
vidual data of in situ U-Pb data).?®

View Article Online
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3.1 ID-TIMS U-Pb geochronology

Three vesuvianite samples (Wilui, M784, and M6635) were
selected for ID-TIMS U-Pb analysis due to their relatively
homogeneous LA-ICP-MS U-Pb ages and their low content of
common Pb (Table 2). Wiluite vesuvianite is from the Vilyui and
Akhtaragda Rivers, near Chernysheysk, Sakha-Yakutia, Russia.
Seven aliquots of sample Wilui have been analyzed. The
common Pb and U range from 0.1 to 0.5 pg g~ " and 11.6 to 17.4
ug g ', respectively (Table 2). The *°°Pb/>**Pb ratios of the
individual fractions are relatively radiogenic and fall in the
range of 422.6 to 638.3. In a *°°Pb/>*8U vs. **’Pb/**’U diagram,
all Wilui vesuvianite analyses are concordant and overlap with
each other. The apparent *°°Pb/**®*U ages range from 254.9 + 1.9

Fig. 2 False-color back-scattered electron (BSE) images of the investigated vesuvianite samples show no compositional zonation, with the
exception of M659 and M1439. Some vesuvianite samples have healed fractures (clarification: false-color BSE images of the various vesuvianite
samples were produced in different analytical sessions using different color-scales).

72 | J Anal. At. Spectrom., 2022, 37, 69-81
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Table 3 Compilation of U-Pb LA-SF-ICP-MS dating results of vesuvianite

Pb(ngg™") Th(ugg) U(gg ) Th/U Jfr06 “ (%) Intercept age
206Pb/238U
(Ma)
Sample n (2SD) (2SD) (2SD) (2SD) Mean  2SD Mean  2SD  ID-TIMS age” (Ma) (2SD)
Wilui 18 0.30(0.25)  1.70 (7.42) 10.3 (9.4) 0.20 (0.98) 1.9 1.7 2555 2.8  255.5(0.6)
M784 21 109 (6.7) 153 (281) 102 (115) 2.00 (5.01) 22.6 22.8 2238 35  224.8(1.8)
M6635 21 14.9 (4.0) 213 (129) 190 (63) 1.15 (0.88) 10.3 55  230.8 2.7  228.1(0.5)
112 13.7 (5.2) 193 (159) 239 (78) 0.84 (0.81) 8.9 3.7 2298 1.3
M1377 21 6.79(2.02)  55.9 (36.0) 76.9 (31.3) 0.74 (0.41) 17.0 10.8 2250 3.3
Bufa 30 1.90(1.11)  13.7 (10.2) 245 (73) 0.06 (0.04) 4.4 8.2 30.8 0.3 31.6 (0.3)
M659 21 5.92(8.32) 148 (596) 109 (133) 0.82 (3.06) 12.0 11.6 1554 2.0
M660 21 5.31(3.09)  23.8 (47.1) 104 (91) 0.21 (0.33) 15.4 135 1565 2.7
M1439 19 3.10(2.24) 5.2 (16.1) 37.6 (56.8) 0.15 (0.38) 30.6 240 1585 3.1
M6599 21 0.50 (0.58)  0.80 (2.49) 3.05 (6.15) 0.25 (0.61) 58.9 439 1573 4.6
M6601 21 0.42(0.61)  4.95(13.37)  5.06 (8.55) 1.21 (2.39) 43.0 33.5 93.3 2.5
M6608 17 1.35(2.37)  1.48 (4.62) 61.6 (134.4)  0.025 (0.087)  15.4 32.0 88.4 1.4

“ f06, cOmmon 2°°Pb in total 2°°Pb; f,06 = [(**”Pb/2°°Pb)total - (>°"Pb/**°Pb)radiogenic]/[(>*"Pb/**°Pb)init - (>*’Pb/**°Pb)radiogenic]. ” ID-TIMS age:
Concordia age of Bufa from Romer and Heinrich, 1998, other ID-TIMS ages from this study.

Ma to 255.7 £+ 1.0 Ma. The seven aliquots yield a concordant
206ph/>38y age of 255.5 & 0.6 Ma (20, MSWD = 3.8) (Fig. 3a).
Vesuvianite samples M784 and M6635 were collected from
the Saima complex located on the Liaodong Peninsula of
northern China. Six fractions of sample M784 were analyzed. To
test whether washing with warm 1 mol L™' HNO; removes
common Pb, i.e., results in higher measured *°°Pb/***Pb, three
fractions were washed with HNO; and three fractions were not
washed. The acid-treated samples (V1-1, V1-2 and V1-3) gave
measured 2°°Pb/?°*Pb ratios in the range from 141.7 to 147.3,
whereas the non-acid-washed samples (V1-4, V1-5 and V1-6)
gave lower *°°Pb/***Pb ratios in the range from 79.6 to 114.0.
The common Pb contents of the acid-treated and untreated
samples fall in the ranges from 3.6 to 3.7 pg g 'and from 4.6 to
7.9 ug g~ ', respectively. The uranium contents range from 198
to 232 pg g ' and there is no systematic difference in U content
between acid-treated and untreated samples. The initial Pb
isotope composition of acid-treated and untreated samples,
estimated using the *°°Pb/***Pb vs. >**U/***Pb and *°’Pb/***Pb
vs. 2°°Pb/**'Pb diagram, are different: The acid-treated samples
give a more radiogenic initial Pb isotopic composition

(>°°Pb/***Pb 18.3 + 0.5, 2°Pb/***Pb 15.60 + 0.15,
208ph/20*ph 38.0 £ 0.5) than the untreated samples
(>°°Pb/***Pb 16.3 + 0.5, *Pb/***Pb = 15.50 =+ 0.15,

208pp/2%pb = 38.0 £ 0.5). As the untreated samples have
important contributions of common Pb, we used the less
radiogenic initial Pb isotopic composition for the common Pb
correction. Using different initial Pb isotopic compositions for
acid-treated and untreated samples yields *°°Pb/***U and
207pp/>*3U data that overlap within analytical error in the con-
cordia diagram (grey circles; Fig. 3b). The apparent 2*°Pb/***U
age ranges from 222.5 £+ 1.5 Ma to 226.6 + 1.3 Ma. Together, the
six analyses define a concordant **°Pb/***U age of 224.7 + 0.7
Ma (20, MSWD = 3.0). For comparison, the three acid-treated
samples yield a concordant *°°Pb/**®*U age of 226.0 + 2.6 Ma
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(20, MSWD = 1.7). These results agree well with our laser
ablation results and earlier reported age data (230-224 Ma, Zhu
et al.*®). The initial Pb isotopic composition and the distinctively
higher common Pb of the untreated samples indicate that the
easily dissolved component (e.g., carbonates) has a different
initial Pb isotopic composition and washing with dilute HNO; is
a helpful step to obtain higher bulk->*°Pb/***Pb values for ID-
TIMS U-Pb dating.

Six fractions of M6635 vesuvianite were analyzed. The
isotopic compositions of the individual fractions fall in the
206ph/294ph range of 143.2 and 197.1 (Table 2). Common Pb
ranges from 3.2 to 3.9 ug ¢ ' and U ranges from 222 to 257 g
g™, respectively. In a *°°Pb/**®U vs. *°’Pb/**°U diagram, all
M6635 vesuvianite analyses are concordant and overlap with
each other. The apparent *°°Pb/***U age ranges from 227.1 + 1.6
Ma to 228.4 £ 1.2 Ma. Six aliquots constrain a concordant
205ph/238 age of 228.1 & 0.6 Ma (20, MSWD = 0.9) (Fig. 3c). The
ID-TIMS U-Pb age agrees well with our results of laser ablation
dating and the previously reported age data (230-224 Ma, Zhu
et al.®).

3.2 Protocol validation for laser ablation analyses

Wiluite vesuvianite is an approximately 1 x 1.5 x 2 cm spec-
imen of rodingitized Mg-Ca-skarn. Wiluite crystals occur in
a hydrogarnet-chlorite-serpentinite matrix together with small
crystals of fassaitic pyroxene and Ti-bearing andradite-
grossular. The skarn formed at the contact of the Siberian
trap with Ordovician carbonate rocks. This relatively
uncommon specimen contains isolated dark green, tetragonal
vesuvianite crystals with well-developed prism faces and double
termination. The dated sample is a B rich vesuvianite and has
an average U content of 10.3 + 9.4 pg g~ ' (20, n = 18). The
measured f,0s ranges from 1.1 to 3.7%. All eighteen analyses
cluster close to the concordia, yielding an intercept age of 255.5

This journal is © The Royal Society of Chemistry 2022
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Fig.3 Concordia diagrams for ID-TIMS data of vesuvianite samples (a) Wilui (Russia), (b) M784 (Saima), and (c) M6635 (Saima). The concordia age
of each sample is shown as the green ellipse. The weighted concordia age of both acid-treated (red lines) and untreated (gray lines) vesuvianite
samples M784. Diagrams and ages calculated using Isoplot (Ludwig, 2003).2° Error ellipses represent 2¢ uncertainties.

=+ 2.8 Ma (20, n = 18) in the Tera-Wasserburg diagram, which is
consistent with the **’Pb-corrected weighted mean *°°Pb/***U
age of 255.5 + 2.8 Ma (20) (Fig. 4a). The upper intercept was
anchored using a *°’Pb/*°°Pb value of 0.8525 according to the
terrestrial Pb evolution model of Stacey and Kramers.*” This
result agrees well with the here presented ID-TIMS age of 255.5
=+ 0.6 Ma (20, n = 7). This is the first U-Pb age of vesuvianite
from the Vilyui River, Yakutia, Russia.** Note, for vesuvianite
samples with low common Pb contents as Wilui, a fixed
>07pb/*°°Pb value (measured on cogenetic phases or estimated
from the S-K model) should be used to anchor the intercept age
in the Tera-Wasserburg diagram, as unconstrained data over-
estimate the uncertainties. For instance, unanchored regression
yields for the above data a concordia intercept of 257.7 + 7.3 Ma
(MSWD = 0.03) in the Tera-Wasserburg diagram and a mean-
ingless °’Pb/>°°Pb intercept of 1.6 + 4.1 (Fig. 4a).

Vesuvianite samples M784, M6635, and M1377 were
collected from the Saima complex located on the Liaodong
Peninsula of northern China. Vesuvianite sample M784 is an
about 5 x 8 x 6 cm large specimen. Vesuvianite crystals have U
concentrations ranging from 56 to 230 ug g . 306 values of the
laser ablation spot analyses range from 6% to 44%. The inter-
cept age of vesuvianite M784 in the Tera-Wasserburg diagram is
223.8 £ 3.5 (20, n = 21, MSWD = 0.16), which is consistent with

This journal is © The Royal Society of Chemistry 2022

the >“Pb-corrected weighted mean 2°°Pb/>*8U age of 224.1 4 2.9
Ma (20) (Fig. 4b). This result is identical to the ID-TIMS U-Pb
vesuvianite age of 224.8 £+ 1.8 Ma (20, n = 6) obtained in this
work. The un-anchored discordia intercepts in the Tera-Was-
serburg diagram at a >°’Pb/*°°Pb value of 0.827 + 0.042 and
yields an age of 222.7 + 4.4 Ma (MSWD = 0.15). For comparison,
the Stacey and Kramers Pb model yields a *°”Pb/**°Pb of
0.8503.*” Vesuvianite sample M6635 is an about 8 x 11 x 4 cm
large specimen. Vesuvianite crystals have U concentrations
ranging from 104 to 313 pg g~ . The sample has the highest U
content among the studied samples. f,¢ Of laser ablation spot
analyses ranges from 7% to 14%. The intercept age of vesuvi-
anite sample M6635 in the Tera-Wasserburg diagram is 230.8 +
2.7 (20, n = 21, MSWD = 0.12), which is consistent with the
207ph-corrected weighted mean *°°Pb/***U age of 230.8 & 2.5 Ma
(20; Fig. 4c). This result is consistent with the here presented ID-
TIMS U-Pb vesuvianite age of 228.1 + 0.5 Ma (20, n = 6).
Vesuvianite sample M6635 was analyzed in several analytical
sessions. 112 analyses from seven sessions yield an intercept
age of 229.8 £+ 1.3 (20, n = 112, MSWD = 0.11) in the Tera-
Wasserburg diagram, which is consistent with the **’Pb cor-
rected weighted mean *°°Pb/>*®U age of 229.9 + 0.9 Ma (2g;
Fig. 4d). These analytical data show that the analytical protocol
produces reproducible results. The unconstrained discordia in
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two-stage crustal Pb model of Stacey and Kramers (1975) for others.*?” Data were plotted and evaluated using Isoplot (Ludwig, 2003).2° The
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the Tera-Wasserburg diagram yields a >*°”Pb/?°°Pb ratio of 0.803
+ 0.120 (S&K = 0.8506 (ref. 27)) and an intercept age of 228.6 +
3.8 Ma (MSWD = 0.08).

Vesuvianite sample M1377 has U contents ranging from 52
to 85 ug g~ ' and variable f,0¢ values of 12% to 34%. Twenty
analyses yield an intercept age of 225.0 £+ 3.3 Ma (20, MSWD =
0.11; Fig. 4e), which is consistent with the ?*’Pb-corrected
weighted mean *°°Pb/**®U age of 225.0 & 2.8 Ma (20, n = 20).

76 | J Anal. At. Spectrom., 2022, 37, 69-81

The upper intercept was anchored using a 2°’Pb/*°°Pb value of
0.8508 derived from the Stacey and Kramers terrestrial Pb
evolution model.”” The unconstrained discordant intercepts at
a >°’Pb/*°°Pb value of 0.822 + 0.097 and yields an age of 223.5 +
6.5 Ma (MSWD = 0.11) in the Tera-Wasserburg diagram.

The three vesuvianite samples investigated yield ages that
overlap within analytical uncertainties. The in situ and ID-TIMS
U-Pb ages of the three vesuvianite samples agree well with

This journal is © The Royal Society of Chemistry 2022
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Data were plotted and evaluated using Isoplot (Ludwig, 2003).2°

earlier reported LA-ICP-MS and SIMS U-Pb zircon ages of 230-
224 Ma (ref. 29) and are interpreted to represent the crystalli-
zation ages of the nepheline syenites, quartz-bearing syenites,
and volcanic rocks.

The vesuvianite sample Bufa from a Tertiary alkaline igneous
complex in the Sierra de San Carlos (northeastern Mexico) has
a relatively broad range of f,y¢ values from 0.1% to ~13%. All

This journal is © The Royal Society of Chemistry 2022

LA-SF-ICP-MS data plotted on the Tera-Wasserburg diagram
produce an intercept age of 30.8 & 0.3 Ma (20, n = 30, MSWD =
0.26), which is identical to the **’Pb-corrected weighted mean
205pb/>*8y age of 30.8 + 0.3 Ma (20, n = 30; Fig. 4f). The upper
intercept was anchored using a *°’Pb/>°°Pb value of 0.8232
derived from the initial Pb isotope composition of sample Bufa
measured by ID-TIMS.* The unconstrained discordant
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intercepts at a >**’Pb/*°°Pb value of 0.693 + 0.110 and yields an
age of 30.6 + 0.4 Ma (MSWD = 0.27) in the Tera-Wasserburg
diagram. For comparison, the Stacey and Kramers model has
297pb/*°°Pb = 0.8376 for 31 Ma common Pb.”” The **’Pb/**°Pb
intercept of 0.693 indicates that the common Pb of vesuvianite
in part is derived from the carbonates, which in organic-rich
sections may have more radiogenic Pb isotopic compositions.
Furthermore, the relative contribution of Pb from the carbon-
ates and the magmatic fluid may differ during vesuvianite
growth or among different vesuvianite crystals, possibly
explaining the slightly older *°°Pb/>*®U ID-TMS age (31.6 + 0.3
Ma; 20, n = 3) of another crystal from the same outcrop.*

3.3 Practical application

Vesuvianite samples M659, M660, and M1439 from the Deng-
jiaxian ore deposit, Chenzhou, Hunan province, China, are ex-
pected to yield U-Pb ages similar to the ~160-155 Ma
mineralization age range known from W-Sn ore deposits in the
Nanling region, southern China."*'”*"* Vesuvianite samples
M659 and M660 have U contents in the range from 52 to 221 ng
g~ ' and a relatively narrow f5o¢ range from 4% to ~30%. In the
Tera-Wasserburg diagram, vesuvianite samples M659 and
M660 yield intercept ages of 155.4 + 2.0 Ma (20, n = 21) and
156.5 £ 2.7 Ma (20, n = 21), respectively, consistent with the
207pb-corrected weighted mean *°°Pb/***U age of 155.4 & 1.8 Ma
(20,n=21) and 156.4 £ 2.5 Ma (20, n = 21), respectively (Fig. 5a
and b). The unconstrained discordias for vesuvianite samples
M659 and M660 yield *°’Pb/>°°Pb intercepts of 0.847 + 0.120
and 0.886 + 0.140, respectively, which are similar to that of 155-
156 Ma common Pb of the Stacey and Kramers Pb model,”” and
intercept ages of 155.5 & 3.6 Ma (MSWD = 0.04) and 157.7 + 5.3
Ma (MSWD = 0.03), respectively, in the Tera-Wasserburg
diagram. Vesuvianite sample M1439 has (generally lower) U
contents in the range from 6.1 to 129 ug ¢~ ' and a broader f4¢
range of 11% to 55%. In the Tera-Wasserburg diagram, these
data yield an intercept age of 158.5 + 3.1 Ma (20, n = 19),
consistent with the **’Pb-corrected weighted mean *°°Pb/?**U
age of 158.0 &+ 2.7 Ma (20, n = 19; Fig. 5c). The unconstrained
discordia yields a *°’Pb/?>°°Pb intercept of 0.859 + 0.043, which
is similar to that of model Pb for that age (0.8459 (ref. 27)), and
an intercept age of 158.9 + 4.0 Ma (MSWD = 0.29) in the Tera-
Wasserburg diagram .

It is not known from which deposit in the Guangxi province
the vesuvianite samples M6599, M6601, and M6608 are derived.
Generally, these vesuvianite samples have highly variable U and
common Pb contents (Fig. 5d-f). Vesuvianite sample M6599 has
U contents in the range from 0.3 to 10.7 pg g~ ', f>06 in the range
from 24% to 89%, and yields an intercept age of 157.3 £+ 4.6 Ma
(20, n = 21) in the Tera-Wasserburg diagram. In the Tera-
Wasserburg diagram, the unconstrained discordia has
a >°’Pb/*°°Pb intercept of 0.832 + 0.020 (model common Pb for
157 Ma has a **’Pb/*°Pb ratio of 0.8458 (ref. 27)) and an
intercept age of 156.6 + 4.8 Ma (MSWD = 1.30) (Fig. 5d). In
contrast, vesuvianite samples M6601 and M6608 have U
contents ranging from 1.5 to 188 ug g ', have f50 ranging from
2% to 72%, and yield intercept ages of 93.3 £ 2.5 Ma (20, n = 21)
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and 88.4 + 1.4 Ma (20, n = 17), respectively, in the Tera-Was-
serburg diagram. These ages are consistent with the *°’Pb-
corrected weighted mean *°°Pb/**°U ages of 93.0 + 2.3 Ma
(20, n=21) and 88.4 &+ 1.4 Ma (20, n = 21), respectively (Fig. 5e
and f). The unconstrained discordias for vesuvianite samples
M6601 and M6608 yield >°”Pb/*°°Pb intercepts of 0.839 + 0.033,
and 0.814 + 0.060, respectively, which is similar to that of
common Pb of the Stacey and Kramers Pb model for that age,>
and intercept ages of 93.3 £+ 2.9 Ma (MSWD = 0.63) and 88.1 +
1.6 Ma (MSWD = 0.25), respectively, in the Tera-Wasserburg
diagram. These vesuvianite ages all fall in the age range known
for Sn-W deposits of South China (e.g., Mao et al.*?).

3.4 Closure temperature

Vesuvianite is stable over a broad range of temperatures (300-
980 °C), fluid and rock compositions, and fg, values.** Vesuvi-
anite is susceptible to alteration during later stages of hydro-
thermal activity. Such alteration could disturb or reset the
original U-Pb isotopic system, but is readily revealed by petro-
graphic observations. The U-Pb system may potentially also be
disturbed by Pb loss, which would result in too young ages. To
estimate whether unaltered vesuvianite dates crystallization or
a later time, we calculated the temperature of closure for Pb of
vesuvianite using the method of Zhao and Zheng® for
a nominal grain size of 100 pm and cooling rates of 10-200 °C
Ma ' (Fig. 6). The calculated closure temperatures for Pb fall in
the range of 650-900 °C (Fig. 6). These values are higher than
the temperatures of 300-600 °C typically encountered in contact
metamorphic limestones* and skarn mineralization®* in the
upper crust. Hence, the age of unaltered vesuvianite dates the
time of vesuvianite formation rather than later isotopic closure.
Thus, unaltered vesuvianite may be a reliable U-Pb chronom-
eter for mineral deposits, especially those that do not have other
datable minerals.
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Fig. 6 Calculation of Pb closure temperatures for vesuvianite based
on the method of Zhao and Zheng (2007).3®
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3.5 Matrix effects for schorlomite and vesuvianite

Schorlomite and vesuvianite have similar contents of CaO (32-
34 wt%) and SiO, (34-36 wt%). However, there is some differ-
ence in the content of Al,O; between schorlomite and vesuvi-
anite, where the former contains 1-3 wt% Al,O; and the latter
contains 12-17 wt% Al,O;. To further evaluate the influence of
matrix effects, we employed vesuvianite Wilui, which is char-
acterized by the lowest common Pb contents (0.1 to 0.5 pg g~ ')
among the analyzed samples, as the external calibration stan-
dard to calculate other vesuvianite crystals. As shown in Fig. 7a,
intercept age obtained for vesuvianite sample M784 in the Tera-
Wasserburg diagram using Wilui as the external calibration
standard is 224.0 £ 2.2 (20, n = 23, MSWD = 0.02), which agrees
well with the intercept age using the schorlomite PL34 as the
primary reference material. Similarly, the intercept age for
vesuvianite M6635 in the Tera-Wasserburg diagram is 228.3 +
1.9 (20, n = 23, MSWD = 0.03, Fig. 7b), which is identical to the
schorlomite PL34 corrected intercept age of 230.8 + 2.7 (20, n =
21, MSWD = 0.12) obtained in this work. The vesuvianite
sample Bufa is employed to use as a secondary reference
material for quality control. Twenty-four analyses of sample
Bufa using vesuvianite Wilui as the external calibration stan-
dard yielded a U-Pb Tera-Wasserburg concordia intercept age
of 31.4 + 0.7 Ma (Fig. 7c) with an MSWD = 0.34, which is
identical to the schorlomite PL34 corrected intercept age of 30.8
+ 0.3 (20, n = 30, MSWD = 0.26). The unconstrained discordia
in the Tera-Wasserburg diagram yields a >°’Pb/*°°Pb intercept
of 0.772 £ 0.026, similar to the upper intercept value of 0.693 +
0.110 obtained by using the schorlomite PL34 as the primary
reference material. These data demonstrate clearly that the
matrix effects between schorlomite and vesuvianite during laser
ablation are insignificant and the used analytical protocol is
robust.

3.6 Reference material

The ideal U-Pb reference material is characterized by relatively
high contents of U and low contents of common Pb, as well as
a low variance of the U-Pb ratios. Among the eleven vesuvianite
samples investigated here, there are four samples that seem to
be particularly suited as a primary or secondary reference
material, ie., vesuvianite samples M6635, Wilui, M784, and
Bufa. Vesuvianite sample M6635 has the highest U contents
among the analyzed samples, has relatively low contributions of
common Pb and produces consistent analytical results both
within a single session and between different sessions (Fig. 4c
and d and 8, Table 3). It is recommended as a primary reference
material. Vesuvianite Wilui is characterized by the lowest
common Pb contents among the analyzed samples, but has
distinctly lower U contents than vesuvianite sample M6635
(Fig. 8, Table 3). This vesuvianite is a suitable primary reference
material, in particular when instrument sensitivity improves in
the future. Note, there are vesuvianite samples with U contents
in the range of several thousand pg g™ to several wt%.! Such
samples are not suited as reference materials because of the
following reason. The a-decay of >*®*U, ***U and ***Th (and some
daughter nuclei of their respective decay series) induced major
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Fig. 7 Terra—Wasserburg diagrams for LA-SF-ICP-MS data of vesu-
vianite samples (a) M784, (b) M6635, and (c) Bufa. The green dotted
discordia lines in the Terra—Wasserburg diagrams are forced through
a 2%7Pb/2°®Pp value of 0.82 + 0.02 for vesuvianite Bufa, measured by
ID-TIMS,* and 0.85 + 0.02 for the other two vesuvianite samples,
estimated using the two-stage crustal Pb model of Stacey and Kramers
(1975).4%” The blue solid lines are unconstrained discordia lines.
Vesuvianite Wilui was used as a primary reference material to calculate
other vesuvianite samples (M784, M6635, and Bufa). Data were plotted
and evaluated using Isoplot (Ludwig, 2003).2° Error bars in the insets
are at the 1o level.
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unlikely to produce precise ages. There are two vesuvianite samples deviating from this general pattern, i.e., Wilui and Bufa, that are both
characterized by unusually low contents of common Pb. These samples have developed low f,q¢ despite moderate U content (Wilui) or young

age (Bufa).

lattice damage by emission of an a-particle and by a-recoil of
the daughter nucleus. The cumulative damage eventually
results in open system behavior of the U-Pb system (e.g:,
Romer®).

Vesuvianite sample M784, which has relatively high and
homogenous U contents, is not suited as the primary reference
material because of its variable and in part relatively high
contents of common Pb, which is obvious from the broad range
of measured *°’Pb/?°°Pb values. This sample, however, is highly
suited as a secondary reference material for in situ analysis.
Vesuvianite sample Bufa has variable U contents and variable
contributions of common Pb, which results in a relatively broad
range of 2°’Pb/>*°Pb values (Fig. 4f). Because of this heteroge-
neity, as well as its young age, vesuvianite sample Bufa is not
suited to be a primary reference material, but represents
a useful secondary reference material for quality control.

4. Conclusions

Vesuvianite is a common mineral in skarn ore deposits, as well
as in metamorphic and metasomatic argillaceous carbonate
rocks. U-Pb dating of vesuvianite growth directly dates the
formation of skarn mineralization or the metamorphism or
metasomatism of argillaceous limestones. We established an
analytical protocol for in situ U-Pb age dating of vesuvianite by
LA-SF-ICP-MS. We used Ti-bearing andradite (schorlomite),
which has a similar major element composition to vesuvianite,
as the reference material for U-Pb dating of vesuvianite by LA-
SF-ICP-MS. We tested the robustness of the analytical protocol
by U-Pb dating of four vesuvianite samples using ID-TIMS. The
close correspondence of ages determined by ID-TIMS and LA-
SF-ICP-MS demonstrates the feasibility of our analytical
protocol. The high sensitivity, speed, and relatively low cost of
LA-SF-ICP-MS dating of vesuvianite series minerals, in

80 | J Anal. At. Spectrom., 2022, 37, 69-81

combination with a high spatial resolution, may make vesuvi-
anite the mineral of choice for the dating of skarn-type miner-
alization in the future.
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