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ARTICLE INFO ABSTRACT

Increasingly more data have indicated that the *°Ar/3°Ar crushing technique provides a very useful approach to
determine the mineralization ages of hydrothermal ore deposits. In this study novel gas mixing lines are pro-
posed based on the data of two quartz samples by “°Ar/>*Ar crushing. Electron microprobe analyses indicate that
the quartz grains contain K-rich silicate microlites. Both quartzs by crushing yield two mixing lines with ages
corresponding respectively to those of K-feldspar or sericite (post-mineralization fluids) and muscovite samples
(ore-forming fluids). This is the first report that both ages of secondary and primary fluid inclusions (SFIs and
PFIs) are confirmed correspondingly by those of the K-rich minerals. This study strongly indicates that the
“°Ar/39Ar crushing technique is very useful to determine the ages of geofluid activities. The newly proposed gas
mixing patterns are shown on the inverse and normal isochron diagrams, indicating: (1) the mixtures are in
different proportions of the PFIs and SFIs in different crushing steps; (2) the gas mixing lines yield PFI ages with
low initial “°Ar/3°Ar ratios; (3) an intermediate age between PFI and SFI ages cannot be obtained because the
progressive crushing technique never release gas mixtures with a constant PFI/SFI proportion for each step. The
gas mixing lines are thus interpreted to yield significant geological ages. The mixing patterns will help us better
understand the “°Ar/3?Ar dating results and be used for references to other isotopic mixing isochron systems.
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1. Introduction

The mineralization age is very important for understanding the
genesis of a hydrothermal ore deposit. However, it is not easy to de-
termine mineralization ages of the Au, Cu, Pb and Zn ore deposits be-
cause of the lack of suitable minerals for traditional isotopic geochro-
nological methods. Increasing attention has focused on fluid inclusions
in an attempt to find a widely applicable method to determine ore-
forming ages since 1980s by the Rb-Sr method Shepherd and
Darbyshire (1981) and 4OAr/3°Ar method (Kelley et al., 1986; Qiu and
Dai, 1989). An inline crushing technique has been used to extract the
fluid inclusions for “°Ar/3°Ar dating. Many successful applications of
the “°Ar/3°Ar crushing method for different types of minerals have been
reported, such as quartz (Kendrick et al., 2001; Qiu, 1996; Qiu et al.,
2002; Turner and Bannon, 1992; Turner and Wang, 1992), pyrite
(Phillips and Miller, 2006), sphalerite (Jiang et al., 2012; Qiu and Jiang,
2007), cassiterite and wolframite (Bai et al., 2013). Apart from dating

fluid inclusions of hydrothermal deposits, the “°Ar/3°Ar crushing
technique has also been successfully applied to determine the fluid
inclusions within garnet and amphibole of (U)HP metamorphic rocks
(Qiu and Wijbrans, 2006; Qiu and Wijbrans, 2008; Qiu et al., 2010),
and skarn-related scapolite (Kendrick and Phillips, 2009). Furthermore,
it is astounding to creatively apply this technique to determine natural
gas emplacement (Qiu et al., 2011; Yun et al., 2010) and hydrocarbon
accumulation (Liu et al., 2011).

Quartz is a ubiquitous mineral formed by intermediate-acid magmas
and various geological fluids, such as hydrothermal, magmatic, meta-
morphic and tectonic fluids. The transparency of quartz makes it easy to
observe and measure the shapes, homogenization and freezing tem-
peratures of fluid inclusions under a microscope. The low radioactivity
of irradiated quartz, much lower than that of irradiated cassiterite,
wolframites, sphalerite and other sulfide minerals, makes it convenient
to handle the quartz samples during the experiments and to deal with
the crushed quartz powder after analyses. Many significant quartz
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“OAr/°Ar data have been obtained from hydrothermal deposits, me-
tamorphic and tectonic quartz veins. Therefore, quartz is the most
important mineral for the “°Ar/*°Ar crushing analyses.

To better understand the K-Ar system of the mineral assemblages of
tungsten ores, paragenetic muscovite, wolframite, and quartz were se-
lected for “°Ar/*°Ar dating. The small K-feldspar veins cutting the ores
were also collected to constrain on the post-mineralization hydro-
thermal activities that formed the secondary fluid inclusions or K-
feldspar microcrystals within the minerals of ores (cassiterite, wol-
framite, molybdenite and quartz), which may affect the *°Ar/*°Ar
dating results of the primary fluid inclusions within the ore minerals. In
the case of subsequent geofluid overprinting, can we still obtain sig-
nificant “°Ar/*°Ar ages by crushing for these ore minerals? We pro-
posed a gas mixing release pattern to explain wolframite “°Ar/3?Ar
dating results corresponding to normal isochron age with unexpectedly
low initial “°Ar/3Ar ratio (Fig. 9 of Bai et al., 2013). Now we examine
more samples by “°Ar/3°Ar crushing with electron microprobe analyses,
to further elaborate and reveal the significance of the mixing lines
obtained from quartz samples by *°Ar/*°Ar crushing.

2. Geological setting and samples

We selected the samples from the Piaotang and Niuling tungsten
deposits, Dayu County, Jiangxi Province, southern China (see Fig. 1 of
Bai et al., 2013). Piaotang tungsten deposit is a large-scale quartz-vein-
type tungsten polymetallic deposit (He et al., 2010), associated with a
granite within the well-known South China Tungsten Metallogenic
Province (Li, 2011; Liu and Yu, 2011; Liu et al., 2014; Wang et al.,
2010), geologically in the northern section of Xihuashan-Zongshukeng
NNE Chongyi-Dayu-Shangyou tungsten-tin polymetallic mineralization
belt. Niuling deposit is a medium-size deposit in the inner contact zone
of a granite. The ore minerals of Piaotang and Niuling tungsten deposits
are mainly composed of wolframite, some cassiterite and molybdenite,
and minor bismuthinite, chalcocite, galena and sphalerite. The gangue
minerals include quartz, K-feldspar, fluorite and muscovite. The wol-
framite, molybdenite and quartz are in large crystal sizes (> 10 mm).
Small K-feldspar veins cut the wolframite and quartz in the ores (Fig. 1).
In this study, the single mineral samples are separated from the quartz-
vein-type tungsten ores, except for the hand-specimen 09NLO1 of a
mineralization-related granite.

There are abundant fluid inclusions within the quartz crystals used
in this study (Fig. 2). The primary fluid inclusions of quartz 09PT37Q
are mainly elliptical (5-10 pm) and round (< 5 pm) in shape; and those
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1‘\7' s

Fig. 1. Photo of a quartz-vein-type tungsten ore from Piaotang, showing post-
mineralization K-feldspar veins cutting wolframite and quartz. Q: quartz; WIf: wolframite;
Kfs: K-feldspar.
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of 09NLO5Q are mainly rectangular (8-15 pm) and square (< 10 ym) in
shape. It is easy to observe bubbles moving inside the big fluid inclu-
sions. The secondary fluid inclusions are distributed along microcracks
in the quartz crystals.

3. Analytical methods
3.1. Electron microprobe analyses

In order to correctly interpret the quartz *°Ar/3°Ar dating results by
crushing, potential K-bearing minerals with the quartz samples were
detected on a JEOL JXA-8100 electron probe microanalyser (EPMA),
equipped with four wavelength-dispersive spectrometers (WDS), at the
State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences (Wuhan). The EPMA was operated at
an accelerating voltage of 15kV with a beam current of 10nA and a
1-10 um focused electron beam. Data were corrected on-line using a
modified ZAF (atomic number, absorption, fluorescence) correction
procedure. Element peaks and backgrounds were measured for all ele-
ments with counting times of 10 s and 5s. The following standards were
used: Sanidine (K), Pyrope Garnet (Fe), Diopsode (Ca), Jadeite (Na),
Diopsode (Mg) and Pyrope Garnet (Al), Rhodonite (Mn), Jadeite (Si),
Rutile (Ti).

3.2. “°Ar/*’Ar analyses

Hand specimens were individually crushed in a stainless steel
mortar and then sieved. Grains were sieved from 30 to 60 mesh
(0.50-0.25 mm). Single mineral grains were carefully separated by
hand picking under a binocular microscope and then cleaned in an
ultrasonic bath with deionized water for 15 min. Samples packed in
aluminum foil, together with the flux monitor ZBH25 biotite packed in
copper foil, were put into aluminum tubes, then irradiated for 48 h in
the Beijing 49-2 reactor. The ZBH25 biotite by “°Ar/3°Ar step heating
formed a flat age spectra with a plateau age of 132.7 = 0.1 Ma (10),
carried out in the Australian National University (Wang, 1983).

The argon isotopes were analysed on a GVI-5400°® noble gas mass
spectrometer in the State Key Laboratory of Isotope Geochemistry,
Guangzhou Institute of Geochemistry, Chinese Academy of Sciences.
The fluid inclusions were extracted in a crushing apparatus (Qiu and
Jiang, 2007; Qiu et al., 2011) connected to the purification system and
mass spectrometer. Prior to experiments, the extraction and purification
systems were baked with heating tapes in order to reduce the system
blanks. The sample in the crusher was heated by a temperature-con-
trolled furnace at 150 °C for ca. 10h. In order to correct the system
blanks, cool blanks were carried out at the start and end of each sample
experiment, and between every four to six steps of sample analyses. The
released gases were firstly cleaned up through the cryotrap (—100 °C)
to absorb the moisture from fluid inclusions, then further purified using
two SAES NP10 Zr/Al getters at ~ 400 °C and at room temperature re-
spectively, resulting in purified noble gases for argon isotope analyses
in the mass spectrometer.

Correction factors for interfering argon isotopes derived from irra-
diated CaF, and K;SO, are (**Ar/*’Ar)c, = 8.984 x 1074,
(®%Ar/¥Ar)c, = 2.673 x 10™* and (*°Ar/*>°Ar)x = 5.97 x 1073, The
“Ar/%°Ar results were calculated and plotted using the software
ArArCALC (Version 2.4) (Koppers, 2002).

4. Results
4.1. Electron microprobe analyses

The back scattered electron (BSE) images and K-Ka X-ray images of
the quartz samples indicate that some K-rich silicate microcrystals

(5-20 um) existing inside quartz grains (Fig. 3). The chemical compo-
sitions of the K-rich minerals were further analysed with WDS EPMA.
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Fig. 2. Photomicrographs of 09NLO5Q (a & b) and 09PT37Q (c & d) showing the fluid inclusions inside the quartz samples.

The WDS results of spot A in 09PT37Q are: Na,O 0.148%, K,O
16.538%, FeO 0.032%, Al,03 17.929%, TiO, 0.010% and SiO,
67.106%; Spot B in 09NLO5Q: Na,O 0.651%, K,O 15.701%, CaO
0.018%, Al,03 17.816%, SiO, 64.828%; Spot C in 09NLO5Q: Na,O
0.173%, K»0 10.909%, FeO 6.865%, MgO 0.134%, MnO 0.828%, Al,03
28.225%, SiO5 47.500%. Based on these chemical compositions, the K-
rich minerals of spots A and B are probably K-feldspar, and spot C white
mica.

4.2. “Ar/*Ar dating results

The K-rich minerals of muscovite, K-feldspar and sericite were
analysed by “°Ar/°Ar laser stepwise heating. The fluid inclusions in
quartz samples were extracted by crushing in vacuo. All *°Ar/*Ar
dating results are summarized in the supplementary file of the Microsoft
Excel sheets. The argon isotope intensities and their uncertainties are
expressed throughout in volts. All analytical uncertainties are provided

_ ¥
JEOL COMP  15.BkY

09PT37

1,500

at 20 in this paper.

4.2.1. Ore muscovite “°Ar/>°Ar heating

Muscovite samples 09NLO5Ms and 09PT37Ms from tungsten ores by
“OAr/3°Ar laser stepwise heating form very flat age spectra covering
100% 3°Ar released, with well-concordant plateau and isochron ages
(Fig. 4). Their ages for 0ONLO5Ms and 09PT37Ms are 159.5 + 1.5Ma
and 157.2 * 1.5Ma respectively, representing the tungsten miner-
alization ages in Niuling and Piaotang.

4.2.2. Sericite and K-feldspar *°Ar/3°Ar heating

The sericite 09NLO1Ser from altered metallogenic granite in Niuling
yields relatively complicated age spectrum by laser stepwise heating
(Fig. 5). The apparent ages increase from 98.4 Ma to 130.4 Ma during
the first three steps, followed by a plateau of 137.3 * 1.4Ma
(MSWD = 3.9) comprising 10 steps with 80.1% 3°Ar released, and fi-
nally descended to 133.3Ma and 132.4Ma at the last two steps.

(b) JooNLO5

10pm WD 1 1mm

Fig. 3. BSE and K-Ka X-ray images of 09PT37Q and 09NLO5Q. Q: quartz; K: potassium-rich microcrystals.
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Fig. 4. Plots of “°Ar/*°Ar age spectra and inverse isochron lines of muscovite samples 09NLO5Ms and 09PT37Ms by laser stepwise heating.

Furthermore, the data points of the age plateau well define an isochron
of 137.6 = 1.6 Ma (MSWD = 3.9) in concordance with the plateau
age.

All three K-feldspars samples of 09PT12Kfs, 09PT42Kfs and
09PT43Kfs in Piaotang by *“°Ar/3°Ar laser stepwise heating yield very
flat spectra (Fig. 6a, c, e) with the plateau ages of 83.0 + 0.8 Ma
(MSWD = 0.03), 82.2 = 0.8Ma (MSWD = 0.1) and 82.3 = 0.8Ma
(MSWD = 0.4), except for the first steps. Their corresponding isochron
ages are 83.0 =+ 0.8Ma (MSWD = 0.03), 82.2 + 1.0Ma
(MSWD = 0.2) and 81.6 + 2.1 Ma (MSWD = 0.4) (Fig. 6b, d, f) re-
spectively, indistinguishable from the plateau ages.

The ages of the sericite and K-feldspar samples are much younger
than those of the ore muscovites, confirming that they were produced
by postmineralization fluids rich in potassium in Niuling and Piaotang.
The postmineralization K-rich fluids would also have formed some
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secondary fluid inclusions (Fig. 2) and even K-rich microcrystals (Fig. 3)
within the previously-formed wolframite and quartz (Fig. 1). Can we
still obtain the ore-forming ages for the wolframites and quartzs by
“OAr/39Ar crushing in this case? A wolframite case was preliminarily
shown in our previous paper (Bai et al., 2013). Now two quartz samples
will be further discussed.

4.2.3. Quartz *°Ar/>*Ar crushing

4.2.3.1. 09NLO5Q. This sample was crushed in 24 steps with a total
number of pestle drops of 18,443. A monotonously declining age
spectrum is obtained from the experiment (Fig. 7a, dark solid line).
The first two steps released most excess “°Ar (*°Ar,,) with abnormally
old apparent ages of > 2000 Ma, followed by decreasing apparent ages
from 1300 Ma at step 3 to 167 Ma at step 9. In the final steps the
apparent ages decreased slowly from 158.3 Ma at step 10 to 141.1 Ma at
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Fig. 5. Plots of “°Ar/°Ar age spectrum and inverse isochron line of sericite 09NLO1Ser by laser stepwise heating.
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Fig. 6. Plots of “°Ar/*°Ar age spectra and inverse isochrons of K-feldspars 09PT12Kfs, 09PT42Kfs and 09PT43Kfs by laser stepwise heating.

step 24. Here it is worth noting that a flat age section is obtained for
steps 10 to 13 with a weighted mean age of 157.0 = 1.7 Ma covering
34.56% 3°Ar, is consistent with the “°Ar/3°Ar age of the coexisting
muscovite 09NLO5Ms.

On the inverse isochron diagram of 3®Ar/*°Ar vs. *°Ar/*°Ar, the
distribution of data points show very regularly as the arrows in Fig. 7b.
These points obviously distribute in three groups and well define two
“isochron” lines. The first two steps (Group I) are close to the SoAr/*CAr
axis with very low 3°Ar/*°Ar ratios, representing excess “°Ar with
“9Ar/*SAr ratios of 543 and 633. The data points of steps 3-9 (Group II)
yield an isochron line with age of 137.0 + 2.2 Ma (MSWD = 2.9, green
points and line) corresponding to an initial “°Ar/3°Ar ratio of
689.8 + 11.4, much higher than the ratio of the modern atmosphere. If
applying the initial ratio to exclude the non-radiogenic argon, the ages
of steps 4-9 are corrected to 149.8, 139.8, 137.7, 135.8, 138.4 and
136.4 Ma respectively with a weighted mean age of 137.0 = 1.7 Ma
(Fig. 7a, green dash line). This isochron age and weighted mean age are

336

well concordant with the age of sericite 09NLO1Ser by “°Ar/3°Ar laser
stepwise heating (Fig. 5), indicating the postmineralization fluid over-
printing.

On the other hand, the data points of steps 10-24 (Group III) define
another “isochron” line with age of 160.7 + 1.7 Ma (MSWD = 0.7)
(Fig. 7b, blue points and line), corresponding to an initial *°Ar/3¢Ar
ratio of 257.0 + 3.0, which is much lower than the modern atmo-
spheric ratio of 295.5. By applying the ratio of 257.0 to exclude non-
radiogenic “OAr, a flat plateau of 160.7 = 1.6 Ma (=%°Ar = 57.4%) is
obtained (Fig. 7a, blue dash lines). The “plateau” and “isochron” ages
for the final steps (10-24) are consistent with that of paragenetic
muscovite 09NLO5Ms within analysis errors, representing the miner-
alization time. These “isochron” lines will be further discussed in the
section of “Discussion”.

4.2.3.2. 09PT37Q. The sample was crushed in 28 steps with total of
23,590 pestle drops. A declining age spectrum is obtained from the
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Fig. 7. Plots of age and K/Ca spectra and inverse isochrons of quartz samples 09NLO5Q (a & b) and 09PT37Q (c & d) by progressive crushing. (a) The black, blue and green lines are
obtained by excluding non-radiogenic “OAr with 295.5, 257.0, and 689.8; (b) A — modern atmosphere. P and S represent the radiogenic components (i.e. 39Arg/*°Ar* ratios, corresponding
to the apparent ages) of the primary (or muscovite) and secondary fluid inclusions (K-feldspar or sericite) respectively. E — excess “°Ar. The red arrows show the trend of data point
distribution as the crushing procedure progresses. PFI and SFI are abbreviations for the primary and secondary fluid inclusions, respectively. The data points are preliminarily attributed
to three groups I, II and III, corresponding to excess “°Ar, SFIs and PFIs respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

experiment data (Fig. 7c, the dark solid line), marked with abnormally
old apparent ages of 3862 Ma at the first steps, decreasing dramatically
to 261.2 Ma at step 9, then declining gradually to 122.5 Ma at step 16. A
plateau is yielded for steps 17-22 with an age of 114.7 + 2.2Ma,
followed by slightly increasing apparent ages in the last 8 steps, up to
129.5 Ma at the end.

On the inverse isochron diagram of 3°Ar/*°Ar vs. 3°Ar/*°Ar, the
crushing data points also distribute in three groups and form two well-
defined isochron lines (Fig. 7d). The crushing data points of the first six
steps (Group I) are close to the 3Ar/*°Ar axis with very low >°Ar/*°Ar
ratios, representing excess “°Ar with “°Ar/3®Ar ratios of 480 to 497. The
data points of steps 7-13 (Group II) define an isochron line with age of
83.4 + 6.9Ma (MSWD = 0.4) (Fig. 7d, green points and line) corre-
sponding to an initial *“°Ar/*°Ar ratio of 450.4 + 7.7, much higher
than the ratio of the modern atmosphere, which is usually attributed to
the excess “°Ar in these steps. If this initial “°Ar/3°Ar ratio is applied to
correct the non-radiogenic argon, the ages of the 7-13 steps are 88.4,
76.9, 87.3, 85.1, 81.2, 83.9 and 83.2 Ma, with a weighted mean age of
83.4 = 3.2Ma and Z%°Ar = 37.7% (Fig. 7c, green dash line). The
isochron age and weighted mean age are concordant with the ages of K-
feldspar samples by “°Ar/3°Ar laser heating (Fig. 6).

The last thirteen steps (Group III) yield a well-defined isochron line
with age of 155.3 = 8.0 Ma (MSWD = 0.1) (Fig. 7d, blue points and
line), corresponding to initial 4OAr/3CAr ratio of 226.1 + 15.2, much
lower than the modern atmospheric ratio of 295.5. If applying this in-
itial *°Ar/3°Ar ratio to exclude the non-radiogenic *°Ar for the final
steps, a flat plateau of 155.3 = 1.8 Ma (Z*°Ar = 47.2%) is obtained
(Fig. 7c, blue dash lines). The “plateau” and “isochron” ages for the
final steps are in agreement with the age of paragenetic muscovite

09PT37Ms within analysis errors (Fig. 4c, d), representing the timing of
tungsten mineralization.

5. Discussion
5.1. Mineralization ages

Many tin-tungsten ore deposits in southern Jiangxi Province have
been determined by ore muscovite “°Ar/*°Ar dating, molybdenite
Re-Os dating and metallogenic granite zircon U-Pb dating, indicating
that tin-tungsten mineralization occurred ca. 160-150 Ma (Mao et al.,
2011; Mao et al., 2008). In Piaotang, the granitic zircon U-Pb ages are
162-160 Ma (He et al., 2010; Zhang et al., 2017; Zhang et al., 2009),
molybdenite Re-Os isochron age 155 Ma (Zhang et al., 2009), LA-ICP-
MS cassiterite U-Pb mean age 159.5 + 1.5Ma (Zhang et al., 2017),
and muscovite, cassiterite, wolframite and quartz “°Ar/°Ar ages ran-
ging from 160 to 153 Ma (Bai et al., 2018; this study; Bai et al., 2013).
All the isotopic geochronological data are concordant, indicating that
the tin-tungsten mineralization followed the granite intrusion.

The hydrothermal mineral *°Ar/3°Ar dates should be interpreted as
crystalisation ages rather than cooling ones. The main reasons are listed
for muscovite as follows:

(1) When the magma-related ore-bearing hydrothermal fluid trans-
ported along tectonic fractures into the cool surrounding rocks, the
fluid cooled down quickly to the mineral closure temperatures and
formed the ore veins in a short period. The muscovite ages of
160-153 Ma (Bai, 2014) were probably recorded the pulsation of
fluid activities during mineralization.
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(2) All the muscovite “°Ar/3*°Ar age spectra are perfectly flat from the
tungsten deposits in the South China (Fig. 4; Bai, 2014; Bai et al.,,
2013), not showing a zone of partial accumulation of radiogenic
405,

(3) These new geochronological dates are well concordant within
analysis errors: granite zircon U-Pb mean age of 159.8 = 0.3 Ma,
hydrothermal cassiterite U-Pb mean age of 159.5 + 1.5Ma (Zhang
et al., 2017), paragenetic cassiterite and muscovite *°Ar/*Ar iso-
chron ages of 158.6 + 1.4Ma and 159.3 *+ 0.8 Ma respectively
(Bai et al., 2013).

5.2. Argon reservoirs and release patterns

Qiu and Wijbrans (2008) summarized the argon reservoirs of the
ultra-high pressure (UHP) metamorphic eclogitic garnets released by
progressive crushing (Fig. 7b of Qiu and Wijbrans, 2008): “(I) First
steps, excess “°Ar (*°Ar.,) trapped in secondary fluid inclusions which
distribute along cracks and are more easily extracted by crushing.
“OAr/3°Ar isochron of secondary fluid inclusions could be obtained
occasionally (Qiu and Jiang, 2007). (II) Middle steps, mixture from
secondary and primary fluid inclusions. (III) Final steps, mixture of
radiogenic (*°Arg) and trapped argon in small primary fluid inclusions
and atmospheric argon (Air) from the crusher”. In those cases, the
argon reservoirs include the SFIs, the PFIs and the crusher air. The
argon components contain in situ potassium decay radiogenic “°Arg,
parentless excess “°Ar.,, and the modern atmospheric argon.

The first time that hydrothermal sphalerites from the Fankou Pb-Zn
Deposit were analysed by progressive crushing, results indicated two
isochron lines, which were interpreted as the SFI and PFI isochron lines
(Qiu and Jiang, 2007), and were subsequently verified further by the
correlation plots of K-Cl-Ar (Jiang et al., 2012). Some sphalerites were
shown to contain K-rich microlites. The crushed powder by “°Ar/*°Ar
furnace heating yielded indistinguishable ages from the PFIs (Qiu and
Jiang, 2007), indicating another argon reservoir from the K-rich mi-
crolites, which were formed during the sphalerite crystallization and
yielded the same 40Ar/3°Ar isochron line. Jiang et al. (2012) sorted the
argon release patterns into four cases based on K concentrations
(Fig. 9b of Jiang et al., 2012).

For the granite-associated W-Sn deposits in the South Jiangxi, the
post-mineralization K-feldspar becomes another new argon reservoir,
causing the wolframite and quartz samples to yield more complicated
“°Ar/*°Ar age spectra. Progressive crushing releases argon in a se-
quence: initially from the secondary fluid inclusions, then the primary
fluid inclusions and finally from the K-bearing minerals. We proposed a
gas mixing release pattern for the wolframite 09PT37WIf by crushing
(Fig. 9 of Bai et al., 2013). Now we discuss the isochron or gas mixing
lines on the inverse isochron diagram of 3¢Ar/*°Ar vs 3°Ar/*°Ar in
another way to provide further information on the timing of miner-
alization.

5.3. Isochron diagrams and gas mixing lines

Inverse isochron diagram is used more often than the normal one.
We will discuss the isochron and gas mixing lines on the inverse iso-
chron plot in detail, and then on the normal one briefly.

5.3.1. Inverse isochron

In order to better comprehend the gas mixing lines, here we briefly
review the inverse isochron plot (Fig. 8a) of *6Ar/*°Ar (Y-axis) vs.
39Ar/*Ar (X-axis) (Kuiper, 2002; McDougall and Harrison, 1999;
Roddick et al., 1980; Turner, 1971). The two intercepts correspond to
the pure trapped and pure radiogenic components in the sample
(McDougall and Harrison, 1999). The x intercept of the isochron line,
the reverse *°Ar/3°Ar ratio, is used for age calculation with the equa-
tion:
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t= lln(l +J

40 AI'R
A

39 AI'K

For a given J value, the ages progress inversely from old to young
along the X-axis. The data points on the right side of the isochron line
may indicate partial argon loss or contamination from younger mi-
nerals.

The y intercept (the reverse “°Ar/°Ar ratio) represents the trapped
argon composition and the air component (i.e., released from the
crusher). An intercept below “Air” indicates that some parentless excess
4OAr (*°Ar,,) was trapped during crystallization.

The potential drawbacks and limitations of the normal isochron plot
and the advantages of the inverse isochron plot are described in detail
by McDougall and Harrison (1999). The argon reservoirs or end-
members, such as the air, parentless excess “°Ar, and radiogenic “OAr of
the old PFIs and young SFIs, are showed clearly on the inverse isochron
plot, which help us understand the isochron and gas mixing lines.

We'll discuss the *°Ar/3*°Ar isochron or mixing lines, according to
the argon release sequence from the different reservoirs by progressive
crushing, in the following sections.

5.3.2. SFI isochron line

The SFI gases released in the first crushing steps contain excess *°Ar
(close to point E in Fig. 8b) and yield abnormally old apparent ages.
Usually the SFI gases are mixed with the PFI gases, causing the data
points to move from SFI to PFI along a curve (Qiu and Wijbrans, 2006;
Qiu and Wijbrans, 2008). These points should locate within triangle
AEX (Fig. 8b), or left of the PFI isochron line AX. In practice, it seems
that SFIs always contain excess “CAr, such as the UHP metamorphic
eclogitic garnets from Dabieshan (Qiu and Wijbrans, 2006; Qiu and
Wijbrans, 2008), the sphalerites from the Fankou Pb-Zn Deposit (Jiang
et al., 2012; Qiu and Jiang, 2007) and the cassiterite, wolframites and
quartzs from the southern China tin-tungsten deposits (Bai et al., 2013,
this study).

It is not easy to obtain an SFI isochron line. To increase chances, one
should focus on SFIs with high K concentration and extract gas from
them by gentle crushing, which allows for sample grains to be broken
along microcracks to target gas release from SFIs and avoid PFIs. This
can allow for an SFI isochron line to be obtained in the first steps (lines
EX in Fig. 7b, Fig. 7d and Fig. 8b). At this moment, the line EX is simply
interpreted as a SFI isochron, because the exact initial “°Ar/®°Ar ratio
trapped in SFIs is unknown.

SFI isochron lines have been rarely obtained and difficultly verified
by other methods. This is the first report that the SFI isochron ages of
quartz samples by crushing are directly confirmed by the K-rich mi-
nerals of sericite and K-feldspar with the “°Ar/3°Ar laser heating tech-
nique, though the K-Cl-Ar correlation diagrams have been probably
applied to obtain the SFI ages (Bai et al., 2013; Jiang et al., 2012).

5.3.3. PFI isochron line

After the SFIs have been exhausted in the first steps, in cases of
sufficient high potassium inside the PFIs, a PFI isochron line (PA in
Fig. 8b) can be obtained. This uses gas from the final crushing steps
because the most PFIs are isolated and small (ca. 1 to 5pum). Many PFI
isochron lines have been reported previously (Jiang et al., 2012; Qiu
and Jiang, 2007; Qiu and Wijbrans, 2006, 2008). The cassiterite
09PTO1Cst from Piaotang is a good example of a PFI isochron (Fig. 4B
of Bai et al., 2013). It should be mentioned here that the data points of
PFIs are distributed in a trend from X to A (air) because the air released
from the crusher becomes more dominant due to the very fine grain
sizes and the high number (several hundreds) of pestle drops during
late-stage crushing analyses.

5.3.4. Gas mixing lines
After several thousand pestle drops during crushing, powder sizes
reach as sub-micron scale (Bai et al., 2013). Prolonged crushing will
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Fig. 8. (a) The inverse isochron; (b) Gas mixing lines of hydrothermal non-potassium minerals based on the data of quartz 09PT37Q by “°Ar/*°Ar progressive crushing. A — modern
atmosphere. P and S represent the radiogenic components of the PFIs (or muscovite) and SFIs (K-feldspar or sericite) respectively. E — parentless excess “°Ar. The red arrows show the
trend of data point distribution as the crushing procedure progresses. EX — the SFI isochron line containing excess “OAr. PA — the PFI isochron line. SA — *°Ar,,-free SFI isochron line, or
isochron line of post-mineralization K-feldspar and sericite. PM — gas mixing line of PFIs and *’Ar,-free SFIs, corresponding to the PFI age and a low initial *°Ar/*Ar ratio. SN - a
potential gas mixing line by dominant post-mineralization components with minor residual PFIs. BA — an impossible gas mixing line with a constant PFI/SFI proportion. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cause the K-rich microcrystals within quartz grains (such as mica and K-
feldspar) to release gases. In this study, two quartz samples do contain
mica or/and K-feldspar microcrystals (Fig. 3). Below we discuss the
crystal structures of mica and K-feldspar and their likelihoods of re-
leasing argon by prolonging crushing.

The mica group belongs to phyllosilicates in which the basic unit is
composed of sheets of (Si,Al)O, tetrahedra (Ns;:Na; = 3:1) cross-linked
with sheets of (Al,Mg,Fe)(O,0H)¢ octahedra (Fig. 9a). The cross-linked
double layer is bound firmly and has a negative charge. The charge is
balanced by singly charged large cations (e.g., K* in muscovite) that
join the crosslinked double layers to form the complete structure. This
structure enables (001) perfect cleavage, along which K is exposed and
released easily.

The K-feldspar belongs to tektosilicates (Fig. 9b). The crystal
structure of feldspar consists of a continuous, negatively charged, three-
dimensional framework made up of corner-sharing SiO4 and AlO, tet-
rahedra and positively charged cations (K*) that occupy relatively
large interstices within the framework. This structure enables (001) and
(010) perfect cleavages, along which K is exposed and released easily.

In the crushing process, muscovite and orthoclase are broken pre-
ferentially along cleavages that facilitate the exposure of K™, re-
presenting the release of both irradiated >°Ary from 3°K and radiogenic
4OArg from in situ decay of *°K. It is noted that K may not be released
from muscovite when the crushing force is perpendicular to (001),
whereas K can be released from orthoclase in any case as it has two sets
of cleavages. Therefore, K-feldspar releases argon more readily than
muscovite by crushing.

Now we will discuss palaeoatmospheric *°Ar/3°Ar ratios. Cadogan
(1977) provided the determination of a palaeoatmospheric *°Ar/3¢Ar
ratio of 291.0 * 1.5 for the 380 Ma atmospheric argon dissolved in the
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Rynie chert in Scotland. Turner (1988) obtained the palaeoatmospheric
4OAr/3Ar ratios of 280-297 for the 1700 Ma Gunflint chert using four
procedures by stepped heating. Compared with the above data, the
initial “°Ar/®°Ar ratio of 268.3 + 1.7 of the 157 Ma wolframite
09PT37WIf (Fig. 4G & H of Bai et al., 2013) seemed much lower than
expected. In order to explain the low initial ratio and declining age
spectrum of the final crushing steps, we presented a gas mixing pattern
(Fig. 9 of Bai et al., 2013). According to the pattern, a given data point
is considered as a mixture of an atmospheric and a radiogenic compo-
nent, and the latter can be further recognized as a radiogenic argon
mixture with different proportions of the PFI (muscovite) and SFI (K-
feldspar). The pattern helps us understand the gas mixing line.

In this study, the quartz samples 09NLO5Q and 09PT37Q analysed
by crushing also yield similar declining age spectra and low initial
“OAr/3CAr ratios. Now we present the mixing line PM in another way as
shown in Fig. 8b. Because of the contributions of secondary products of
post-mineralization fluids (or secondary components, point S), such as
sericite, K-feldspar and very fine liquid SFIs without excess “°Ar, the
data points of PFI isochron line (PA) move to mixing line (PM), i.e.,
from point G to point H. The radiogenic component contribution of the
PFIs to the SFIs can be calculated: BSpp = Hjgy = ’p/,s. As the crushing
procedure progresses, the proportions of secondary components and
crusher air increase, and the data points distribute along line PM from
point C toward point D. The open red arrow shows the shifting trend of
the gas mixing data points in Fig. 8b. Therefore, the data points of the
secondary components (as minor) mix with the primary components (as
dominant) by the progressive crushing technique. This result in a
mixing line PM, whose intercept on the X-axis (point P) has the same
point as the primary components, corresponding to the PFI age. The Y-
axis intercept moves from point A (atmosphere) to point M,
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Fig. 9. (a) The crystal structures of muscovite-2M1 viewed along the a-axis, based on the
data of Giiven (1971). (b) The crystal structure of orthoclase viewed along the a-axis,
based on the data of Prince et al. (1973).

corresponding to a “CAr/®°Ar initial ratio lower than 295.5. Quartz
sample 09NLO5Q contains only sericite microcrystals and thus yields a
monotonically decreasing age spectrum in the final crushing steps
(Fig. 7a). However, quartz sample 09PT37Q contains both K-feldspar
and muscovite microcrystals. Because of the crystal structure differ-
ences (Fig. 9), argon is more readily released from the young K-feldspar
(82.5 Ma) than the older muscovite (157.2 Ma) by crushing, resulting in
apparent ages that have minima in the middle steps and increase
slightly in the final steps (Fig. 7c, dark lines). On the other hand, the K/
Ca ratios of 09PT37Q in the final crushing steps are gradually rising up
(Fig. 7c, purple lines), indicating gas release from a K-rich phase.
Therefore, the gas mixing line is reasonable. These gas mixing data
points should be within the triangle AXS area.

On the other hand, if the *°Ar..-free secondary components are
dominant, a gas mixing line SN corresponding to the SFI age with an
initial “°Ar/?Ar ratio slightly larger than 295.5, may be theoretically
obtained (Fig. 8b). It seems impossible to yield a gas mixing line BA by
progressive crushing, along which all the data points keep the constant
proportion of primary and secondary components and correspond to an
intermediate age between primary and secondary fluid inclusions.

These patterns could not be interpreted clearly by previous gas
mixing models (Bai et al., 2013). This new model (Fig. 8b) yields more
information than previous models and will both help us understand the
“°Ar/*9Ar dating results and be used for reference by other isotopic
mixing isochron systems.

5.3.5. Normal isochron and gas mixing lines
The normal isochron plot of 4OAr/3°Ar vs 3°Ar/3CAr (Fig. 8c) is less
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used than the inverse one now. The isochron age is based on the line
slope of the “°Arp/*°Ar ratio. The Y intercept represents the initial
“OAr/%CAr ratio of the trapped argon: A — the modern atmospheric
argon; E — the trapped parentless excess argon (*°Ar.); M — the initial
4OAr/38Ar ratio lower than the modern atmospheric argon, probably
expressing the trapped ancient atmospheric argon or a gas-mixing in-
tercept as shown in the cases of this study.

Now we explain for the gas mixing line PM on the normal isochron
plot Fig. 8d. Line AP’ is the isochron line of the muscovite or the pri-
mary fluid inclusions, and line AS is that of the K-feldspar or the sec-
ondary fluid inclusions with the intercepts of modern atmospheric
argon. Line PM is the gas mixing line of the PFIs and SFIs, parallel to the
line AP’ with initial **Ar/*°Ar ratio lower than 298.56 (Lee et al.,
2006). The radiogenic component contribution of the PFIs to SFIs in a
step can be calculated by the ratio of SP/QS, well concordant with the
ratio of b/ in Fig. 8b.

6. Conclusion
Some important points are obtained from this study:

1) The muscovites from the Niuling and Piaotang tungsten ores by
4OAr/3%Ar laser stepwise heating yield very flat age spectra with ages
of 160 and 157 Ma, well-constraining that the mineralization oc-
curred in late Jurassic. The “CAr/3°Ar ages of Niuling sericite
(137 Ma) and Piaotang K-feldspar veins (83 Ma) cutting the ore
bodies indicate the post-mineralization hydrothermal activities in
the mining areas took place in early and late Cretaceous.

2) Two quartz samples from the tungsten ores, which underwent post-
mineralization fluid overprinting, were analysed by “°Ar/*°Ar pro-
gressive crushing and yield two regression lines on inverse isochron
diagrams, corresponding respectively to the ages of secondary fluid
inclusions (the first line) and primary fluid inclusions (the second
line). The quartz 09NLO5Q from Niuling yields a SFI age of 137 Ma
concordant with the sericite 09NLO1Ser age, and a PFI age of
161 Ma in agreement with the paragenetic muscovite 09NLO5Ms
age. The quartz 09PT37Q from Piaotang yields a SFI age of 83
consistent with the K-feldspar vein age, and a PFI age of 155 Ma in
agreement with the paragenetic muscovite 09NLO5Ms age, all
within analytical errors. This is the first time that SFI ages are di-
rectly verified by ages from coexisting K-rich phases (sericite and K-
feldspar).

3) Abnormally low initial “°Ar/3®Ar ratios of 257 and 226 are obtained
from the second regression lines of 09NLO5Q and 09PT37Q re-
spectively, much lower than the ratio of modern atmosphere. Gas
mixing lines are proposed where the data points of the second lines
indicate mixing between the PFIs (or muscovite formed during mi-
neralization) and the “CAr.,-free SFIs (or sericite and K-feldspar
formed in post-mineralization), demonstrating that lines corre-
sponding to the PFI ages have low initial *“°Ar/*Ar ratios. An in-
termediate age between PFI and SFI ages might not be yielded,
because the progressive crushing technique cannot release gases
with a constant PFI/SFI proportion. Therefore, the gas mixing lines
can obtain meaningful geological ages. The “°Ar/*°Ar progressive
crushing technique is thus very useful to determine the timing of
geofluid activity. The new gas mixing model releases abundant in-
formation, which will help us better understand the *°Ar/*°Ar
dating results.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.chemgeo.2018.02.039.
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