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Abstract

Precisely dating different generations of mineralization is important for understanding the origin and tectonic environment of ore
formation. In this study, we have dated two generations of sulfides from the Lala Fe-Cu deposit, SW China, using in situ Pb-Pb
isotopic data obtained by the LA-MC-ICPMS technique. The Lala deposit is composed of Fe-Cu ore bodies hosted in
sedimentary-volcanic rocks of the Paleoproterozoic Hekou Group. It has a paragenetic sequence of pre-ore banded pyrite
(Stage I) and Na alteration (Stage II), followed by early Fe (Stage III) and late Cu (Stage IV) mineralization. The sulfides in
the deposit have dominantly formed in two stages, including pyrite from stratiform pyrite bands in the host rocks (i.e., Stage I)
and epigenetic pyrite-chalcopyrite in Fe-Cu ore (i.e., Stage IV). The sulfides of both stages have highly radiogenic Pb isotopic
ratios which form linear trends in the 2°’Pb/2**Pb versus 2°°Pb/***Pb diagram. The regression trend for Stage I pyrite grains
defines an errorchron age of 1669 + 110 Ma (MSWD = 32), undistinguishable from zircon LA-ICPMS U-Pb ages of volcanic
rocks in the Hekou Group (i.e., ~ 1700 Ma). The regressions for Stage IV pyrite and chalcopyrite yield younger errorchron ages
of 1088 +88 Ma (MSWD =93) and 1053 £220 Ma (MSWD = 15), respectively. Taking pyrite and chalcopyrite together, an
errorchron age of 1053 + 75 Ma (MSWD = 108) is obtained. These errorchron ages agree well with the molybdenite Re-Os age of
the Fe-Cu ore (1086 = 8 Ma). Despite the large error and MSWD values that are interpreted to be related to the small variation of
initial ratios, or post-ore open system behavior, the good agreement with the precise zircon U-Pb and molybdenite Re-Os ages
indicates that the Pb-Pb errorchron ages for Stage I and IV sulfides are geologically meaningful. Therefore, this study shows that
the in situ Pb isotopic analyses can yield geologically meaningful Pb-Pb ages for radiogenic Pb-rich sulfide minerals. We also
propose that in situ Pb-Pb isotopic dating may be more promising for Precambrian deposits containing sulfides with ingrown Pb,
particularly for those involving multiple mineralization/hydrothermal events but without relevant minerals for precise Re-Os or
U-Pb dating.
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thermal ore deposits and are commonly associated with
multiple generations of mineralization/alteration. Thus,
dating these sulfide minerals from multiple hydrothermal
stages is potentially useful for constraining the timing and
origin of multiple mineralization/hydrothermal events.
Traditionally, Re-Os, Rb-Sr, and Pb-Pb isotopes of sulfide
separates have been used to date various types of hydro-
thermal or orthomagmatic deposits (Frei and Kamber
1995; Stein et al. 2001; Yang and Zhou 2001; Huang et
al. 2013; Zhao et al. 2013). However, these dating methods
are generally dissolution-based, and thus, it is difficult to
obtain ages for multiple mineralization/alteration events
because specimens or individual sulfide grains can involve
multiple stages of formation. For example, pyrite common-
ly displays complex growth textures (Large et al. 2009).

In recent years, laser ablation multiple-collector induc-
tively coupled plasma mass spectrometry (LA-MC-
ICPMS) has been proved to be a useful instrument for rap-
id, inexpensive in situ Pb isotopic analyses of sulfides
(Meffre et al. 2008; Souders and Sylvester 2010; Darling
et al. 2012; Yuan et al. 2013; Potra and Macfarlane 2014).
This technique has the capability of revealing grain- or
subgrain-scale isotopic variations at a high-spatial resolu-
tion (< 30 pm in diameter and < 10 um in depth) and is able
to precisely obtain Pb isotopic compositions of different
generations of sulfides at the thin-section scale. Indeed,
the feasibility of dating sulfides by the LA-MC-ICPMS
Pb-Pb isochron method has been successfully applied to
orthomagmatic deposits (Darling et al. 2012), but such a
method has yet to be applied to hydrothermal deposits.

In this study, we obtained femtosecond LA-MC-
ICPMS (fs-LA-MC-ICPMS) Pb isotopic data for the
sulfides from the Lala Fe-Cu deposit, SW China, to test
the utility of in situ sulfide Pb-Pb isotopic dating on
hydrothermal ore deposits. This deposit contains abun-
dant pyrite and chalcopyrite that formed during several
generations (Zhou et al. 2008; Chen and Zhou 2012).
Recent molybdenite Re-Os and allanite U-Pb age results
show that sulfides of the Fe-Cu ore have mainly formed
at ~1080 Ma, and were modified by Neoproterozoic
hydrothermal events between ~850 and ~780 Ma
(Chen and Zhou 2012, 2014; Zhou et al. 2014; Zhu et
al. 2018). There are also “stratiform” pyrite bands that
are locally interlayered in the ore-hosting, Paleopro-
terozoic (~ 1700 Ma) Hekou Group, but these bands were
thought to be either syngenetic in origin (Chen et al. 1992;
Chen and Xia 2001) or genetically related to the epigenetic Fe-
Cu mineralization (Zhu 2011; Chen and Zhou 2012). In this
contribution, we described the mineralogical characteristics of
multiple-stage sulfides and conducted in situ LA-MC-ICPMS
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Pb isotopic analyses on sulfides from both the Fe-Cu ore and
“stratiform” pyrite bands. The new dataset allows us to calcu-
late Pb-Pb ages for these sulfides and to testify the reliability
of these ages by comparing them with previously obtained Re-
Os and U-Th-Pb ages.

Geological background
Regional geology

The Yangtze Block is bounded by the Cathaysia Block to the
southeast, the Indochina Block to the southwest, the Tibetan
Plateau to the west, and the Qinling-Dabie Orogenic Belt to
the north (Fig. 1a). In the southwestern Yangtze Block,
Proterozoic volcanic-sedimentary sequences include the late
Paleoproterozoic Hekou, Dahongshan and Dongchuan groups
(~ 1700 Ma; Chen et al. 2013a; Greentree and Li 2008; Zhao
etal. 2010), and the Meso- to Neoproterozoic Huili, Kunyang,
and Julin groups (~1100-900 Ma; Chen and Chen 1987;
Chen et al. 2014; Geng et al. 2007; Greentree et al. 2006;
Sun et al. 2009). The Paleoproterozoic sequences were meta-
morphosed under upper greenschist-lower amphibolite facies
conditions (Li et al. 1988), whereas the Meso- to
Neoproterozoic sequences underwent lower greenschist facies
metamorphism (Chen and Chen 1987; Li et al. 1988). The
Proterozoic strata are intruded by ~ 1050 to ~1100 Ma gab-
broic and granitic intrusions (Geng et al. 2007; Greentree et al.
2006; Wang et al. 2012) and ~ 740 to ~ 860 Ma granitic, dio-
ritic, and gabbroic intrusions (e.g., Zhou et al. 2002, 2006; Li
et al. 2003a). These Mesoproterozoic plutons have the geo-
chemical affinities to intra-plate magmatism, and are thought
to have formed in a continental rift setting (Chen et al. 2014;
Zhu et al. 2016), whereas the Neoproterozoic plutons have
been interpreted as either arc-related (Zhou et al. 2002,
2006) or mantle plume-related (Li et al. 2003a).

Numerous Fe-Cu deposits in the southwestern Yangtze
Block define the Kangdian Fe-Cu metallogenic province
(Fig. 1b) (Sun et al. 1991; Zhao and Zhou 2011). Several large
Fe-Cu deposits are present, including, from north to south, the
Lala, Xikuangshan, Yinachang, E’touchang, Dahongshan,
and Sin Quyen deposits (Sun et al. 1991; Zhao and Zhou
2011; Chen and Zhou 2012; Zhao et al. 2013; Hou et al.
2015; Li et al. 2015; Li and Zhou 2018). These deposits are
broadly similar in terms of mineralization style (Ruan et al.
1991; Zhao and Zhou 2011), and the ore bodies are
unexceptionally hosted in the Paleoproterozoic sequences
(Fig. 1b). The Fe-Cu ores in these deposits contain abundant
hematite and magnetite with variable amounts of Cu-Fe-Mo
sulfides. Some deposits also show enrichments in Co, U,
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Fig. 1 a Tectonic framework of China. b Regional geological map of the Kangdian Fe-Cu metallogenic province showing distribution of Fe-Cu deposits
(after Wu et al. 1990). ¢ A simplified geological map of the Luodang open pit of the Lala deposit (at 2036 m level) (after Chen and Zhou 2012)

REE, and F, and thus were classified as iron-oxide copper gold
(IOCGQG) type (Li et al. 2002; Zhao and Zhou 2011; Chen and
Zhou 2012).

Geology of the Lala Fe-Cu deposit

The Lala deposit is one of the largest Fe-Cu deposits in the
Kangdian metallogenic province and contains more than
200 Mt of ore with an average grade of 13 wt% Fe, 0.92 wt%
Cu, 0.018 wt% Mo, 0.022 wt% Co, 0.25 wt% REE,Os, and
0.16 ppm Au (Zhu 2011; Chen and Zhou 2012). The ore bodies
are lenticular and predominantly strata-bound with thicknesses
from several to tens of meters (Fig. 1c). The ore bodies are

hosted in albitite, marble, dolostone, mica-schist, and quartzite
of the Paleoproterozoic Hekou Group. Both ore and host rocks
are foliated and metamorphosed under upper greenschist- to
lower amphibolite-facies conditions. The ore bodies are spatial-
ly associated with numerous gabbroic plutons of dominantly ~
1060 and ~ 1700 Ma (Fig. 1c) (Chen et al. 2013a; Zhu 2011).
These intrusions have mostly undergone Na alteration, and sev-
eral Fe ore bodies are distributed along the contacts between the
host strata and ~ 1060 Ma intrusions (He 1980).

The Fe-Cu ores are generally massive, banded, and dissem-
inated (Fig. 2), with minor ore present as veins and
stockworks. The detailed paragenetic sequence of the deposit
has been presented previously (Zhu 2011; Chen and Zhou
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Fig. 2 Macro- and micro-textures
of various ores from the Lala
deposit. a Early Stage I pyrite-rich
stratiform bands crosscut or
overprint by Mt-rich veins. b
Stage I pyrite in early bands
replaced by late Stage 11T
magnetite, and Stage IV pyrite
and chalcopyrite. ¢ Early Stage I11
magnetite ores replaced by Stage
IV sulfides. d Late unfoliated
Stage V pyrite-chalcopyrite veins
crosscutting early Fe-Cu ores and
host rocks. Mineral abbreviations
(after Whitney and Evans 2010):
Ccp chalcopyrite; Py pyrite; Mag
magnetite

2012; Song 2014), and five stages of alteration and minerali-
zation have been recognized: (I) strata-bound pyrite bands or
lenses (Fig. 2a, b) composed dominantly of pyrite with vari-
able amounts of pyrrhotite, quartz, and calcite; (II) pre-ore
albite alteration stage in which albite and/or scapolite perva-
sively overprint the host rocks; (III) an Fe stage dominated by
magnetite, albite, and apatite; (IV) the main Cu stage compris-
ing mainly pyrite, pyrrhotite, chalcopyrite, calcite, and micas
intergrown with variable amounts of molybdenite, REE min-
erals, quartz, and apatite; and (V) unfoliated veins of chalco-
pyrite £ pyrite (Fig. 2d). Stages I to IV are foliated and
metamorphosed.

Paragenetic sequence of sulfides

Mineralogical observations of sulfides from the Lala de-
posit were conducted with a JEOL JXA8100 electron mi-
croprobe at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences, Guangzhou, China. The
BSE images are used to characterize the morphology and
internal textures of different generations of pyrite and chal-
copyrite and their textural relationships with other hydro-
thermal minerals. Two major generations of pyrite and/or
chalcopyrite are identified and examined throughout the
Lala deposit, including Stage I “stratiform” pyrite bands
and Stage IV pyrite-chalcopyrite.
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Stage | pyrite

Irregular aggregates of densely clustered, medium- to coarse-
grained, anhedral to subhedral pyrite grains (with minor pyr-
rhotite) are concentrated as “stratiform” bands or discrete el-
lipsoids in the host rocks (Fig. 2a) and were considered to be
syngenetic in origin as these sulfides do not show clear re-
placement textures with host rock minerals (Chen and Xia
2001). There are also a few isolated, subhedral to euhedral
pyrite crystals distributed along bedding planes (Fig. 3b). In
some samples, these pyrite grains are variably recrystallized or
folded and locally contain pores or inclusions of fine-grained
minerals that form the host rocks (Fig. 3a).

Stage IV pyrite and chalcopyrite

Both pyrite and chalcopyrite are the dominant sulfides in
Stage IV Cu mineralization. In the places where Stage I
“stratiform” pyrite bands are overprinted by Stage IV Cu
mineralization, the pyrite grains generally exhibit complex
core-rim textures (Fig. 3a, c—f). For example, under the
high-resolution BSE images, it is shown that early, rela-
tively dark Stage I pyrite cores are overgrown by bright,
Stage IV pyrite rims (Fig. 3c, e, f). These rims commonly
exhibit oscillatory zoning (Fig. 3¢, e) and commonly con-
tain abundant anhedral mineral inclusions of chalcopyrite,
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Fig. 3 Photomicrographs of
different generations of sulfides
from the Lala deposit. a Early,
Stage I pyrite grains replaced by
euhedral magnetite and late, Stage
IV pyrite. Stage I pyrite core
contains abundant inclusions of
silicate minerals. b Pyrite-bearing
schist composed dominantly of
quartz, albite, and muscovite with
disseminated pyrite. ¢ Early,
Stage I pyrite core replaced by
Stage IV pyrite and chalcopyrite.
d Stage I pyrite grains replaced by
Stage III magnetite and apatite,
and Stage IV chalcopyrite and
pyrite. e Stage I pyrite core
overgrown by Stage IV pyrite
rims where chalcopyrite
inclusions are present. f Irregular
Stage I pyrite replaced by closely
associated pyrite and chalcopyrite
of Stage IV. Note that the pyrite
rims in ¢ and e have oscillatory
chemical zoning. Mineral
abbreviations: Ccp chalcopyrite;
Py pyrite; Ap apatite; Mag
magnetite; Qz quartz; Ab albite;
Cal calcite; Ms muscovite
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carbonate, mica, apatite, bastnaesite, and monazite of
Stage IV Cu mineralization (Fig. 3c, e, f).

Previous geochronological studies

Fe-Cu mineralization in the Lala deposit was previously
considered to be Neoproterozoic, because of biotite Ar-Ar
ages of ~850 Ma (Greentree 2007) and a Pb-Pb isochron
age of 887 Ma for sulfide separates (Sun et al. 2006). This
deposit was also inferred to have formed at ~1700 Ma
(zircon U-Pb ages; Zhou et al. 2011; Wang et al. 2012;
Chen et al. 2013a) assuming that it was syngenetic (Chen
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and Xia 2001). Such an assumption, however, was
contradicted by Li et al. (2003b) who reported four mo-
lybdenite Re-Os model ages ranging from 928 +1 to
1005 + 1 Ma, but they did not provide detailed description
of the samples. Our Re-Os dating of molybdenite from
Stage IV Fe-Cu mineralization has yielded a more reli-
able, weighted average age of 1086+8 Ma (Chen and
Zhou 2012), older than previously thought based on the
Ar-Ar and Pb-Pb ages. Zhu and Sun (2013), Zhu et al.
(2018) have also reported Re-Os ages of ~1.3 Ga for
chalcopyrite and molybdenite, but these ages do not cor-
relate with tectonothermal events identified in the region
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(Zhou et al. 2014). Chen and Zhou (2014) obtained a LA-
MC-ICPMS U-Th-Pb age of 1067 +41 Ma for primary
allanite associated with sulfides, further supporting the
molybdenite Re-Os age of 1086 Ma obtained by Chen
and Zhou (2012).

Zhou et al. (2014) obtained Ar-Ar ages of biotite in the
veins (~820 Ma), similar to that obtained by Greentree
(2007). This age is undistinguishable from the LA-ICP-
MS U-Pb ages of the secondary allanite and Re-Os age of
molybdenite in the late, unfoliated veins (~850 Ma)
(Chen and Zhou 2014; Zhu et al. 2018), representing the
timing of post-deformation or remobilization events relat-
ed to regional subduction during Neoproterozoic (Zhou et
al. 2014).

Geochronology of sulfides
Analytical method

In situ lead isotopic analyses of pyrite and chalcopyrite
were conducted on 50-100-pum-thick polished sections,
using a Nu Plasma™ multi-collector ICP-MS with a fem-
tosecond laser ablation system (NWR UPFemto, ESI,
USA) (fs-LA-MC-ICPMS) at the State Key Laboratory
of Continental Dynamics, Northwest University, Xi’an,
China. Detailed description of the measuring procedures
is available in Chen et al. (2013b) and Yuan et al. (2015).
Argon and helium were used as the carrier gases for laser
ablation. The aerosol from the ablation cell was mixed
with T1 (argon with Tl) in a glass aerosol homogenizer
and then introduced into the ICP. During the instrumental
analysis, the intensities of the ion beams of 202Hg, 2037,
204Pb+Hg, 2OSTI, 206Pb, 207Pb, and 2°®Pb were simulta-
neously monitored with the Faraday collectors L4, L3, L2,
L1, Ax, H1, and H2, respectively. High-temperature-
activated carbon was used to filter Hg contained in the
carrier gases, which significantly reduced the Hg back-
ground signal by 48% and lowered the detection limit of
the analyses (Yuan et al. 2015). The concentrations of Pb
and Hg in the gas blank were lower than 10 and 20 pg/l,
respectively, and thus their contributions for the analyses
were negligible (Chen et al. 2013b). Thallium was used to
correct for instrumental mass discrimination, and 202Hg
was used to correct for the isobaric interference of ***Hg
on 2°*Pb. The calculated interference of ***Hg on ***Pb was
achieved using the natural abundance ratio ***Hg/***Hg =
0.229883 (***Hg=0.29863 and ***Hg=0.06865) adjusted
for instrumental mass fractionation as monitored by the
0TI T ratio.
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The MC-ICP-MS data was acquired by the time-
resolved analysis (TRA) mode with an integration time
of 0.2 s, and laser ablation was performed in the line scan
ablation mode at a speed of 5 pm/s with the laser beam
focused on the sample surface. Each line scan analysis
consisted of background collection for 40 s followed by
an additional 50 s of ablation for signal collection and
40 s of wash time to reduce memory effects and to allow
the instrument to stabilize after each analysis. All of the
recorded Pb and Hg signals were corrected for back-
ground by subtracting the background signals (gas blank
and dark noisy signals which are related to detector noise
for Faraday systems: e.g., Johnson noise) from the corre-
sponding gross signals (signals obtained after firing the
laser), whereas the TI signals were corrected for back-
ground by subtracting the average dark noisy signals (sta-
bility <25 ppm at 10 min). To ensure the stability of
208p} signal obtained from different samples with dispa-
rate Pb concentrations, samples were ablated with laser
line scans approximately 120 pm in length and 30—
65 pum in width with adjustable laser frequency. NIST
SRM 610 was used as a quality control sample (Yuan et
al. 2013) and was analyzed once for every five sample
points. The obtained values of Pb isotopic compositions
of NIST SRM 610 in this study are the following:
295pb/2%*Pb = 36.960 +0.003; **"Pb/***Pb = 15.507 +0.001
to 15.52140.002; **Pb/***Pb = 17.043 £0.001 to 17.062 +
0.002 (20) (n=107; Supplementary Table A1), similar to the
reference values: 2°®Pb/?%Pb=36.964+0.022;
>Y7Pb/***Pb = 15.504 +0.001; **°Pb/***Pb = 17.045 +0.008
(20) (Jochum and Stall 2008). In situ Pb isotopic compositions
of different generations of sulfides appear in Supplementary
Table 1.

Analytical results

Both stages of pyrite and chalcopyrite have a wide range of Pb
isotopic ratios (Supplementary Table 1; Figs. 4 and 5). The
early, Stage I pyrite grains have a radiogenic Pb isotopic sig-
nature with *%°Pb/***Pb, **’Pb/***Pb, and ***Pb/***Pb ratios
ranging from 16.220 to 23.607, 15.398 to 16.134, and 35.765
to 39.700, respectively (Supplementary Table 1; Fig. 4). In
plots of 2°Pb/2**Pb versus 2*’Pb/***Pb and 2°°Pb/***Pb ver-
sus 2*Pb/**Pb, these analyses define linear trends (Figs. 5a
and 6a). The 206pp,204pp,_207p, 204pt, correlation, calculated
using Isoplot software package (Ludwig 2003), yielded an
errorchron age of 1669+ 110 Ma (Model 2; MSWD = 32)
(Fig. 5a).

Pyrite and chalcopyrite of Stage IV have similar Pb iso-
topic ratios that are much more radiogenic than those of the
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early, Stage I pyrite (Supplementary Table 1; Figs. 5b and
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(b) sulfides from the Lala deposit. Analyses of all stages define linear
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of rocks from the 1.7 Ga Hekou Group (Huang et al. 2015), Archean
Kongling Complex (Zhang 2008), and ~1.05 Ga Julin Group (Deng
2000)

and **Pb/***Pb ratios from 15.919 to 95.401, 15.371 to
21.293, and 35.713 to 66.609, respectively. In the
206pp294pp versus 2°7Pb/2**Pb plot (Fig. 5b), all the anal-
yses define a linear trend. Excluding LL145-23 (Fig. 5b),
the remaining analyses in the regression line yield an
errorchron age of 1053 +75 Ma (Model 2; MSWD =
108). If plotted separately, the regressions defined by the
chalcopyrite and pyrite yield undistinguishable errorchron
ages of 1053 +£220 Ma (Model=2; MSWD =93) and
1088 + 88 Ma (Model 2; MSWD = 15), respectively (Fig.
5b). In the 2°°Pb/2**Pb versus 2°*Pb/2**Pb plot, the sulfides
do not yield a linear trend (Fig. 6b).
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Discussion
Reliability of the in situ Pb-Pb errorchron ages

The in situ Pb isotopic ratios of the sulfides are broadly com-
parable to those previously obtained by dissolution-based
measurements for sulfide separates (Fig. 4) (Sun et al. 2006;
Huang et al. 2015), suggesting that our in situ Pb isotopic data
are reliable. The calculated ages for the two stages of sulfides
have high MSWD values (15-108), indicating that the scatter
is beyond the assigned analytical uncertainty for the data
points. As indicated by Brooks et al. (1972), regression lines
with high MSWD values (> 2.5) are called “errorchrons,” and
their interpretation/geological significances should be treated
with caution, unless the geological contexts are well
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understood. In general, the excess scatter and resultant
“errorchron” ages can be produced by (1) mixing of different
isotopic sources, (2) variation in the initial ratios and/or initial
age of the samples, and/or (3) post-ore open system behavior
(Dickin 2005).

The highly radiogenic Pb isotopic ratios and linear
trends (Figs. 5 and 6) cannot be explained by mixing of
fluids sourced from isotopically different Pb reservoirs, as
such reservoirs with highly radiogenic Pb (**°Pb/***Pb to
95.401 and *°’Pb/**Pb to 21.293; Supplementary Table
1) are not known in the region (Fig. 5). Variation of initial
age of the samples is also not evident, as the micro- and
macro-textural relationships clearly show that each stage
of sulfides has formed at the same paragenetic position
(Figs. 2 and 3) (Chen and Zhou 2012; Zhu and Sun
2013). Contamination of different generations of sulfides
during laser ablation is also unlikely as it was carefully
monitored by time-resolved analytical signals during anal-
yses. On the other hand, small variations of initial ratios
are likely because several plots do deviate from the re-
gression lines (Fig. 5). In order to quantitatively estimate
variation of initial ratios, we calculated initial >°’Pb/*°*Pb
ratios by projecting analyses along the errorchron corre-
sponding to the crystallization age (i.e., ~1050 Ma), on
the basis of an assumed initial value of *°*Pb/?**Pb
(Darling et al. 2012). We used the lowest measured ratio
of 15.919 as the assumed initial *°°Pb/>**Pb value (Fig.
5b) and calculated the initial **’Pb/***Pb; values for the
sulfides of the Fe-Cu mineralization to range from 15.087
to 15.959 (Fig. 7), consistent with a variation of the initial
ratios. However, it is important to note that the calculated
values show a significant peak at ~15.470 (Fig. 7),
supporting that most of the analyzed sulfides precipitated
from fluids with a common initial ratio.

Post-ore open system behavior is likely for the sulfides
of both stages, because some of the sulfides were variably
recrystallized during late metamorphism or deformation
(Chen and Zhou 2012). Greenschist or higher-grade meta-
morphism are able to “clean” inclusions and trace element
budgets in the primary pyrite, and the resultant pyrite
would be relatively “pure” in terms of trace element con-
tents (Craig and Vokes 1993). Thus, the primary ratios can
be variably modified, possibly resulting in the scattering
and high MSWD values of our samples (Fig. 5). However,
the Pb-Pb errorchron ages of both stages agree within un-
certainty with the zircon LA-ICPMS U-Pb ages of the
felsic volcanic layers in the Hekou Group (1670—
1700 Ma; Chen et al. 2013a; Zhu et al. 2016) and molyb-
denite Re-Os and allanite U-Pb ages of the Lala deposit
(1086 £8 Ma; Chen and Zhou 2012, 2014), respectively,
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implying that the primary Pb-Pb isotopic systems of the
two stages of sulfides were largely retained during post-
ore tectonothermal or metamorphic overprints at ~ 850 Ma.
Therefore, it is concluded that the calculated errorchron
ages are geologically meaningful and can be interpreted
to represent the timing of early “stratiform” pyrite and
sulfides of late Fe-Cu mineralization.

General implications

This study shows that in situ Pb isotopic analyses of sul-
fides can be useful for unraveling the timing of multiple-
stage mineralization in hydrothermal ore deposits. The in
situ fs-LA-MC-ICPMS technique with high spatial reso-
lution has the advantage of analyzing hydrothermal sul-
fides with complex internal textures indicative of multiple
hydrothermal/mineralization events. Despite the relatively
large errors compared to the molybdenite Re-Os dating or
U-Th-Pb dating of U-Th-bearing minerals such as mona-
zite and allanite, the in situ sulfide Pb-Pb errorchron
method did provide meaningful constraints on the timing
of hydrothermal deposits that may have involved multiple
mineralization/alteration events.

This study also demonstrates that detailed paragenetic
discrimination of different generations of sulfides and un-
derstanding of the potential Pb sources, such as highly
radiogenic Pb source, are important for the correct inter-
pretation of the Pb-Pb errorchron ages with high MSWD
values. Open system behavior related to deformation or
metamorphism may affect the accuracy of the Pb-Pb
errorchron ages, but such effects can be reduced, to some
extent, by selectively sampling sulfides that are slightly

metamorphosed. On the other hand, the effect of potential
variation in initial ratios can also be significantly reduced
by selecting sulfide targets at a small scale (such as thin-
section scale). Our results do show that even at the spec-
imen scale, the sulfides of each stage have highly variable
Pb isotopic ratios (e.g., Stage I pyrite of sample LL-132
and Stage IV pyrite of sample LL-53), which are able to
produce regression lines defining errorchron ages with
smaller MSWDs (Fig. 8).

This study also confirms that radiogenic Pb-rich sulfide
minerals are good candidates for in situ Pb-Pb dating. In
general, both Th and U are generally incompatible in sul-
fide structures relative to Pb, and thus, their contents are
commonly low (down to <1 ppm; Darling et al. 2012). In
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LL-132) (a) and Stage IV pyrite (sample LL-53) (b). Note that even at a
thin-section scale, the pyrite grains have variable Pb isotopic ratios that
form regression lines defining meaningful errorchron ages
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such cases, the radiogenic Pb decayed from Th or U should
be too low to be analyzed with sufficient precision for an
accurate Pb-Pb isochron age, particularly for Phanerozoic
deposits. In contrast, the sulfides in the Lala deposit are
assumed to be enriched in U or Th as the Fe-Cu ores con-
tain abundant U-REE-bearing minerals such as monazite,
uraninite, parisite, and bastnasite indicative of REE-U-rich
fluids (Li et al. 2002; Chen and Zhou 2012). This assump-
tion is well supported by the unusually high REE contents
of the sulfide separates, with total REEs up to 1800 ppm
(Zhou et al. 2008). Such high contents of U and REE can
be likely related to the fact that the sulfides contain co-
precipitated, invisible nanometer-sized particles of U-Th-
REE-rich minerals such as monazite or uranitites.
However, it is important to note that the presence of U-
Th-REE-rich inclusions in the sulfides does not essentially
affect the reliability of the errorchron ages, as both the
inclusions and hosts are generally precipitated from a com-
mon fluid, thus with common initial Pb isotopic ratios. We
propose that sulfides from Precambrian hydrothermal de-
posits, with high U or Th, can be successfully dated by this
method.

Conclusions

This study shows that the fs-LA-MC-ICPMS technique is
powerful for analyzing Pb isotopic ratios of different
stages of sulfide minerals in a single deposit. We also
demonstrate that the in situ analyses can yield geological-
ly meaningful Pb-Pb errorchron ages for radiogenic Pb-
rich sulfide minerals in the Lala deposit. The Pb isotopic
analyses form linear trends defining geologically mean-
ingful errorchron ages of ~1670 Ma for the early
syngenetic pyrite and ~ 1050 Ma for the sulfides in the
major Fe-Cu mineralization, respectively. The large errors
and MSWD values are likely produced by small variations
in the initial ratios, or post-ore open system behavior dur-
ing late metamorphism or deformation. However, such
effects can be avoided by selectively sampling less meta-
morphosed or deformed sulfides at a small scale. This
work signifies that combined textural observations and
in situ Pb-Pb isotopic analyses of sulfides are useful for
constraining timing of hydrothermal deposits, particularly
those of Precambrian ones, the formation of which may have
involved multiple alteration/mineralization or overprinting
events. Moreover, Precambrian deposits more likely contain
sulfides with high contents of radiogenic Pb due to long-term
decay of U or Th, and thus are potentially good candidates for
in situ Pb-Pb isochron dating.
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