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Abstract: This study analyzed Pb isotopic and elemental compositions in rocks from
the Muzi weathering profile and acid rock drainage from a black shale outcrop in
Hunan (China). Results showed that fresh black shales had major elemental
composition comparable to that of North American Shale. However, elemental
composition in profile rocks varied with depth suggested varying degrees of chemical
weathering supported by visual observation for fresh black shales, weathered black
shales, and black shale soils. Lead, U, Mn, Cu, and Mo were enriched in profile rocks,

while Pb, Cd, Co, Ni, Cu, Mo, Ba, and Sr were released during weathering. Fresh
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black shales had variable Pb isotopic compositions, while profile rocks had Pb isotope
ratios with minor variations. Mass balance calculation suggested that isotopes 2°°Pb,
207pb, and 2°8Pb were released during black shale weathering. Linear correlation (R% =
0.98) of 2%Pb/2Pb to 2%8Pb/?*Pb ratios of profile rock, fresh black shale, pyrite grain,
and acid rock drainage samples suggested that Pb isotope composition of profile rocks
was of two-endmember sources: unradiogenic Pb isotopes in pyrite grains, and more
radiogenic Pb isotopes in accessary minerals and organic matter. Lead isotopes of
profile rocks resulted from preferential release of unradiogenic Pb isotopes from
pyrite grains and more radiogenic Pb isotopes from accessary minerals and organic
matter during weathering. The study highlighted that Pb isotopes are a powerful tool
that can be used to discriminate environmental Pb of natural sources from those of
anthropogenic inputs at small spatial scale, and to identify Pb contamination in soils

and sediments in the weathering catchments.

Key words: Mobility of Pb isotopes; Unradiogenic Pb isotope; Radiogenic Pb isotope;

Preferential release; Black shale weathering.

1. Introduction

Lead isotopes have been widely utilized as a geochemical tracer to identify and
apportion the source of Pb in a variety of environmental media such as atmospheric
aerosols (e.g., Brid, 2011; Kousehlar and Widom, 2019; Lee et al., 2022), riverine and

lake sediment (e.g., Peng et al., 2022a, b; Wu et al., 2022; Guillevic et al., 2024; Mao
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et al., 2024), loess and soil (e.g., Sun and Zhu, 2010; Reimann et al., 2016; Shetaya et
al., 2019; Pacin et al., 2025; Richardson et al., 2026), and water systems (e.g.,
Ahlgren et al., 2021; Kamenov and Scott, 2026). Lead in the environment has resulted
from the mixing of naturally sourced and anthropogenic contributed Pb (Walraven et
al., 2013; Pacin et al., 2025), and thus discriminating these sources is important for
apportioning Pb contributions (Sangster et al., 2000; Cheema et al., 2020; Peng et al.,
2022a, b). As Pb pollution in the environment results from the dispersion from
anthropogenic activities including ore mining and smelting, coal combustion, waste
incineration, agriucltural fertilization and traffic emission (Kousehlar and Widom,
2019; Jeong et al., 2022; Guillevic et al., 2024; Rosca et al., 2024), Pb isotope
signatures of these anthropogenic sources have been documented by numerous studies,
as detailed in several review papers (Sangster et al., 2000; Komarek et al., 2008;
Cheng and Hu, 2010; Brid, 2011; Cheema et al., 2020; Geng et al, 2024). Pb isotopic
ratios vary widely in both lithogenic and anthropogenic samples and often overlap
(Sangster et al., 2000; Komarek et al., 2008). However, successful application of Pb
isotopes to geochemical source apportionment requires quantitative characterization
of potential sources and for there to be sufficient differentiation between isotopic
signatures of anthropogenically and geogenically-derived Pb (Rosca et al., 2024).
Changes in Pb concentrations in environment media may originate from natural rock
weathering (Komarek et al., 2008) with weathering playing a significant role in
changes in environmental Pb isotopic composition (Cheema et al., 2020). As such,

understanding the mobility and changes in Pb isotopes during rock weathering is
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important for quantitative source characterization (Brid, 2011; Cheema et al., 2020;
Rosca et al., 2024).

Pb isotopes have been used to elucidate mineral alterations during weathering of
granite (e.g., Erel et al., 2004; Harlavan et al., 2009; Millot and Négrel, 2013; Siifke et
al., 2019; Dausmann et al., 2019). Pb isotope studies of black shale weathering have
assessed the distribution of Pb isotopes in soils derived from black shales (Kong et al.,
2018; Wen et al., 2020), and the application of Pb isotopes to discriminate Pb and
other relative metals of natural sources from those of anthropogenic imputs in
different black shale weathering profiles (Peng et al., 2014; Johnson and Graney, 2015;
Wei et al., 2021). However, fewer studies have assessed the mobility of Pb isotopes
during rock weathering (Komarek et al., 2008; Brid, 2011; Rosca et al., 2024). Black
shales around the world are recognized to be enriched in Pb and other trace metals
such as Cd, Co, Ni, V, U, and Mo (e.g., Peng et al., 2004; Rimstidt et al., 2017; Vind
et al., 2023). Trace metals in black shales are hosted mainly in sulfide minerals (e.g.,
pyrite), organic matters, and accessory minerals (e.g., apatite, zircon) (Derkowski and
Marynowski, 2018; Charbonnier et al., 2022; Wang et al., 2023; Wu et al., 2024a),
which have distinct Pb isotope composition due to differences in processes controlling
mineral formation. Generally, sulfide minerals (e.g., pyrite) in black shales are
characterized by unradiogenic Pb isotopes (Peng et al., 2014; Armstrong et al., 2019;
Noireaux et al., 2021), while other mineral phases such as accessory minerals (e.g.,
apatite, zircon) and organic matter contain more radiogenic Pb isotopes (e.g., Jiang et

al., 2006; Johnson and Graney, 2015; Wang et al., 2023). The former results from the
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exclusion of radiogenic U and Th from the mineral crystal lattice during
mineralization, while the later occurs due to daughter decay products of 2**U, 23U and
22Th in these minerals (Cheng and Hu, 2010; Peng et al., 2022a, b; Rosca et al.,
2024). Thus, black shales have variable Pb isotope compositions (e.g., Jiang et al.,
2006; Johnson and Graney, 2015; Wang et al., 2023), which present an opportunity to
study the mobility of Pb isotopes during rock weathering. Therefore, the present study
addresses this knowledge gap by investigating samples collected from a black shale
outcrop in central Hunan Province, China, with the aims of: (1) characterising the
distribution of Pb isotopes within the black shale weathering system; (2) assessing the
mobility of Pb isotopes during black shale weathering; and (3) evaluating the potential
of Pb isotopes as environmental tracers.

2. Materials and methods

2.1 Field site description and sampling

This study was performed on a black shale outcrop at the Dongping town in
Anhua county of Hunan province, China (Fig. 1a). Black shales in the area (Fig. 1b)
are enriched in organic matter (content up to 11%) and sulfide minerals (e.g., pyrite,
content up to 8%) (Peng et al., 2004; Wu et al., 2024b). Excavation activities have led
to black shale exposure to atmospheric oxygen, accelerating oxidative weathering
thereby producing typical weathering profiles and acid rock drainage in the outcrop

for this study.



113
114

115

116

117

118

119

120

121

122

123

124

125

126

127

88| Depth(em) Muzi Weathering Profile
o ML [ ps
)

M20
M27
M28 FBS
e (>100cm

“LE [ 20250

-5 7 Lo
DVWEPHE 2Ty . DW 12(H=3.6
DWI10(pH=2.81) j

DW7(pH=2.97)
DW11(pH=2.96)

Fig. 1 Location of the black shale outcrop (a), a map showing general geology of the
Dongping outcrop, and locations of the Muzi profile and acid rock drainage (ARD) pits (b), a
sketch showing weathering horizons and sampling locations along the Muzi profile (¢), and a

photo showing an ARD pit and surrounding sampling locations (d)

The profile selected for sampling was a 5-year-old road cutting at the Muzi
village (Fig. 1a). It comprises a vertical sequence showing well developed weathering
horizons from top to bottom (Fig. 1c): a drab soil horizon (DS), a completely
weathered (light-yellowish) horizon (CW), an extensively weathered (yellowish-red)
horizon (EW), a moderately (grey white fragment) weathered horizon (MW), an
initially weathered (browish grey) shale horizon (IW), and a fresh black shale.
Macroscopic features of samples are summarized in supplementary STable 1.

Acid rock drainage (ARD) was collected from five pits in the outcrop in May

2024, representing solutions from black shale weathering (Balci and Gunes, 2024; Wu
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et al., 2024b). Rocks including fresh black shales (FBS) and weathered black shales
(WBS), and soils derived from black shales (BSS) around ARD pits were also
sampled (Fig. 1d). Details of sampling were summarized in STable 1.
2.2 Geochemical analyses
2.2.1 Analyses of rock and soil samples

Rock and soil samples were dried (40 “C), ground and then sieved using a nylon
sieve to < 75 um. The resulting powder was baked at 105 ‘C to remove adsorbed
water prior to analysis. Major elements were measured using X-ray fluorescence
(XRF; Rigaku ZSX100e) by fusing 0.5 g of powder and 4.0 g of Li,B4O7 at 1200 C
into a glass disc. Pb and other trace metals were measured using a Perkin—Elmer Elan
6000 ICP-MS instrument with detection limits of approximately 100 pg kg™ in solid
samples. Details of sample chemical treatment, standard materials, and analysis
precision can be found in Peng et al. (2024a).

For Pb isotopic analyses, 100 mg of sample (< 75 pum) was solubilized in 1 mL
of 8N HBr (overnight), dried, and then dissolved using sub-boiling distilled HF (1 mL)
and 14N HNOs3 (0.5 mL) (two days, then dried). The residue was dissolved with 1:1
MilliQ water : concentrated HNOs. Pb was extracted using a microexchange column
of DOWEX-I anion resin (200400 mesh) in HBr solution. Procedural blanks were
lower than 100 mg L' for Pb. Pb isotopic ratios (*°°Pb/?**Pb, 20’Pb/?%*Pb, 2%8Pb/?**Pb,
208pb/2%Ph and 2°7Pb/?*Pb) were determined using a VG354 mass spectrometer at the
State Key Laboratory of Isotope Geochemistry at Guangzhou Institute of

Geochemistry, Chinese Academy of Sciences. Pb isotopic standard NIST-981 was

7



150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

measured every five samples to determine and update the ratio correction factor. Each
sample was measured in 10 replicates with Pb isotopic ratio RSD being < 0.5%. The
average Pb isotopic composition values of the standard NIST-981 were 2°°Pb/?*Pb =
16.934 + 0.007, 27Pb/2%Pb = 15.486 + 0.012, and 2®Pb/**Pb = 36.673 + 0.033 (n =
20). These values are in good agreement with the recalibrated values from a
double-spike determination: 16.9322, 15.4855, and 36.6856, respectively (Todt et al.,
1993). The precision (20) for isotope determination was 0.08%.
2.2.2 Analyses of ARD waters

For analyses of ARD samples, 2 mL of ARD was diluted using 2% ultrapure
HNO3;. Then, Pb isotopic ratios, and concentrations of Pb and other metals were
measured also using a VG354 mass spectrometer at the State Key Laboratory of
Isotope Geochemistry at Guangzhou Institute of Geochemistry, Chinese Academy of
Sciences. Anions (SO4*", CI, F~, and NO; ) were also determined using ion
chromatography using a Dionex model 20101 as per (Wu et al., 2024b).
2.3 1M HCI extraction

To obtain labile Pb that may include Pb in exchangeable carbonate-, organic-,
and oxide-bound fractions, and in acid volatile sulfides (e.g., pyrite) and accessory
minerals (e.g., zircon), 0.2 g of selected samples were extracted with 1M HCI (2 mL)
for 24h (Philippe et al., 2008). Leachate and residual samples were numbered by
adding a suffix S and R on the original sample number, respectively. Residual samples
were dissolved as the bulk sample, while leachate samples were dried and MilliQ

water washed and then dried again, reconstituted in 1:1 MilliQ water : concentrated
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HNOs. Pb isotopic ratios, and concentrations of Pb and other metals in extractants
(leachates and residues) were determined using a Perkin Elmer Optima 5300 ICP-MS
at the Future Industries Institute, Adelaide University of Australia.
2.4 Data treatments
2.4.1 Degree of black shale weathering

The degree of rock chemical weathering was estimated using major element
compositions of weathered rocks, for which the CIA (chemical index of alteration)
(Nesbitt and Young, 1982) has been widely used. The present study also employed
this index to rate the black shale weathering, and it was calculated using the Eq.(1)

below.

CIA = 100 x Al,O3 / (Al,O3 + CaO" + Na,0 + K»0) (1)

where all variables represent the molar ratios of elements; and CaO" represents CaO
in silicate minerals, which is normalized after Roddaz et al. (2006).
2.4.2 Enrichment of Pb and other metals in profile rocks

The enrichment degree of Pb and other trace metals in profile rocks was assessed

by calculating enrichment factor (EF) (Peng et al., 2014) using Eq. (2),

EF = (C/M)sample / (C/M)NASC (2)

where (C/M)sample 18 the ratio of concentration of metal of interest (C) and a reference

element (M) in the sample, and (C/M)nasc is that in the NASC (North American
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Shale Composition, Gromet et al., 1984). Here, Ti was selected as the reference
element as it is less mobile and relatively homogeneously distributed in profile rocks
(Peng et al., 2014).
2.4.3 Quantifying mobility of Pb and other metals during weathering

The mobility of Pb, other metals, and Pb isotopes during weathering was
estimated using a mass balance calculation. The concentrations of metals of interest
and a reference element in both weathered samples (Cjw, Ciw) and parent rock (Cjp,
Cip ) were compared, and the relative proportion (tij value) of metal loss was

calculated using Eq. (3) (Chadwick et al., 1990) below.

Tij = [(Ciw / Cjp ) X (Cip/ Ciw)] - 1 (3)

where t;; represents the mass transfer coefffcient that can inform the loss (ti; < 0),
re-enrichment (1ij > 0), and immobile (t;j = 0) of the calculated metals. Here, the FBS
samples represented reference parent rock, and Ti was selected as the reference
element 1 for calculation (Peng et al., 2014).

Concentrations of 2°Pb, 2/Pb, and 2%®Pb were calculated using isotope ratios
based to the primordial stable **Pb in constant proportion of 1.4% (Sangster et al.,
2000; Komarek et al., 2008).

3. Results and discussions
Results from this study focused on the mobility of Pb isotopes during black shale

weathering. Data for major elements, Pb and other elemental concentrations, and Pb

10
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isotopic ratios in profile rock and ARD samples from the outcrop are presented in
supplementary STable 2. Data from the UCC (upper continental crust, Gao et al.,
1999), NASC (North Americam Shale composition, Gromet et al., 1984), and HBS
(Hunan black shales, Peng et al., 2014) were included for comparison.
3.1 Distribution of major elements and chemical weathering

Fresh black shale samples from the outcrop had major element compositions
(STable 2) comparable to that of HBS (Peng et al., 2014), but had distinctly lower
concentrations of AlbO3 and K>O compared to NASC (Gromet et al., 1984). For the
Muzi profile, concentrations of Al>Os, Fe;Os3, and K>O increased slightly from the
bottom FBS (M28~M20) to WBS (M18~M4), and to the top BSS. For example,
averaged concentrations of Al,O3 increased from 9.59% in FBS, to 11.39% in WBS,
and to 11.0% in BSS samples. In contrast, MnO, MgO, CaO, Na,O, P,Os, and LOI
(loss on ignition) varied oppositely in rocks along the profile (STabl 2). CIA values
ranged from 67 to 74 (mean = 71) in FBS, 75 to 83 (mean = 80) in WBS, and 85 to 87
(mean = 86) in BSS samples (STable 2), increasing significantly in rocks upward the
profile. The vertical increase in CIA values corresponds to vertical concentration
decreases of mobile elements (MgO, CaO, NaxO, and LOI) in the rock upward profile
(STable 2), matching weathering degree changes identified by rock macroscopic
features (e.g., color, texture, Fig. 1b).
3.2 Mobility of Pb and other trace metals

Profile rocks had distinctly higher concentrations of trace metals (Pb, U, Mn, Cu,

Mo), but lower concentrations of Th, Zn, V, Cr, Co, Ni, Cd, Ba, Sr, Zr, Hf, Nb, and Ta
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(STable 2) compared to NASC (Gromet et al., 1984). Vertical variations of trace metal
concentrations were not observed in rocks along the profile, except metals V, Co, Ni,
Ba and Sr, which had concentrations decreasing from the FBS to the WBS, and to the
BSS samples (STable 2). The EF values relative to NASC (Gromet et al., 1984)
showed that Pb, U, Mn, Cu, and Mo were enriched (EF > 1.5) while Th, Zn, Cd, V, Cr,
Ba, Sr, Zr, Hf, Nb, and Ta were not enriched or deficient in profile rocks (EF < 1.5)

(Fig. 2a-d).
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Fig. 2 Vertical variations of EF values of Pb and other trace metals in rocks along MZ profile

at the Dongping outcrop in central Hunan province of China

Moreover, the enrichment (EF values) of Pb, U, Th, Mn, V, Co, Ni, Ba, and Sr
decreased significantly from the FBS, to WBS, and to the BSS samples (Fig. 2a-d).
This may result from either chemical weathering that leads to mass loss of trace
metals (e.g., Peng et al., 2004, 2014; Perkins and Mason, 2015; Armstrong et al., 2019;
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Wu et al., 2024a), or the heterogeneous distribution of trace metals in parent black
shales (e.g., Yu et al., 2012; Wang et al., 2016; Vind et al., 2023), or from both. In
contrast, EF values for Zn, Cd, Cr, Cu, Zr, Hf, Nb, and Ta showed negligible vertical
variations (Fig. 2a-c).

Mass balance calculations (Eq. 3) showed that Pb, Cd, Co, Ni, Cu, Mo, Ba, and
Sr had t;; values mostly < 0 (Fig. 3a, b), with means of —18.8, =52.0, —67.0, —58.0,
-57.5, -36.4, -23.7, and —88.8 (%), respectively, suggesting these metals were
released from black shales. As these trace metals are generally hosted in black shale
sulfide minerals (e.g., pyrite) and/or carbonates (e.g., calcite), their release is
attributed to oxidation of sulfide minerals and carbonate dissolution during
weathering (e.g., Yu et al., 2012; Peng et al., 2014; Perkins and Mason, 2015; Wu et
al., 2024a; Richardson et al., 2026). Trace metals U, Zn, V, and Cr, had both positive
and negative ti;j values in profile rocks (Fig. 3c), suggesting these metal were either
released or secondary enriched in profile rocks during weathering. While, Th, Zr, Hf,
Nb and Ta had 7;j values mostly around 0 (Fig. 3d). This suggested that these metals
neither released nor secondary enriched in profile rocks, and they were less mobile
during black shale weathering (e.g., Wallrich et al., 2020; Santofimia et al., 2022; Qu
et al., 2025). Thus, Pb may behave similarly to Cd, Co, Ni, Cu, Mo, Ba and Sr, but

differently to U, Zn, V, Cr Th, Zr, Hf, Nb and Ta during black shale weathering.

13



274
275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

Tiriy Yri ® T Ty Tiri)
10 05 00 05 10 -1 0 1 2 3 4-10 -05 00 05 10 -10 —05 00 05 10-05 0.0 05
0 1 Il i I} L n 1 ! n 1 i Il n L 1 n 1 n 1 i I} L ! |
. 1 D Bsg™ s Y 1
" oy o ; sy et i i
4 (b) ‘1%,:9’0 (c) E,@% (d B : (e)
o i Y "
100 {24 . = ok P LS
Gé? (:G)ﬁEI_‘ g L//;ﬂ
150 J o B\/ :
- o TR
=200 ] o o
E o m @
g WBS L 4
£ 250 - s o .
A2 P &
300 > ?ﬂ
B »
' HE 3
18 g \
ELiIk ) 2 &
e Bk T——— R
400 #m20 OA ® e OOMD 8- Cu #‘a 71 1g
i --3-- Cd 1 ©-- Mo FBS 5 A HF T ["“Pb]
450 4 -0+ Co & Ba i O Nb i -0 [M7pb]
= A~ Ni < St ek Ta 1A [P

Fig. 3. Vertical variations in mass Change (i values) of Pb and other trace metals in rocks

along the Muzi profile at the Dongping outcrop in central Hunan province of China

3.3 Mobility of Pb isotopes during weathering

3.3.1 Distribution of Pb isotopes in profile rocks and ARD

WBS and BSS samples from the profile had Pb isotope ratios (Table 1) ranging from
19.0993 to 19.8902 (*°Pb/?**Pb, mean = 19.5344), 15.3946 to 16.0048 (*’Pb/**Pb,
mean = 15.6789) and 38.5245 to 39.7648 (**Pb/***Pb, mean = 39.0056), which
exhibited low variability (Cv < 0.011) and low vertical variations along the profile. In
contrast, the FBS samples had distinctly variable Pb isotope compositions, with
206pp/204pb, 207Pb/2%Ph, and *°Pb/*Pb ratios ranging from 18.3180 to 33.5710
(mean = 25.4963), 15.5920 to 16.5780 (16.0772), and 38.0637 to 39.2560 (38.7299),
respectively. Such variable Pb isotope composition of black shales has been attributed
to Pb hosted in different mineral phases such as sulfide minerals (e.g., pyrite),
accessory minerals (e.g., apatite, zircon), organic matter, and carbonates (e.g., calcite),

which have distinct Pb isotope compositions due to geological process (Jiang et al.,
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2006; Derkowski and Marynowski, 2018; Wang et al., 2023; Vind et al., 2023).
Compared to profile rock and FBS samples, the black-shale hosted pyrite grains
exhibited lower Pb isotope ratios, which ranged from 17.871 to 18.012 (***Pb/**Pb),
15.501 to 15.693 (*”Pb/2**Pb), and 37.571 to 38.342 (*°*Pb/2%Pb), with 2°8Pb/?*6Pb ~
2.1159 and 2°°Pb/*’Pb ~1.1506 (Table 1, STable 2). These values displayed
unradiogenic Pb isotopic compositions as those observed in ore deposits in South
China (Sangster et al., 2000; Zhu et al., 2001; Cheng and Hu, 2010). Plots of
206pb/2%4Ph vs. 297Pb/2%Pb and 2°°Pb/2*Pb vs. 2%*Pb/**Pb ratios showed that the FBS
samples were characterized by both less and more radiogenic Pb isotope compositions
with Pb isotope ratios significantly linearly correlated (R? > 0.40). In contrast, profile
rock samples were plotted in a field between those of FBS samples and pyrite grains

(Fig. 4a, b).
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Table 1 Statistical results of Pb isotope ratios in FBS, WBS, BSS, ARD water, and pyrite grin samples from Dongping black shale outcrop in central

Hunan province of China.

Ratio 206pp/204ph 207pp/2%4ph 208pp/204Ph 208p/206ph 206pp/207ph

FBS (n=16) Range 18.3180 ~ 33.5710 15.5920 ~ 16.5780 38.0637 ~ 39.2560 1.1660 ~2.0887 1.1673 ~2.0250
Mean 25.4963 16.0772 38.7299 1.5922 1.5797

ARD (n=11) Range 22.0567 ~ 37.4257 15.8873 ~16.8191 38.2704 ~ 38.8887 1.0359 ~ 1.7496 1.3883 ~2.2252
Mean 29.5495 16.3434 38.7234 1.3345 1.8048

WBS (n=15) Range 19.0993 ~ 19.8902 15.3946 ~ 16.0048 38.5245 ~ 39.7648 1.9666 ~2.0194 1.2208 ~1.2675
Mean 19.5344 15.6789 39.0056 1.9969 1.2460

BSS (n=5) Range 18.6839 ~ 19.5048 15.6026 ~ 15.9789 38.5688 ~39.1076 2.0049 ~ 2.0697 1.1911 ~ 1.2242
Mean 18.9675 15.8555 38.7865 2.0449 1.1963

Pyrite (n=12) Range 18.8710 ~ 18.0120 15.5010 ~ 15.6930 37.5710 ~ 38.3420 2.1022 ~2.1354 1.1409 ~ 1.1552
Mean 17.9524 15.6034 37.9864 2.1159 1.1506

FBS, ARD, WBS, and BSS represent fresh black shales, acid rock drainage waters, weathered black shales, and soils derived from black shales,

respectively; for details, see supplermentary STable 2
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Fig. 4. Plots of 2°Pb/**Pb vs. 2°’Pb/***Pb (a), 2°°Pb/***Pb vs. 2%Pb/?%Pb (b), and **°Pb/**'Pb vs.

208pp/206Ph () ratios of profile rock, FBS (this study, and Jiang et al., 2006), pyrite grain, and

ARD samples. Plots of 2°Pb/?°’Pb ratios vs. enrichment factor (EF) values of Pb (d) in profile

rocks from the Dongping outcrop in central Hunan province of China are also shown

ARD that were dominated by Fe*" and SO4* (Wu et al.,, 2024b) also had

distinctly variable Pb isotopic composition with ratios ranging from 22.0567 to

37.4257 (*°°Pb/?*Pb, mean

29.5495), 15.8873 to 16.8191 (**’Pb/***Pb, mean

16.3434) and 38.2704 to 38.8887 (*®*Pb/2*Pb, mean = 38.7234) (Table 1). Plots of

206pp/204ph vs. 207Pb/2%Pb and 2°°Pb/2%Pb vs. 2%8Pb/2*Pb ratios for ARD samples

were similar to FBS samples (Fig. 4a, b), with distinct 2%Pb/?*Pb and 2°°Pb/?"’Pb
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ratios (Table 1). This indicates that the Pb isotopes of ARD were resulted from black
shale weathering (Komarek et al., 2008; Bird, 2011).
3.3.2 Mobility of Pb isotopes during black shale weathering

Mass balance calculations for Pb isotope concentrations based on 2°Pb (Sangster
et al., 2000; Komarek et al., 2008) showed that [2°Pb], [2°’Pb], and [*°*Pb] had Ti;
values mostly < -10.0% (except sample M7), suggesting release of Pb isotopes during
weathering (Fig. 3e). Mass loss of total Pb isotopes ([?*°Pb] + [2°Pb] + [**®Pb]) was
equal to that determined by quantifying Pb concentration in bulk samples. For
example, the calculated mass loss of total Pb isotopes in sample M1-1 was 12.75
mg/kg compared to a measured concentration loss of 12.26 mg/kg (STable 2). The
release of 2°Pb, 2°’Pb, and 2**Pb (Fig. 3e) can be illustrated by positive correlation of
Pb EF values to 2°Pb/?*’Pb ratios (Fig. 4d) and by negative correlations of CIA values
to 20Pb/2%Pb, 2°7Pb/2*Pb, 2%%Pb/2*Pb, and 2°°Pb/**’Pb ratios of profile rocks (Fig.

Sa-d).
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Fig. 5 Plots of CIA values against *Pb/2*Pb (a), 2*’Pb/***Pb (b), **Pb/**Pb (c), and
206pb/207Ph (d) ratios of profile rocks, showing release of Pb isotopes due to weathering along
the Muzi profile at the Dongping outcrop in central Hunan province of China. FBS: black dot,

WRBS: black circle, and BSS: red circle

The plot of 2°Pb/2"Pb vs. 28Pb/?%Pb ratios (Fig. 4c) shows that Pb isotope
ratios of the profile rock, FBS, pyrite grain, and ARD samples, align along a
characteristic mixing line (R = 0.98), in which profile rock ratios also align along this
mixing line (R? = 0.79). In addition, isotopic ratios of profile rocks fell in a field
between pyrite grains and FBS samples (Fig. 4c) indicating that profile rocks may
have originally consist of two-endmember sources: the unradiogenic Pb isotopes in
pyrite grains, and the more radiogenic Pb isotopes in FBS. Pb isotopic ratios of profile
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369

rocks may thus result from the release of unradiogenic Pb isotopes in pyrite grains and
of the more radiogenic Pb isotopes in accessory minerals and organic matter where
the more radiogenic Pb isotopes can be produced by the decay of 2*°U, 238U and 2**Th
(Perkins and Mason, 2015; Rimstidt et al., 2017; Wang et al., 2023). Therefore, Pb
isotope mobility during black shale weathering is characterized by preferential release
of both unradiogenic and more radiogenic Pb isotopes (**°Pb, 2°’Pb, and 2%°Pb) (e.g.,
Perkins and Mason, 2015; Dausmann et al., 2019; Wang et al., 2023), as also
indicated by plots of 2°°Pb/?*Pb vs. 27Pb/>*Pb and *°°Pb/***Pb vs. 2°®Pb/?**Pb ratios
(Fig. 4a, b).

Moreover, the similar Pb isotope compositions of ARD and FBS samples (Fig.
4a-c) can provide direct evidence of release of both unradiogenic and more radiogenic
Pb isotopes from black shales, as ARD represent weathering solutions leached from
weathering systems (Cheema et al., 2020; Guillevic et al., 2024; Rosca et al., 2024;
Kamenov and Scott, 2026), collecting Pb isotopes released from alterations of
different mineral phases (Millot and Négrel, 2013; Dausmann et al., 2019). In addition,
IM HCI extraction of FBS samples illustrated that leachates (S) and residues (R) had
distinctly variable Pb isotope compositions, for which leachates had Pb isotope ratios
lower than that of residues and bulk FBS samples (except samples MR1 and M33)
(Fig. 6a, b; and STable 2) highlighting that there were mobile Pb isotopes (both the
unradiogenic and radiogenic) in FBS samples. In contrast, leachates (S) and residues
(R) from 1M HCI extracted profile rocks had Pb isotope compositions similar to each

other and to that of bulk profile rocks (Fig. 6a, b, and STable 2), suggesting that
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(Philippe et al., 2008; Peng et al., 2022a) due to their prior release during weathering.
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Fig. 6 Plots of 2°Pb/***Pb vs. 2’Pb/2%Pb (a) and *°Pb/***Pb vs. 2%*Pb/2*Pb (b) ratios of bulk

rocks, leachates (S) and residues (R) from 1M HCI extractions of profile rock and FBS

samples, illustrating leachates from FBS extractions having Pb isotope ratios lower than bulk

FBS, while extracts from profile rocks having similar Pb isotope ratios to bulk rock samples
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3.4 Implications on Pb isotopes used as an environmental tracer

Although non-traditational isotopes such as Mn, Zn, Cu, and Cr have been
widely used in tracing and apportionment of metal contaminant sources in the
environment (e.g., Ostrander et al., 2022; Scheiderich et al., 2023), Pb isotopes will
still be utilzed in the environmental source study because analysis of Pb isotopes is
less costly and labor-intensive (Cheng and Hu, 2010), and Pb isotopes are
immeasurably differentiated during surface processes such as rock weathering, soil
erosion, metal transportation, and precipitaion (Cheyne et al., 2018; Cheema et al.,
2020; Geng et al, 2024).

Natural archives are important for evaluating and discriminating natural and
anthropogenic sources of metallic contaminants in the environment (Komarek et al.,
2008). Distribution of Pb isotopes in the FBS, pyrite grain, profile rock, and ARD
samples (Table 1) from the Dongping outcrop identified that Pb isotopes represent a
powerful fingerprinting tool that can identify Pb in different geological materials.
Pyrite grains have Pb isotope ratios similar to that dispersed from metallic ore mines
(Sangster et al., 2000; Zhu et al., 2001), and unradiogenic Pb isotopes can represent
signatures of Pb isotopes contributed from anthropogenic inputs in the environment.
Therefore, discriminating environmental Pb from natural sources to those of
anthropogenic inputs is achievable at small spatial scale (Cheng and Hu, 2010; Bird,
2011).

Profile rocks from the outcrop had Pb isotopic ratios with minor variation,

ranging between those of FBS samples and pyrite grains (Table 1, Fig. 4a-c). Such a
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homogeneous distribution pattern of Pb isotopes in profile rocks (Fig. 4a-c) may
result from averaging the Pb isotopic compositions of black shales by chemical
weathering (Peng et al., 2022a). Profile rocks provide an important source of material
for the formation of local sediments and soils and, consequently, impart their Pb
isotopic signatures to these natural environmental matrices. Relatively homogeneous
Pb isotopic ratios have been reported in riverine sediments (Shetaya et al., 2019;
Siifke et al., 2019; Peng et al., 2022a), soils (Walraven et al., 2013; Wei et al., 2021),
and Chinese eolian deposits (Sun and Zhu, 2010), reflecting that the Pb isotopic
composition of the underlying geological units was modified by weathering. This
relatively consistent isotopic signature provides a basis for using Pb isotopes to
distinguish natural geological sources from subsequent anthropogenic inputs of Pb
and other metal contaminants (Sangster et al., 2000; Komarek et al., 2008; Cheng and
Hu, 2010). Anthropogenic Pb inputs can alter the natural isotopic composition of
sediments and soils (Peng et al.,, 2022a, b), with deviations from the prevailing
geological signature providing evidence of contamination and insights into its
potential sources. Therefore, the present study suggests that if the homogeneous Pb
isotope ratios of local sediments and soils have shifted to distinctly heterogeneous Pb
isotope ratios, local sediments and soils in the environment may have been
contaminated by additional anthropogenic inputs.
4. Conclusions

Results of this study describe Pb isotopic ratios and elemental composition of

rocks from the Muzi weathering profile and acid rock drainages from the Dongping
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black shale outcrop in central Hunan (China). The following conclusions were

supported by this study.

(1

2)

€)

Black shales in the area had major elemental compositions comparable
to that of North American Shale. Major elements in profile rocks
showed that weathering degree increased from the bottom of fresh black
shales, upward to weathered black shales, and to top soils. This was
complemented with vertical decreases in the concentration of mobile
elements including MnO, MgO, CaO, Na>O, P>Os and LOI, and by
increases in CIA values along the rock profile.

Profile rocks were significantly enriched in trace metals Pb, Cu, Ni, Zn,
Cd, and Mo (EF > 1.5), and mass balance calculation for metal t;; values
showed that metals Pb, Cd, Co, Ni, Cu, Mo, Ba and Sr were released (i,
< 0) from black shales during weathering.

Black shales from the outcrop had distinctly variable Pb isotope
compositions, while profile rocks were characterized by Pb isotope
ratios in minor variation, with Pb isotopic ratios (>°°Pb/?**Pb, 2’Pb/?*Pb,
and, 2%®Pb/2**Pb) ranging between those of black shales and pyrite grains
that were hosted in black shales. Pb isotopes (*°°Pb, 2’Pb, and 2°*Pb)
were mobile during weathering, while mobility of Pb isotopes was
characterized by preferential release of unradiogenic Pb isotopes in
pyrite grains and more radiogenics from the decay of U and Th in

accessary minerals and organic matter during black shale weathering.
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(4) Pb isotopes represent a powerful fingerprinting tool that can be used to
discriminate environmental Pb of natural sources from those of
anthropogenic inputs at small spatial scale. The relatively homogeneous
distribution of Pb isotopes in profile rocks set a geological background
for using Pb isotopes to trace and identify metallic contamination in the

environment.
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