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ABSTRACT

Zinc (Zn)-Lead (Pb) deposits are generally rich in cadmium (Cd), and the weathering of sulfide minerals in such
deposits results in large releases of Cd into the environment. From an environmental and public health stand-
point, understanding Cd sources and cycling is critical to identifying potential hazards to humans. In this study,
the Cd isotope compositions (expressed as 6''#11°Cd) of secondary minerals such as anglesite (—0.57 +
0.03%0; 2 S.D.), granular smithsonite (0.04 4 0.14%.; 2 S.D.), layered smithsonite (0.15 4 0.40%.; 2 S.D.),
hydrozincite (0.26 4 0.01%.; 2 S.D.) and clay minerals (—0.01 & 0.06%,; 2 S.D.) from the Fule Zn-Pb-Cd deposit,
Southwest China, are investigated to better understand the Cd sources and cycling in this area.
Combined with our previous study (Zhu et al., 2017), the work herein elucidates the patterns of Cd isotopic frac-
tionation during the formation processes of such secondary minerals and traces the weathering of these minerals
into the ecosystem. The 8'%/11°Cd values of secondary minerals exhibit the following decreasing trend:
hydrozincite > large granular smithsonite > small granular smithsonite > anglesite. Although different amounts
of Cd were lost during the formation of equally sized samples, no or minor variations in Cd isotopic composition
were observed. However, significant isotopic differences were observed between different size fractions. These
results demonstrate that the particle size of secondary minerals and weathering products of sulfide significantly
influence Cd isotope composition and fractionation during natural weathering. This systematic fractionation pro-
vides an initial foundation for the use of Cd isotopes as environmental tracers in ecosystems and in the global Cd
isotope budget.
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1. Introduction

Cadmium (Cd) is a trace heavy metal that is widely distributed in the
environment (e.g., Cloquet et al., 2006; Shiel et al., 2012; Lambelet et al.,
2013; Wei et al., 2016). This metal is of global concern due to its extreme
toxicity to ecosystems and human health (McKenna et al., 1993; Godt
et al.,, 2006; Wiggenhauser et al., 2016). Cadmium acts as a catalyst in
the formation of reactive oxygen species (ROS), which in turn increase
lipid peroxidation and deplete antioxidants such as glutathione and
protein-bound sulfhydryl groups in the human body; ROS also promote
the production of inflammatory cytokines (Liu et al., 2009). Exposure to
this carcinogenic metal is known to cause health issues ranging from
flu-like symptoms to vital liver and kidney damage (Nordberg et al.,
1975; Satarug et al., 2003).

Cadmium stable isotope geochemistry is a useful tool for under-
standing the sources and fates of Cd in the environment. Recent ad-
vances in chemical purification techniques and multicollector
inductively coupled plasma mass spectrometry (MC-ICP-MS) have en-
abled the high-precision determination of Cd isotope ratios (Cloquet
et al., 2005; Lacan et al., 2006; Ripperger et al., 2007; Schmitt et al.,
2009a). To date, large variations in Cd isotopic compositions (~3%. for
5!14110Cd) have been reported for various geochemical pools, including
rocks-minerals, soils-sediments, water and biological samples
(Wombacher et al., 2003; Lacan et al., 2006; Ripperger et al., 2007;
Schmitt et al., 2009b; Lambelet et al., 2013; Zhu et al., 2015, 2017). Sig-
nificant mass-dependent fractionation of Cd isotopes can occur during
various geochemical processes such as evaporation and condensation
(Wombacher et al., 2003, 2004), precipitation (Horner et al.,, 2011), ad-
sorption (Wasylenki et al., 2014) and biological activity (Lacan et al.,
2006; Ripperger et al., 2007; Shiel et al., 2012; Wiggenhauser et al.,
2016).

Cadmium has a close relationship with zinc (Zn) due to their similar
geochemical properties (McKenna et al., 1993; Schwartz, 2000). Most
Zn-Pb deposits contain high levels of Cd (e.g., up to 13.2 wt% in sphaler-
ite, Chmielnicka and Cherian, 1986; Cook et al., 2009; Wen et al., 2015),
and the release of Cd from Zn-Pb deposits is a serious environmental
issue. The weathering of sulfide minerals releases large amounts of Cd
to soils, which further impacts nearby water, plants and animals (Das
et al., 1997; Shiel et al., 2012; Wei et al., 2016; Wiggenhauser et al.,
2016). Previous studies have reported Cd isotope fractionation during
the adsorption of Cd to Mn oxyhydroxide (A'**'1%Cdgiq_solia: 0.24 to
0.54%., Wasylenki et al., 2014) and during sulfide ore leaching (A''%
19Cdqyid-sotia: 0.36 to 0.53%., Zhang et al., 2016), indicating that Cd iso-
tope fractionation can occur during weathering processes. However,
few studies have explored Cd isotope fractionation during natural
weathering of Cd-rich sulfide minerals, resulting in a poor understand-
ing of the fates of Cd in Zn-Pb mineralized areas.

In this study, we comprehensively investigated variations in Cd con-
centrations and isotopic compositions, as well as Zn/Cd ratios, in sulfide
minerals (e.g., galena (PbS) and sphalerite (ZnS)) and oxidized second-
ary minerals (e.g., hydrozincite (Zns(CO3),(OH)g), smithsonite (ZnCOs)
and anglesite (PbSO,)) from the Fule Zn-Pb-Cd deposit in Southwest
China to better understand the fate of Cd during weathering processes.

2. Methods
2.1. Site description

The Fule deposit is a representative Mississippi Valley-Type (MVT)
Zn-Pb-Cd ore deposit in the south-eastern region of the Sichuan-
Yunnan-Guizhou (SYG) triangle area in Southwest China. This deposit
is primary located in the Lower Permian Maokou Formation (P;m),
which predominantly comprises grey (dark to light grey) dolomitic
limestone (Fig. 1). Details of the geological setting were previously re-
ported (Zhu et al., 2017). The Fule Zn-Pb deposit consists primarily of
sulfide minerals such as galena and sphalerite that have been shown

to contain extremely high Cd concentrations (5238 to 34,981 pg/g);
the stock of Cd in the deposit is about 4500 tons (Zhu et al., 2017), pos-
ing a health risk to local populations and living organisms. In the Fule
deposit, oxidized layers contain hydrozincite, smithsonite, anglesite
and clay minerals (Fig. 2), which are commonly believed to have formed
during the weathering of sulfide deposits located near or directly above
these layers (Takahashi, 1960). The smithsonite formed as a result of
sphalerite oxidation, and both granular and layered smithsonite were
found in the weathered layer.

Sulfides including galena (n = 7) and sphalerite (n = 14) were col-
lected from the Fule deposit (for detailed information, please see Zhu
etal.,, 2017). During our sampling campaign, hydrozincite (n = 2), gran-
ular smithsonite (n = 7), layered smithsonite (n = 1), anglesite (n = 3)
and clay minerals (n = 2) were also collected from the closest oxidized
layer, which has a depth of about 1 m and an area of about 100 m?
(Fig. 2). Detailed information about the samples is summarized in
supplementary figures (Appendix A.1).

In the laboratory, each sample was dried (40 °C). Sample FL-16 was
divided using various mesh sieves into four groups: mass (particle size
> 10 mm,; FL-16-3), 10-mesh (sieve size: 2.00 mm; FL-16-4), 20-mesh
(sieve size: 0.85 mm; FL-16-5) and 40-mesh (sieve size: 0.43 mm; FL-
16-6). Because the particles in FL-15 were relatively small, this sample
was divided into two groups: 10-mesh (FL-15-1) and 20-mesh (FL-
15-2). Two unoxidized sphalerite samples (FL-16-1 and FL-16-2) were
separated from the mass oxidized ores in FL-16, which are used as prox-
ies for the initial Cd isotope composition in these oxides (Appendix A.1).
Meanwhile, two samples (FL-15-2 and FL-5) were selected as duplicates
to monitor the chemical separation and isotope analyses.

2.2. Cadmium adsorption and mineralogy measurements

The heavy metal desorption method recommended by Chen et al.
(2008) was adopted for analysis of the total Cd adsorption in oxides.
After crushing to <74 pm (200 mesh), triplicates of the FL-16-3 (mass
oxide) sample were weighed (n = 3, 1 g each) into 50 mL polypropyl-
ene centrifuge tubes. The three samples were then reacted with either
25 mL ultra-pure water, 25 mL 500 mmol/L NaCl or 25 mL
1000 mmol/L NaCl. After shaking for 2 h, the tubes were placed in a
oven and heated at 25 °C for another 24 h. The tubes were then centri-
fuged (at 4000 rpm) for 20 min, and 2 mL of the supernatant were used
for the total Cd adsorption measurement. In addition, all samples were
analysed by XRD (X-ray diffraction) and/or EPM (Electron Probe
Microanalysis) to investigate the mineralogy of the oxides.

2.3. Concentration and isotopic composition analyses

All samples were crushed to <74 pm prior to chemical analysis. The
Cd and Zn concentrations in a ~0.1 g portion of each sample were mea-
sured using a Varian Vista MPX inductively coupled plasma optical
emission spectrometer (ICP-OES) at the State Key Laboratory of Ore De-
posit Geochemistry at the Institute of Geochemistry of the Chinese
Academy of Sciences. Cadmium isotope ratios were measured using a
Thermo-Finnigan Neptune Plus MC-ICP-MS. Detailed methodological
information (e.g., sample preparation, Cd separation and purification,
and isotopic determination) were reported previously (Zhu et al,,
2017). Isotopic data are reported as 6 values in units of per mille (%.)
and referenced to the Nancy Spex Cd reference standard (which was
analysed before and after each sample):

6“4/“0Cd(%°) - |:(“4Cd/“OCd> sample/ (lMCd/”OCd) std _l]

x 1000 (1)

Miinster Cd solution and NIST SRM 3108 Cd solution were used as
secondary reference standards; these solutions were previously report-
ed to have §"'*11°Cd values of 4.50 & 0.08 (2 S.D.,N = 31) and 0.11 +
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Fig. 1. (A) Diagram of the tectonic framework of South China. Plan views of the (B) orebodies and (C) cross-section of the Fule deposit (modified after data up to 1994 from the Fule Mine).
Tj: the Jialingjiang Formation; T,f: the Feixianguan Formation; P54: the Xuanwei Formation; P,p3: the Emeishan Formation and P;,: the Maokou Formation.

0.03 (2 S.D., N = 30) respectively (Zhang et al., 2016), which agree
well with other previous reference standard results. The long-term
illlcs)trumental reproducibility of our method is <0.05%. (2 S.D.) for 6!/
Cd.
In this study, Cd isotopic data are also reported and discussed rela-
tive to the NIST SRM 3108 Cd isotope standard using the equation:
81 M10%Cdyyst-srm-3108 = 811 %ClNancy-spex — 0.11 (Table 2).

3. Results and discussion
3.1. Mineralogy in the Fule sulfide deposit and weathered layer
Major minerals were identified using XRD and EPM in both the sul-

fide and oxidized samples. Sphalerite (ZnS), galena (PbS) and calcite
(CaC0s3) have been previously identified as the major minerals in the
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Fig. 2. Photographs of the sections at the oxides sample locations: (A) Overall view of the oxidative weathering area; (B-F) close-up images of the different sampling sites.

Fule deposit (Zhu et al.,, 2017). However, the weathered layer contains
primarily hydrozincite (Zns(CO3),(OH)g or Zns(OH)g(CO3)3), smith-
sonite (ZnCOs), anglesite (PbSO4) and clay minerals, which are second-
ary minerals formed during sulfide mineral weathering. Massive and
granular smithsonites commonly have sphalerite residuals, while lay-
ered smithsonites are relatively pure, having been formed by the pre-
cipitation of dissolved smithsonites (Zhu et al, 2017). From a
geochemical perspective, hydrozincite (Zns(CO3),(OH)g) and smith-
sonite (ZnCO3) result from sphalerite (ZnS) weathering, while anglesite
(PbS0Q,) is formed from the weathering of galena (PbS). The oxidation of
sulfide minerals (galena and sphalerite) can be described by the follow-
ing simplified reaction equations (e.g., Podda et al., 2000; Urbano et al.,
2007; Heidel et al,, 2011, 2013):

ZnS + 20,-7Zn*t + 50,2 (2)
PbS + 20, -Pb** +504% —PbSO4s 3)
Zn*" + CO5*~ -ZnC0s (4)
Zn** +C05%~ + 6H,0-Zn5(CO3),(OH)g ) + 6H* (5)

Limestone dissolution (CaCO; — Ca®>* + C0%~) and water-rock re-
actions during weathering can release CO3~ in O,-rich waters, which fa-
cilitates the oxidation of sphalerite and galena (Appendix A.2). Under
natural conditions, clay minerals have been observed in secondary pre-
cipitates and in the secondary phase on the slag surface (Ettler et al.,
2001). Simulation experiments also show the formation of silicate min-
erals on sphalerite surfaces during sphalerite oxidation (Heidel et al.,
2011). In this study, we find that clay minerals replace secondary min-
erals (e.g., anglesite and smithsonite; Appendix A.2, Figs. E and F); it is
therefore reasonable to conclude that clay minerals are the final prod-
ucts of the weathering sequence.

Based on previous studies (Heidel et al,, 2011, 2013), secondary min-
erals can be organized by their different formation sequences during
weathering processes. Sulfide oxidation experiments show that galena
is more reactive and easily oxidized than sphalerite (Silva et al., 2003;
Heidel et al., 2011, 2013), indicating that anglesite was formed before
other secondary minerals. Back-scattered electron (BSE) images show
that sphalerite is replaced by smithsonite to form smithsonite aggre-
gates, suggesting that sphalerite can be directly oxidized into smithson-
ite (Appendix A.2, Fig. A). No sphalerite particles or residuals were
observed in hydrozincite, which also featured banded texture

(Appendix A.2, Fig. B), suggesting that hydrozincite was precipitated
from Zn oxidized leachates and that granular smithsonite was formed
before hydrozincite. This conclusion is supported by the presence of
hydrozincite at the bottom of the oxidation profile (Fig. 2B). Both
hydrozincite and layered smithsonite were precipitated from Zn oxi-
dized leachates in the Fule deposit (Zhu et al., 2017), but the formation
sequence of hydrozincite and layered smithsonite remains unclear.
Overall, the minerals in the Fule deposit were formed in the following
sequence: sulfides (sphalerite and galena) > anglesite > granular
smithsonite > hydrozincite and/or layered smithsonite > clay minerals.

3.2. Cd and Zn concentrations in secondary minerals

The transformation of sulfides to secondary minerals during
weathering processes results in Cd mobilization and redistribution.
This is evidenced by the lower Cd concentrations in secondary minerals
as compared to sphalerites which have Cd concentrations of 5238 to
34,981 pg/g (with an average of 18,081 pg/g). However, the sphalerites
have significantly higher Cd concentrations than the galenas (48 to
1163 pg/g; mean = 367 pg/g), suggesting that sphalerite is the
main Cd host in the Fule deposit (Zhu et al., 2017; Wen et al., 2016).
In the weathered layer, Cd concentrations vary greatly in layered smith-
sonite (6216 to 13,308 ng/g; mean = 8865 pg/g), granular smithsonite
(1318 to 19,963 pg/g; mean = 7199 pg/g) and hydrozincite (1888 to
4888 ug/g; mean = 3388 ug/g). In general, Cd concentrations in second-
ary minerals are lower than those in sphalerites but higher than those in
galenas. The high Cd concentrations in sulfide and secondary minerals
suggest high environmental risk for Cd pollution (Table 2, Fig. 3).

Cadmium in geological samples occurs mainly as (1) independent
minerals such as greenockite (CdS) and otavite (CdCOs, Urbano et al.,
2007; Lattanzi et al., 2010; Chrastny et al., 2015), (2) isomorphic
forms (Schwartz, 2000; Tu et al., 2004; Frost et al., 2008; Ye et al.,
2011) and (3) that adsorbed onto the mineral surfaces (Tu et al.,
2004; Wasylenki et al., 2014). XRD analysis shows that granular smith-
sonite samples consist primarily of smithsonite associated with minor
anglesite (Appendix A.2). Detailed field and BSE analyses also indicate
a lack of independent Cd minerals. Our desorption experiments show
that, with increased solution NaCl concentration, the desorbed Cd in-
creased from 156 to 439 g (Table 1), which accounts for <0.02% of
the total Cd in the sample (19,963 pg/g). Taken together, this suggests
that the Cd in the Fule samples exists mainly in isomorphic forms rather
than in independent or adsorbed mineral forms. The geochemical prop-
erties of Cd are similar to those of Zn due to similarities in their electron
structures and ionization potentials; Cd occurs in Zn ores largely
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Fig. 3. Relationship between Zn (%) and Cd (pg/g) concentrations in studied samples from
the Fule deposit. Sph = sphalerite; G-Sm = granular smithsonite; L-Sm = layered
smithsonite; CM = clay minerals; Ang = anglesite; Hz = hydrozincite.

through Cd?* — Zn?* substitution (Cook et al., 2009; Ye et al., 2011). A
positive linear correlation (R? = 0.91) between Cd and Zn concentra-
tions was observed in all of the samples presented herein (Fig. 3),
supporting our hypothesis that Cd is present predominantly in isomor-
phic forms, as this positive correlation would likely not occur if Cd were
primarily adsorbed or present in the independent Cd mineral form.

3.3. Zn/Cd ratios in secondary minerals

Although the geochemical similarities of Zn and Cd caused a general
positive correlation between Zn and Cd in samples, slight differences in
Zn/Cd ratios can exist among samples due to differences in Zn and Cd
mobility (Tu et al., 2004; Udovic and Lestan, 2009; Souissi et al.,
2013). There is overlap between the Zn/Cd ratios of sphalerites (17 to
120) and galenas (11 to 63); however, sphalerites and galenas show dis-
tinct mean Zn/Cd ratios (of 43 and 31, respectively), suggesting different
partitioning of Zn and Cd in various sulfides. Compared to sphalerites (the
proposed leading source of Cd in the weathered layer; mean = 25 + 0),
secondary minerals have more variable Zn/Cd ratios (Fig. 4). Except for
granular smithsonites (mean = 17 + 5, 2 S.D., n = 7), most of the sec-
ondary minerals, including hydrozincite (70 + 56, 2 S.D.; n = 2); layered
smithsonite (mean = 58 + 38,2 S.D., n = 5), anglesite (mean = 110 +
21; n = 3) and clay minerals (mean = 60 + 1,2 S.D.,n = 2), have higher
Zn/Cd ratios than mean Zn/Cd ratios of the sphalerite. Differences in Zn/
Cd ratios between sphalerites and secondary minerals indicate variable
Zn and Cd partitioning during weathering. It has been proposed that Cd
and Zn possess different mobilities during the formation of such second-
ary minerals (Fuge et al., 1993; Gerringa et al., 2001; Udovic and Lestan,
2009; Souissi et al., 2013).

3.4. Cd isotope fractionation in hydrozincite and anglesite
In the Fule deposit, the Cd isotopic composition variations in sphal-

erites (6'1%119Cd: —0.05 to 0.59%.) and galenas (6''#'19Cd: —0.46 to
0.28%., Table 2 and Fig. 4) have been explained by Rayleigh-type

Table 1
Oxide desorption experiments.

isotopic fractionation in the hydrothermal system, which results in
lower 8'%11°Cd values in minerals with earlier formation dates (Wen
et al, 2016; Zhu et al,, 2017).

The §''110Cd values are variable among secondary minerals
(Fig. 4). The 8''#/119Cd value ranges for granular smithsonite (— 0.05
to 0.17%.) and hydrozincites (0.25 to 0.26%.) are within that for sphal-
erites (—0.05 to 0.59%o, Zhu et al., 2017). Hydrozincites have quite con-
sistent 8!1/119Cd values (0.26 4 0.01%., 2 S.D.; n = 2), which are similar
to sphalerite 5'1#/119Cd values in both the oxidation profile (0.28 4
0.03%., 2 S.D.; n = 2) and the Fule sulfide deposit (in which the mean
value is 0.29%., n = 14, Fig. 4B). Therefore, we hypothesize that lim-
ited Cd isotope fractionation occurred during the weathering of
sphalerite to hydrozincite. Although previous studies have shown
Cd isotope fractionation during Cd adsorption (A"**''°Cdquiq-solid:
0.24 to 0.54%., Wasylenki et al., 2014) and during sulfide ore leaching
(AT110Cd g asotias 0.36-0.53%., Zhang et al., 2016), isotope frac-
tionation is unlikely to be observed if the process has been complet-
ed. Zinc and Cd are thought to be released completely from
weathered sphalerite; the released Zn later forms hydrozincites, with
Cd2™ present as an isomorphism of Zn?™. It is likely that little Zn or
Cd was lost during weathering processes, as 1) the host limestone
should provide enough CO3~ for the formation of carbonate minerals
such as hydrozincite and 2) the Cd? ™ activity decreased approximately
100-fold under alkaline conditions (Street et al., 1977). We propose that
most of the Cd was incorporated into hydrozincite during the
weathering of sphalerite, resulting in limited Cd isotope fractionation
between sphalerite and hydrozincite.

Anglesites have 6''11°Cd values (—0.57 & 0.04%., 2 S.D.; n = 3)
significantly lower than those of the parent galenas in the sulfide depos-
it (Fig. 4). The mean 6''/119Cd values of anglesites and galenas differ by
0.5%o (Fig. 4), which is similar to the reported fractionation of Cd iso-
topes during sulfide ore leaching (A""!'°Cdgyiq_sotia: 0.36-0.53%o,
Zhang et al., 2016). This suggests that heavier Cd isotopes were prefer-
entially lost during the weathering of galena to anglesite. Generally,
CdS0O, is more soluble than CdCOs; therefore, heavy Cd isotopes are
more easily lost during the weathering of galena (as compared to sphal-
erite weathering), resulting in relative enrichment of light Cd isotopes
in anglesite (8''%/1°Cd = —0.57 & 0.04%, 2 S.D.; n = 3). Meanwhile,
geochemical and isotopic data suggest that the large galena-mass-to-
water volume ratio caused a rapid saturation of the solution with angle-
site (Heidel et al., 2013); thus, this process could result in large Cd iso-
tope fractionation due to the kinetic fractionation effect. Taken
together, we presume that high CdSO4 solubility and rapid precipitation
of anglesite are the two primary factors driving Cd isotopic signatures in
anglesite.

3.5. Cd isotope fractionation in smithsonite and clay

Data from this study and Zhu et al. (2017) indicate that layered
smithsonites from the Fule deposit have large Cd isotope fractionations
(AM110Cd = 0.47%.) with §''#11°Cd values ranging from —0.16
to 0.31%.. These data are negatively correlated to Cd concentrations
(R? = 0.86, n = 5), while Zn/Cd ratios and 6''¥/11°Cd values are posi-
tively correlated (R? = 0.85, n = 5, Fig. 5). Using the sampling sites
and ore textures, Zhu et al. (2017) established the precipitation se-
quence of layered smithsonite, finding that light Cd isotopes are
enriched in precipitated smithsonites with earlier formation dates

Sample weight Cd concentration Desorption matrix Solution volume Desorbed quantity of Cd Desorption rate
g 1g/g mL ug %
Experiment 1 0.9998 19,963 Ultra-pure water 25 156 0.008
Experiment 2 0.9969 19,963 500 mmol/L NaCl 25 286 0.014
Experiment 3 0.9929 19,963 1000 mmol/L NaCl 25 439 0.022
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(Fig. 5). This is consistent with previous studies showing that light Cd
preferentially partitions into the solid phase rather than the solution
(Horner et al,, 2011; Yang et al,, 2014).

BSE images show that anglesite is surrounded by smithsonite in
granular smithsonite samples (Appendix A.2). Thus, it is important to
elucidate the origins of Cd in granular smithsonite samples. As mentioned
previously, Cd occurs chiefly in Zn minerals, with high Cd concentrations
in granular smithsonite and layered smithsonite. Cadmium concentra-
tions in anglesite (<100 pg/g) are much lower than those in granular
smithsonite (>1000 pg/g) and layered smithsonite (>5000 pg/g,
Table 2). Thus, Cd in anglesite is negligible compared to that in smithson-
ite, which is the major Cd source in granular smithsonite samples. Inter-
estingly, Cd and Zn concentrations decrease with decreasing particle
size (Table 2), and, in granular smithsonite, 5''#1°Cd values are closely
related to grain particle size. It is proposed that the lighter Cd isotopes
were concentrated in the smaller particles.

In the oxidation profiles, the FL-16 samples are close to the FL-15 and
FL-14 samples. Primary sphalerite (FL-16-1 and FL-16-2) can be as-
sumed to represent the primary Cd isotopic composition of the oxida-
tion system. This assumption is explained as follows: (1) although
sphalerite samples from the Fule deposit have large Cd isotope

fractionation (A'"'¥11°Cd = 0.64%.) and large Cd concentration varia-
tions (5238 to 34,757 ug/g), the average &''411°Cd value (mean =
0.29 + 0.36%.; 2 S.D., n = 12) and Cd concentration (mean = 17,410
+ 18,596 pg/g; 2 S.D., n = 12) from published sphalerite data (Zhu
et al, 2017) are similar to those of samples FL-16-1 and FL-16-2
(Table 2); (2) Samples FL-16-1 and FL-16-2, which were separated
from the same hand specimen, displayed no differences in Cd isotope
fractionation, indicating that the Cd isotope distribution is homoge-
neous at a small scale, which is consistent with previous studies (Zhu
et al, 2017). As mentioned above, the supergene mineral parent sphal-
erites from the oxidation profile are geochemically similar to the
unoxidized sphalerites (FL-16-1 and FL-16-2). Thus, we propose that
the oxidative weathering of sphalerite could result in significant Cd iso-
tope fractionation, with A"™*"°Cdphaterite-smithsonite Values up to 0.33%.
The data also show that 6''#%11°Cd is positively correlated with Cd con-
centration (R? = 0.92, Fig. 6), which could be explained by either equi-
librium or kinetic fractionation; these two mechanisms have different
implications, but unfortunately cannot be distinguished using currently
available means. However, regardless of whether the observations re-
sult from equilibrium or Rayleigh fractionation, another important ob-
servation must be discussed. The magnitude of fractionation in the

Table 2
Cadmium isotopic compositions of various samples from the Fule deposit.
Sample no Sample type Cd(ug/g) Zn(%) Zn/Cd §'14/110¢q 20 §112/110¢q 20 §!114/110¢dPb
FL-16-1 Sp 22,151 55.21 25 0.40 0.04 0.21 0.01 0.29
FL-16-2 Sp 22,064 55.26 25 0.38 0.05 0.19 0.01 0.27
FL-16-3 G-Sm (mass) 19,963 26.26 13 0.28 0.05 0.14 0.03 0.17
FL-16-4 G-Sm(10 mesh) 9066 15.91 18 0.17 0.03 0.08 0.01 0.06
FL-16-5 G-Sm (20 mesh) 1504 247 16 0.12 0.05 0.06 0.03 0.01
FL-16-6 G-Sm(40 mesh) 1318 2.22 17 0.06 0.02 0.03 0.01 —0.05
FL-15-1 G-Sm (10 mesh) 7004 14.65 21 0.19 0.02 0.10 0.01 0.08
FL-15-2 G-Sm(20 mesh) 5863 10.53 18 0.12 0.05 0.06 0.03 0.01
Duplicate 5677 10.15 18 0.11 0.01 0.05 0.00 0.00
FL-7 Clay (200 mesh) 140 0.84 60 0.07 0.05 0.04 0.02 —0.04
FL-20 Clay (201 mesh) 363 2.15 59 0.12 0.04 0.07 0.02 0.01
FL-4 Anglesite 189 1.85 98 —0.49 0.08 —0.25 0.04 —0.60
FL-5 Anglesite 78 0.87 112 —0.44 0.04 —0.23 0.01 —0.55
Duplicate 80 0.95 119 —0.46 0.08 —0.24 0.02 —0.57
FL-21 Hydrozincite 1888 16.95 90 0.36 0.01 0.18 0.00 0.25
FL-14 Hydrozincite 4888 24.44 50 0.37 0.03 0.19 0.03 0.26
FL-6 L-Sm 13,308 46.24 35 —0.05 0.04 —0.02 0.01 —0.16
SBFL-05? L-Sm(early) 12,128 48.14 39.69 0.19 0.01 0.06 0.01 0.08
SBFL-057 L-Sm(middle) 6283 44.57 70.94 0.33 0.04 0.15 0.01 0.22
SBFL-05? L-Sm(late) 6216 45.72 73.55 0.42 0.01 0.20 0.01 0.31
SBFL-05? L-Sm(late) 6389 45.00 70.43 0.42 0.01 0.20 0.01 0.31

Note: Sp, sphalerite; G-Sm, granular smithsonite; Ang, anglesite; Hz, hydrozincite; L-Sm, layered smithsonite; the particle size of mass granular smithsonite (FL-16-3) is over 10 mm.

¢ Reported by Zhu et al. (2017).
b Reported relative to NIST-SRM-3108.
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Fig. 5. Correlations between 6'#11°Cd and (A) Cd concentration and (B) Cd/Zn ratio in early- to late-stage smithsonite. Data for layered smithsonite (black filled circles) are from Zhu et al.

(2017).

particle series shows an unequivocal increase with specific surface area
from mass to clay samples, with &!'#/1°Cd values varying from +0.17
to —0.05%.. One explanation for this observation is that the Cd isotopes
in the small particle samples were influenced by the Cd isotopes in the
oxidative fluids; thus, the small particle samples were dominated by
the Cd isotope composition of the oxidative fluids. However, with de-
crease of specific surface area, it is harder for the Cd isotopes in larger
particle samples (e.g., mass samples) to equalize with those in oxidative
fluids; thus, the Cd isotope signature in large particle samples is
inherited primarily from that of the parent sphalerite. Notably, in a com-
parison of Cd concentrations between clay samples, 10- and 20-mesh
samples (Table 2) show Cd concentration variations in samples with
the same particle size, suggesting different amounts of Cd loss during
weathering processes. Generally, samples with lower Cd concentrations
have lower 8''#11°Cd values (Fig. 6A). However, no significant varia-
tions in Cd isotopic composition were observed between particle sam-
ples of equal size (e.g., FL-16-4 and FI-15-1). These results
demonstrate that although oxidative weathering results in different
amounts of Cd loss, Cd isotopes are homogeneously distributed in sam-
ples of consistent particle size. This conclusion supports the hypotheses
that Cd isotopes in samples with small particle size were equalized with
those in oxidative fluids, and that fractionation in secondary minerals
may be an equilibrium effect.

Electron probe analysis (Appendix A.2) shows smithsonite and an-
glesite particles (~1 um) surrounded by clay minerals, indicating that
clays may be considered the final product of sulfide oxidation. Accord-
ing to the relationships between Cd and its isotope compositions during
weathering (Fig. 6), the calculated &''#11°Cd value of clay is —0.07%,
which lower is than those in all granular smithsonites. However, the
measured &''4119Cd values of clay (—0.04 to +0.01%.) are slightly
higher than those in 40-mesh granular smithsonite (—0.05%., Table 2)
and the calculated value (—0.07%.); thus, a different mechanism must
be responsible. Although Cd in clay samples occurs mainly in Zn min-
erals, Cd sorption in clay minerals must also be considered (Bittell and
Miller, 1974). Wasylenki et al. (2014) suggested that heavier Cd iso-
topes are adsorbed more readily during Cd sorption to synthetic
birnessite. Thus, Cd sorption can potentially yield somewhat higher
5114110¢d values, as observed in the clay samples in this study.

3.6. Implications for the application of Cd isotopes in the environment

Sulfides, and especially sphalerite, are the most common Cd-
bearing minerals on Earth. Our assessment of the Cd isotope fraction-
ation from sulfides into different secondary minerals provides an
additional constraint and environmental tracer for the global Cd
isotope budget.
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Fig. 6. (A) Relationship between &''*/M°Cd;pex and Cd abundance for granular smithsonite (G-Sm), clay minerals (CM), and sphalerite (Sph). (B) Isotopic compositions of Cd in fluids and
solids versus the loss of Cd in the sample with respect to the original Cd concentration for sphalerites (FL-16-1 and FL-16-2). We assume that f = (Cdsphaterite — Cdresidual) / Cdsphaterite and
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= 0.33%.



C. Zhu et al. / Science of the Total Environment 616-617 (2018) 64-72 71

Numerous studies have focused on Cd isotope fractionation during
Zn and Pb mining, smelting and refining and in the environment sur-
rounding these facilities (Cloquet et al., 2006; Shiel et al., 2010, 2012;
Chrastny et al., 2015; Wen et al., 2015; Zhang et al., 2016; Martinkova
et al.,, 2016), but fewer have used Cd isotopes to track Cd sources in
Cd-polluted soils in different Zn-Pb mining areas (Cloquet et al., 2006;
Wen et al., 2015; Zhang et al., 2016). This work presents further study
of oxidative weathering processes that result in significant Cd isotope
fractionation and that have not been examined in the literature to
date. Additionally, our results are among the first to describe relation-
ships between particle size and &!'¥/1°Cd values and between different
secondary minerals, which may significantly influence Cd isotope frac-
tionation. Future studies should incorporate the relationships between
sample size and Cd isotope composition found herein when using Cd
isotopes to trace Cd pollution sources in mining areas.

The main Cd input and removal fluxes to and from the ocean have
been estimated, and rivers are thought to be the most important source
of marine Cd (Duce et al., 1991; Horner et al., 2011). Meanwhile, rivers
and seawater are reported to be enriched in heavy Cd isotopes in com-
parison to bulk silicate earth (Zhu et al., 2015, and reference therein),
suggesting that seawater and river water are reservoirs of heavy Cd iso-
topes. Zn-Pb deposits are considered to be one of the most important Cd
reservoirs on Earth, and sulfide weathering results in large amounts of
Cd release (enriched in heavy isotopes) into environments and ecosys-
tems. Although biological activity was thought to be the primary factor
resulting in modern ocean heavy isotope enrichment, our study sug-
gests that weathering could also contribute appreciably to heavy Cd iso-
tope enrichment in riverine and marine environments.

4. Conclusions

In summary, our investigation of Cd concentrations and isotopic
compositions in different secondary minerals from the Fule deposit re-
sulted in the following conclusions:

(1) Cd has a positive correlation with Zn in the studied samples.
Based on electron microprobe and XRD analysis and desorption
experiments, we suggest that Cd was incorporated into the stud-
ied samples predominantly by direct substitution of Zn?* by
Cd*™.

For layered smithsonite, Cd concentrations decreased from early

to late stages, while 6''%/11°Cd values increased; this indicates

that Cd and its light isotopes are preferentially enriched in early
precipitation.

(3) For granular smithsonite, Cd concentration is positively correlat-
ed with 6''%!'9Cd value. Light Cd isotopes are preferentially
enriched during weathering in samples with small particle
sizes. Although oxidative weathering results in varying amounts
of Cd loss in samples with similar particle sizes, the Cd isotope ra-
tios in those samples are homogenous. These results indicate that
particle size may significantly influence Cd isotope fractionation.
We also propose that adsorbed Cd in clay samples may result in
5114110 values in clay samples higher than those in 40-mesh
granular smithsonite.

(4) We investigated the Cd isotope compositions in different second-
ary minerals and found the following trend in light Cd isotope en-
richment: anglesite > small particle granular smithsonite > large
particle granular smithsonite > hydrozincite, which indicates
that different weathering processes may significantly influence
Cd isotope fractionation.
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