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Formation of nano-CdS solid solution: A mechanism for Cd enrichment in sphalerite
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ABSTRACT

The occurrence andmechanisms behind the supernormal enrichment of dispersed elements in sphal-
erite remain controversial. In this study, laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and scanning transmission electron microscopy (STEM) were employed to investigate
the occurrence state and enrichment mechanism of cadmium (Cd) in Cd-rich sphalerite from the Jinding
deposit. In regions with relatively low Cd concentrations (∼4000 to 10 000 ppm), Cd was observed to
substitute for Znwithin the sphalerite lattice. However, in regions with high Cd concentrations (exceed-
ing 30 000 ppm), a novel nanoscale occurrence state of Cd was identified, specifically as a nano-CdS
solid solution. This finding provides new nanoscale mineralogical evidence to refine the understanding
of the supernormal enrichment process of Cd in sphalerite. The enrichment of Cd is driven by mechan-
isms such as reactivation and dynamic recrystallization induced by plastic deformation in sphalerite, as
well as solid solution precipitation during cooling. A coherent interface relationship between CdS and
ZnS plays a critical role in the formation and stabilization of the nano-CdS solid solution. The formation
of such nano solid solutions may represent a potential mechanism for the supernormal enrichment of
dispersed elements, offering new insights into the complex distribution characteristics of these elements
at the micrometer scale.
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INTRODUCTION

Sphalerite is a common metallic mineral in hydrothermal
deposits and often contains various dispersed elements such
as cadmium, gallium, germanium, and indium (Cook et al. 2009;
Ye et al. 2011; Frenzel et al. 2016). In recent years, the investi-
gation of the occurrence state and enrichment mechanism of
dispersed elements in sphalerite at the nanoscale has become
a research hotspot. Techniques such as transmission electron
microscopy (TEM), laser-induced breakdown spectroscopy
(LIBS), and atom probe tomography (APT) have been employed
to elucidate these aspects. For example, the discovery of
Ge-containing nanoparticles, dynamic recrystallization and
self-organization models (Cugerone et al. 2020; Fougerouse
et al. 2023; Sun et al. 2023), and the phase re-equilibration of
indium during diffusion processes (Xu et al. 2021) have been
proposed as potential enrichment mechanisms.

Cadmium (Cd) is a typical dispersed element with an abun-
dance of only around 0.18 ppm in the crust (Schulz et al. 2017),
while its enrichment in the lattice of sphalerite is typically 103

to 104 times higher than its crustal abundance (Schwartz
2000; Ye et al. 2012). In some lead-zinc deposits with supernor-
mal cadmium enrichment, the Cd content in sphalerite can
exceed 10 wt%. For example, in the Bernic Lake deposit in

Canada and the Baisoara deposit in Romania, the Cd contents
in sphalerite reach as high as 17.6 and 13.2 wt%, respectively
(Černý and Harris 1978; Cook et al. 2009). Alternatively, Cd
can occur in the form of greenockite inclusions within Cd-rich
sphalerite (Ye et al. 2012).

The Jinding Mississippi Valley Type (MVT) lead-zinc
deposit in Yunnan, China, is known to contain ∼170 000
tonnes of metallic Cd with ore grades ranging from 0.01 to
0.2 wt% (Xue et al. 2007). Electron probe microanalysis
(EPMA) has revealed that Cd content in sphalerite can reach
up to 8.67 wt% (Duan et al. 2023), indicating that the Jinding
deposit is also a typical deposit with supernormal enrichment
of Cd. The formation of CdS nanoparticles and the process of
supernormal Cd enrichment in Jinding sphalerite have been
explained by a coupled dissolution-reprecipitation (CDR)
model proposed by Duan et al. (2023). Nevertheless, it is
important to note that not all Cd-rich regions (with Cd contents
exceeding 30 000 ppm) in sphalerite are necessarily a result of
CdS nanoparticles. In this study, a completely new occurrence
state of Cd, namely “nano-CdS solid solution,”was discovered
in Cd-rich sphalerite in the Jinding deposit. The formation
mechanism of nano-CdS solid solution is significantly differ-
ent from the CDR. This finding may enrich the understanding
of the mechanisms of supernormal enrichment of dispersed ele-
ments in sphalerite, provide new nanoscale mineralogical evi-
dence for refining the process of extraordinary Cd enrichment,
and offer new insights for explaining the complex distribution
characteristics of dispersed elements at the micrometer scale.
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METHODS

LA-ICP-MS
The analysis of trace element contents in sphalerite and mapping were con-

ducted by LA-ICP-MS in the Ore Deposit and Exploration Center (OEDC), School
of Resources and Environmental Engineering, Hefei University of Technology.
The analyses were carried out on an Agilent 7900 Quadrupole ICP-MS coupled
to a Photon Machines Analyte HE 193-nm ArF Excimer Laser Ablation system.
The procedures and operating conditions were the same as those described by
Wang et al. (2018) and Ning et al. (2017).

Each spot analysis was performed with a uniform spot size of 40 μm in diam-
eter at 8 Hz, with an energy of 4 J/cm2. Each time-resolved analysis data consisted
of a 20 s blank signal and a 40 s sample signal. The trace element contents in miner-
als were quantitatively calculated using multiple reference glasses (SRM-610,
SRM-612, BCR-2G) as external standards without internal standards. The
LA-ICP-MS mapping adopted a line scan method, with a beam spot size of 40 μm
and a scan speed of 40 μm/s. Each line was parallel to the laser ablation spot and
had the same size. The ablation frequency was 10 Hz, and the laser ablation energy
was 2–3 J/cm2. Background signals were collected for 20 s before and after the
sample analysis.

Data analysis was performed using the internally developed software spotana-
lysis based on Matlab (Wang et al. 2018; Xiao et al. 2018). Instrument signal drift
and background subtraction were automatically handled by the software through-
out the entire analysis process. Accurate content correction was performed using
the 100% normalization method for element content calculation.

TEM/STEM-EDS
The thin sections for the TEM study were prepared by cutting sphalerite from

the Jinding deposit using a FIB-SEM dual-beam system. The sampling location is
shown in Figure 1b. The sampling process is illustrated in OnlineMaterials1 Figure
S1, and the samplewas ultimately thinned tomeet the requirements of TEM/STEM
experiments, as shown in Online Materials1 Figure S1d. The FIB-SEM dual-beam
system (ZEISS Crossbeam 550L) is equipped with EDS and EBSD probes and can
scan up to nanometer resolution.

The TEM resolution is ≤0.6 nm at an acceleration voltage of 30 kV, and the
voltage ranges from ≥20 V to 30 kV, with continuous adjustments available. The

STEM instrument used is a 200 kV aberration-corrected transmission electron
microscope (model JEM-NOEARM) equipped with a cold field emission gun
and a high-order aberration corrector and TEM/STEM/EDS 3D reconstruction sys-
tem, which is used for atomic-scale observation and analysis. The TEM resolution
is≤0.078 nm (200 kV), and the area of the spectroscopic system is 200mm2, with a
resolution of ≥133 eV. Diffraction measurements were carried out by using
software Digital Micrograph 3.21. Data from the American Mineralogist Crystal
Structure Database (Downs and Hall-Wallace 2003) were used for indexing the
electron diffraction patterns.

RESULTS

Analysis of trace elements in disseminated sphalerite

Sphalerite is distributed throughout the entire mineralization
process of the Jinding deposit (Deng et al. 2017; Wang et al.
2018). According to the structural types of the ore, sphalerite
can be subdivided into vein, colloform, and disseminated forms,
with disseminated sphalerite being the richest in Cd (Yang
2020). In the disseminated sphalerite ore of the Jinding deposit,
sphalerite and galena occur as fine-grained (with a grain size of
about 1 mm) subhedral and anhedral crystal (Fig. 1a). Sphalerite
grains often contain small inclusions of galena, pyrite, and chal-
copyrite (Fig. 1b). Trace element analysis of Cd in sphalerite
using LA-ICP-MS shows Cd contents ranging from 13 900 to
40 513 ppm, with an average of 29 878 ppm (Online Materials1

Table S1). Mapping results reveal the irregular distribution of
Cd within sphalerite (Fig. 1c).

Nano-sampling was conducted using focused ion beam (FIB)
at the location within sphalerite that is rich in Cd and free of
inclusions. The sampling location cut through both Cd-rich and
Cd-poor areas of sphalerite (Fig. 1c), for subsequent comparative
STEM analysis. At the nanoscale, there is a clear boundary

FIGURE 1. (a) Photo-
graph of disseminated
sphalerite from Jinding
deposit. (b) Microscope
reflected light image of
sphalerite (numbers indi-
cate Cd content results
from LA-ICP-MS point
analysis, in ppm) and
FIB sampling position.
(c) LA-ICP-MS mapping
showing the distribution
of Cd in the sphalerite from
(b). (d) Dark-field STEM
image of the thin foil
sample.
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between the Cd-poor and Cd-rich areas, with the former exhibit-
ing a homogeneous feature overall, while the latter showing
numerous circular to elliptical nanoscale protrusions (hereinafter
referred to as nano-protrusions) (Fig. 1d).

The occurrence state of Cd in the Cd-poor area of
sphalerite

The microstructure of the Cd-poor area of sphalerite appears
homogeneous overall (Fig. 2a). In high-resolution images, the
arrangement of atoms is consistent with that of standard ZnS
crystal structure, with almost no lattice defects observed
(Fig. 2b). The selected-area electron diffraction (SAED) pattern
matches the diffraction pattern of the face-centered cubic struc-
ture of ZnS along the [101] zone axis (Fig. 2c), confirming that
the main component of the Cd-poor area is ZnS. From the cal-
culation of lattice parameters, the crystal planes containing Zn
atoms are �111̄�, �11̄ 1̄�, and �202̄�. The diffraction pattern
was subjected to inverse fast Fourier transform (IFFT) using
Digital Micrograph software to obtain a clearer arrangement
of crystal planes (Fig. 2d). To reduce the error in calculating
interplanar spacing, we selected 10 consecutive interplanar

spacings as the target, and then divided the calculation result
by 10 to obtain the value of a single interplanar spacing (Fig. 2e).
The interplanar spacings for �11̄ 1̄� are 3.125 Å (1 Å = 0.1 nm)
and 3.111Å, slightly larger than the theoretical value of 3.070 Å.
Babedi et al. (2019) found that introducing Cd into the lattice
sites of Zn in sphalerite resulted in a significant increase in
the original Zn-S and Zn-Zn distances due to the slightly larger
ionic radius of Cd2� (0.78 Å) compared to Zn2� (0.60 Å).
Therefore, the increased interplanar spacing in the Cd-poor area
may indicate that Cd is present in sphalerite by entering the crys-
tal lattice and occupying the sites of Zn.

The occurrence state of Cd in the Cd-rich area of
sphalerite

In the Cd-rich area of sphalerite, there are numerous nano-
protrusions, with particle sizes ranging from ∼20 to 100 nm.
The material filling the gaps between the nano-protrusions
was identified as ZnS (Figs. 3a and 4a). The distribution of
Zn, S, and Cd was mapped using energy-dispersive X-ray spec-
troscopy (EDS) (Figs. 3b–3d), revealing the presence of CdS
dispersed within the ZnS matrix. By precisely matching the
bright-field image with the Cd mapping image, it was observed
that Cd was locally enriched in nano-protrusions (Fig. 3d). The
energy spectrum obtained from the Cd-rich area exhibits sharp
peaks corresponding to Cd, Zn, and S, with no other signal peaks
detected (Fig. 3e), indicating that the ZnS and CdS phases coex-
ist within the region.

The magnified image of an individual nano-protrusion
reveals that its interior may not be homogeneous (Fig. 4b).
The SAED pattern obtained from FFT calibration are consistent
with the diffraction pattern of face-centered cubic structure of
ZnS along the zone axis [211], with crystal planes identified
as �022̄�, �113̄�, and �11̄ 1̄�. While along the zone axis [110],
the diffraction pattern matches that of CdS, with crystal planes
identified as �1̄11�, �2̄20�, and �1̄11̄�, respectively (Fig. 3b). The
IFFT image obtained from the points corresponding to CdS in
the SAED pattern (indicated by arrows in the inset of Fig. 4b)
shows that CdS (highlighted in yellow) is irregularly distributed
in clusters within the nano-protrusions, while ZnS (highlighted
in green) is distributed around it (Fig. 4c). CdS and ZnS exhibit a
coherent interface relationship with continuous lattice structures
(Figs. 4b and 4c). This represents a new occurrence state in
sphalerite, different from isomorphic substitution and CdS nano-
particles, which we refer to as nano-CdS solid solution.

Due to the approximate square dependence of atomic bright-
ness in high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images on the atomic
number (Z value) squared (Jesson and Pennycook 1995; Kriva-
nek et al. 2010; Zhao et al. 2018), and considering that the
atomic number of Cd (ZCd = 48) is significantly higher than that
of Zn (ZZn = 30), theoretically, brighter areas in the HAADF-
STEM image correspond to higher Cd content. Under the
assumption that sample thickness and flatness effects have been
excluded, the atomic number is the sole factor influencing con-
trast in HAADF-STEM images. Upon closer observation at the
boundary between the nano-protrusions and ZnS matrix, a
noticeable contrast difference was observed, with the former
appearing brighter and the latter relatively darker (Fig. 4d),

FIGURE 2. (a) HAADF-STEM image of the Cd-poor area, showing a
homogeneous phase. (b) High-resolution image showing the arrange-
ment of Zn and S atoms, consistent with the standard crystal structure
of ZnS. (c) SAED pattern of (b) with lattice parameters indicated. (d)
Inverse fast Fourier transform (IFFT) image of the diffraction pattern.
(e) Calculation of interplanar spacing for 10 consecutive crystal planes
using Digital Micrograph software.
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suggesting a higher Cd content in the nano-protrusions. Consid-
ering the slight height difference between the nano-protrusions
and ZnS matrix, although the influence of sample thickness and
flatness on image contrast cannot be completely ruled out, the
local enrichment of Cd in the nano-protrusions in STEM-EDS
(Fig. 3d) and the sharp signal peak of Cd (Fig. 3e) further con-
firm the Cd-rich characteristics of the nano-protrusions. Upon
closer observation of the nano-CdS solid solution and the sur-
rounding ZnS (highlighted in the boxed area in Fig. 4c), multiple
stacking faults were found at the interface positions between the
two phases. When magnified to the atomic scale, they exhibited
roughly parallel arrangements with significant atomic layer mis-
alignment (Fig. 4e). These observations indicate that in Jinding
sphalerite, Cd-rich areas can generate nano-CdS solid solution,
making it highly detectable for the enrichment of Cd in the nano-
protrusions.

The coherent interface relationship between CdS and ZnS

In nature, precipitate phaseswith different crystal structures are
often found in thematrix, forming phase interfaces with the matrix
phase. Based on the different lattice matching between the two
phases, phase interfaces can be classified as coherent interfaces,
semi-coherent interfaces, and incoherent interfaces. When the lat-
tice matching between the two phases is optimal, meaning that the

atomic arrangement on the interface of the two different phases
satisfies the lattice positions of both phases, the interface is known
as a coherent interface. This type of interface demonstrates strong
bonding and the capacity to accommodate deformation. In the
studied Jinding sphalerite, characterization results from selected
areas of the Cd-rich mineral phase revealed a significant lattice
matching between the CdS phase and the ZnS matrix. From the
crystal plane and atomic arrangement features (Fig. 5a), it is
observed that the �022̄� plane of ZnS coincides with the �2̄20�
plane of CdS, and the orientations of the two phases are consistent
on these crystal planes, with similar interplanar spacing. The inter-
planar spacing of the �022̄� plane in ZnS is 1.88 Å according to
the standard PDF card (Agrawal et al. 1994), while the interplanar
spacing of the �2̄20� plane in CdS is 2.05 Å (Yeh et al. 1992) with
a difference of only 0.17 Å. Therefore, the interface between the
twophases can formagoodatomicmatching relationship (Fig. 5b).
Furthermore, the orientations of the ZnS �022̄� plane and the
CdS �2̄20� plane are consistent (Fig. 5c), indicating a highly
similar atomic arrangement at the interface of the ZnS and CdS
heterogeneous phases. This confirms the coherency between
ZnS and CdS, providing further evidence for the existence of
nano-CdS solid solution in the nano-protrusions of Cd-rich
sphalerite. Hence, a coherent structural model has been proposed
here (Fig. 5).

FIGURE 3. Energy-dispersive X-ray spectroscopy (EDS) mapping image and corresponding energy spectrum for the Cd-rich areas in sphalerite.
(a) The secondary electron image (SEI) of the Cd-rich areas in sphalerite. (b–d) The EDSmapping images show the distribution of Zn, S, and Cd in the
Cd-rich areas. Especially, the occurrence of localized enrichment of Cd within nanoscale protrusions in (d). (e) The energy spectrum of the Cd-rich
areas.

1189YAN ET AL.: NANO-CDS SOLID SOLUTION FORMATION AND ITS ROLE IN SPHALERITE

American Mineralogist, vol. 110, 2025



DISCUSSION

The occurrence state of Cd in sphalerite

The crystal structure of sphalerite is face-centered cubic, with Zn
andS in a tetrahedral coordination (Vaughan andCraig 1997). It can
accommodate various dispersed elements such as Cd, Ga, Ge, and
In. Currently, it is widely recognized that Cd in sphalerite exists in
two main forms, isomorphic substitution and independent minerals
(e.g.,Ye et al. 2005;Wen et al. 2020;Li et al. 2021). The isomorphic
substitution is primarily based on the relationship between the
valence state, ionic radius, and abundance of elements (Liu et al.
2023). It is believed that divalent cations such as Cd directly replace
Zn in the sphalerite lattice (Cd2�↔Zn2�), occupying the structural
sites of Zn (Cook et al. 2009; Ye et al. 2011; Bonnet et al. 2016;
George et al. 2016; Liu et al. 2022). The independent minerals
of Cd mainly exist in sphalerite as micrometer-sized greenockite
inclusions (Hu et al. 2023) or CdS nanoparticles (Duan et al. 2023).

Two different forms of Cd occurrence were discovered in
the Jinding sphalerite: (1) In the relatively Cd poor areas of

sphalerite (Cd content of ∼4000 to 10 000 ppm), Cd entered
the sphalerite structure by replacing Zn, same as the previously
known isomorphic substitution Cd2�↔ Zn2�. The calculated lat-
tice parameters, which indicate an increase in the interplanar spac-
ing of ZnS, provide strong evidence for this (Liu et al. 2023)
(Fig. 2). (2) In the Cd-rich areas of sphalerite (Cd content >30
000 ppm), a new form of nanoscale Cd occurrence, nano-CdS
solid solution, was found. It is distinct from both the isomorphic
substitution and the greenockite nanoparticles (Bonnet et al. 2016;
Duan et al. 2023). This determination was made based on SAED
patterns that exhibited distinct diffraction patterns from ZnS
(Fig. 4b inset), and the calculated lattice parameters that showed
consistency with CdS diffraction patterns along the zone axis
[110]. This confirmed the presence of an independent CdS phase,
distinguishing it from the substitution of Cd for Zn in the sphal-
erite lattice. There are primarily two main differences between
nano-CdS solid solution and CdS nanoparticles. First, the rela-
tionship between CdS and ZnS is different. The nano-CdS solid

FIGURE 4. (a) HAADF-STEM image of the nano-protrusions in the Cd-rich area. (b) Magnified image of a single nano-protrusion and its corre-
sponding SAED pattern, indicating a coherent interface relationship between ZnS and CdS. (c) IFFT image showing the distribution of CdS in the
nano-protrusions, where nano-CdS solid solutions are highlighted in yellow and ZnS is highlighted in green. (d) Image cropped from (a), with dashed
lines indicating the boundary between the nano-protrusions and ZnS. The nano-protrusions appear brighter, while the ZnS phase appears darker. (e)
Image cropped from (c), showcasing the stacking fault structures around the nano-CdS solid solution, with the atomic arrangement magnified.
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solution discovered here exhibits a coherent interface relationship
with ZnS, while the CdS nanoparticles have incoherent interfaces
with sphalerite (ZnS) (Duan et al. 2023). Second, their formation
mechanisms are different. The CdS nanoparticles were products
of coupled dissolution and reprecipitation resulting from the
transient injection of low Zn/Cd residual brines into Cd-rich
sphalerite (Duan et al. 2023). However, the formation of nano-
CdS solid solution may involve the reactivation of Cd, dynamic
recrystallization, and solid solution precipitation during the cool-
ing process. The size of the nano-CdS solid solution ranges
approximately from2 to 12 nm (Fig. 4c), and the poor crystallinity
(Fig. 4e) reflects a rapid crystallization process (Moreau et al.
2004; Myagkaya et al. 2020). This is consistent with previous
experimental results of co-precipitation of CdS and ZnS and
observations using TEM (e.g., Barrett andMcBride 2007;Castillo
et al. 2012; Xu et al. 2016; Mintcheva et al. 2019; Sakpirom et al.
2019; Smieja-Król et al. 2022).

Enrichment mechanism of Cd

The enrichment mechanism of Cd in ore deposits. Cd is
mainly enriched in sphalerite of lead-zinc deposits. The statistical
results from Schwartz (2000) indicate that there are significant
differences in Cd content in sphalerite of different deposit
types. Sphalerite of MVT deposits has the highest Cd content

(4850 ppm), while sphalerite of exhalative deposits has the lowest
Cd content (the mean for Volcex is 2360 ppm and that for Sedex is
2560 ppm). Skarn deposits are between the two (3540 ppm). Obvi-
ously, these differences are the result of the comprehensive influ-
ence of multiple factors during the mineralization process, which
are closely related to the Cd/Zn ratio in the mineralization environ-
ment, the properties of the fluid, the physical and chemical condi-
tions (e.g., temperature, pressure, pH, etc.), and the types and
quantities of ligands (e.g., Cl–, HS–, S2–) in the solution (Zhu et al.
2013). Wen et al. (2016) found that the properties of fluids and the
source region of Cd are the primary factors controlling the Cd con-
tent in sphalerite through the study of stable isotopes of cadmium.
The hydrothermal lead-zinc deposits in the Sichuan-Yunnan-
Guizhou area of China show a pattern of Cd enrichment in sphal-
erite formed in relatively low temperature environments (Wenet al.
2019). In addition, the high Fe content in sphalerite may have a
certain inhibitory effect on the enrichment of Cd. There is a nega-
tive correlation between Cd and Fe in sphalerite, as reported in the
Fule deposit in Yunnan province and the Tianbaoshan deposit in
Sichuan province (Zhu et al. 2016, 2017).

Fluid inclusions are important media for revealing the physical
and chemical conditions of mineralization, the properties, and the
evolution of ore-forming fluids. The observation results of the cold
and hot tables of fluid inclusions in the Jinding deposit show that
there is a significant decreasing trend in the homogenization

FIGURE 5. Coherent interface relationship model of nano-CdS solid solution with the ZnS matrix.
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temperature of fluid inclusions from the eastern (average 170 °C) to
thewestern (average 95 °C) part of the deposit. The salinitywas the
opposite, increasing from an average of 8.3% in the eastern section
to an average of 12.8% in the western section. The reverse trend of
temperature and salinity may indicate that high-temperature and
low-salinity ore-forming fluids from the deep mantle were mixed
with basin fluids of low temperature and high salinity during their
ascent along the migration pathway. The distribution range of
hydrogen and oxygen isotopes fully confirms the occurrence of
fluid mixing (Xue et al. 2017). The mixing of two fluids with dif-
ferent properties leads to a sudden drop in temperature, and multi-
ple ore-forming substances such as Zn and Cd precipitate to form
minerals (Xue et al. 2003). The changes in δCe and δEu of fluid
inclusions reflect the transition of the fluid from weak oxidizing to
reducing during the mineralization process, and the large-scale
precipitation of ore-forming materials in the fluid may be related
to fluid mixing or reservoir destruction (Yin et al. 1990; Xue et al.
2003). In addition, the study of the ore-forming dynamics of the
Jinding deposit suggests that the ore-forming fluid has ultrahigh-
pressure properties (up to 170 × 105 Pa). This ultrahigh-pressure
fluid exhibits periodic pulsations and has a strong ability to expand
hydrothermal channels and transport minerals during active
periods. During the intermission period, the reduced activity and
transport capacity of fluids lead to the unloading andmineralization
of ore-forming materials (Chi et al. 2012; Xue et al. 2017).

The enrichment of Cd in Jinding sphalerite may also be
related to biological involvement inmineralization, as evidenced
by the widespread distribution of organic matter such as asphalt,
heavy oil, and carbonaceous substances in the deposit. The iso-
topic studies provide evidence for the biological enrichment of
Cd. The δ114/110Cd composition (–0.76∼�0.66 ‰) of pyrite
and sphalerite is very similar to biological samples such as algae
(–1.01∼ –0.86‰) and flora and fauna (–0.79∼�0.64‰). The
Jinding deposit also has a carbonate platform environment, sug-
gesting that pre-enrichment of Cd in sphalerite may be achieved
by algae and other organisms in shallow marine waters (Yang
2020). In addition, cadmium isotopes and sulfur isotopes of
metal sulfides (such as pyrite, sphalerite, and galena) in the
sphalerite of the Jinding deposit also record biological involve-
ment in mineralization processes (Zhu et al. 2016; Huang 2019).
The discovery of bacterial fossils in Jinding deposit is direct evi-
dence of bacterial sulfide reduction (BSR) during the minerali-
zation process, which reduces SO2−

4 in sulfates to H2S (Machel
2001; Leach et al. 2017; Yalikun et al. 2018). BSR can provide
sufficient reduced sulfur under low-temperature conditions,
which is beneficial for the precipitation and mineralization of
Zn and Cd.

The enrichmentmechanism ofCd in sphalerite. Sphalerite
is a mineral with relatively low Mohs hardness (3–4.5) and is
highly prone to plastic deformation (Chen et al. 2023). Barrie
et al. (2011) found that plastic deformation of sphalerite can
occur at relatively low temperatures, and materials science
experiments have shown that the temperature conditions for
plastic deformation of cubic structured sphalerite crystals can
even be as low as room temperature (Kitou et al. 2023). The
stress background during the mineralization period of the Jind-
ing deposit corresponds to transition from regional compression
to strike-slip in the LanpingBasin (Wang et al. 2001; Zhang et al.

2010; Yalikun et al. 2018). The development of thrusting, fold-
ing, and secondary structures within the deposit, along with the
complex and turbulent mineralization environment, can easily
lead to plastic deformation of sphalerite.

The reactivation caused by plastic deformation of sphalerite
is the dynamic mechanism for Cd enrichment. Under the driving
force of plastic deformation, the internal kinetic energy within
the sphalerite structure increased, leading to the reactivation
of Cd2� from sphalerite. This resulted in the release of Cd2�

from the constraints of the sphalerite lattice (Cugerone et al.
2020). Additionally, lattice defects formed during the plastic
deformation of sphalerite played an important role in the recrys-
tallization process of nanoscale protrusions. The formation pro-
cesses of briartite [Cu2(Zn,Fe)GeS4] in sphalerite (Fougerouse
et al. 2023) and “invisible” gold in pyrite (Fougerouse et al.
2021) both involved the participation of nanoscale lattice
defects, revealing the ability of lattice defects to capture
dispersed elements. Materials science experiments have shown
that common elements such as B, W, Mo in nickel-based
high-temperature alloys tend to segregate and accumulate at
dislocations (Antonov et al. 2023; Schulz et al. 2023).

The dynamics generated during plastic deformation in the
Jinding deposit led to the release of Cd from the sphalerite lattice,
causing its reactivation and migration. The capturing ability of
stacking faults formed during the plastic deformation of sphalerite
(Fig. 4d) promoted the enrichment of Cd within them (Fig. 6b).
Subsequently, under the influence of dynamic recrystallization,
crystallization occurred at the stacking faults, formingCd-enriched
nano-protrusions (Fig. 6c), while the original sphalerite structure
remained largely unchanged. FFT calibration results showed that
the lattice parameters of the nano-protrusions and ZnS in the orig-
inal sphaleritewere different (Figs. 2c and 4b), indicating a change
in the crystallization direction of sphalerite,which is closely related
to the temperature gradient and stress field changes in the crystal-
lization environment (Zhao et al. 2013). This further confirmed
that the nano-protrusions were products of dynamic recrystalliza-
tion. This process achieved the spatial redistribution of Cd, with
Cd concentrated and enriched in the newly crystallized nano-
protrusions, leading to the depletion of Cd in the original sphalerite
and exacerbating the uneven distribution of Cd within the sphal-
erite at a macroscopic level. The morphology of the nano-protru-
sions resembles irregular “3D island-shaped” structures formed on
the growth surface via heteroepitaxial Stranski-Krastanov (SK)
growth (e.g., Mo et al. 1990; Kaiser 2002), which may be related
to the reduction of strain energywithin the crystal (Wuet al. 2019).

The formation of nano-CdS solid solution involved the pro-
cess of solid solution precipitation during cooling, where tem-
perature played a crucial role. As the temperature decreased,
the originally dispersed atoms tended to precipitate and followed
the principle of minimizing energy to form coherent interfaces
with the matrix. This process has been widely studied in materi-
als science. For example, in carbon-doped high-entropy alloys,
nano-precipitates containing Al, Ni, and C elements were found
to be fully coherent with the matrix (Zhou et al. 2023). More-
over, in WNbMoTa-based refractory high-entropy alloys, the
addition of TiNi phase resulted in the precipitation of
Ni70Ti20Nb10 phase that is coherent with the TiNi phase (Cai
et al. 2023). All of these are related to the process of solid
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solution precipitation. The characteristic of this process is that
the precipitated substance is not a single phase, but a new phase
formed by the combined precipitation of solute atoms with some
solvent elements in the matrix phase. In geological research,
similar solid-solution precipitation processes have been
reported, such as the solid solution between hematite (Fe2O3)
and corundum (Al2O3) (Zhao et al. 2022). Hematite and corun-
dum have similar crystal structures, and Fe3� can easily replace
Al3� in the corundum structure. However, due to the larger ionic
radius of Fe3� (0.64 Å) compared to Al3� (0.51 Å), the substi-
tution process needs to occur in a high-temperature and high-
pressure environment (Li et al. 2018). As corundummoves away
from the mantle, temperature and pressure decrease, and unsta-
ble Fe combines with O in the corundum lattice to form hematite
(Zhao et al. 2022). During the formation process of nano-CdS
solid solution, Cd and ZnS act as solute atoms and solvent matrix
phase, respectively. The cooling and decompression effects lead
to Cd becoming supersaturated and precipitating out of ZnS.
The resulting new phase is the nano-CdS solid solution that is
coherent with ZnS matrix (Fig. 6d).

In crystals, if the precipitated phase has lattice parameters sim-
ilar to or integer multiples of the matrix, the precipitated phase
tends to exhibit a coherent interface relationship with the matrix
(Quek et al. 2011). Research has shown that high lattice matching
between two mineral lattices can significantly reduce interfacial
energy, thereby facilitating the nucleation and growth of mineral
crystals (Robinson et al. 1977). During the calibration process of
the nano-protrusions, we observed that when the CdS crystallo-
graphic zone axis was [110] and the ZnS crystallographic zone
axis was [211], there was an overlap in the diffraction patterns
of ZnS and CdS, corresponding to the �022̄� plane of ZnS and
the �2̄20� plane of CdS, respectively (Fig. 4b). This indicated that
the crystallographic orientation of the �022̄�ZnS plane and the
�2̄20�CdS plane was similar (Fig. 5b). According to the standard
PDF card (data obtained from the ICDD, Kabekkodu et al. 2024),
the interplanar spacing of the �022̄�ZnS plane is 1.88 Å, and the
interplanar spacing of the �2̄20�CdS plane is 2.05 Å, resulting in
a difference of only 0.17 Å between the two phases. In addition,
the interplanar spacing of the (001)CdS plane is 2.97 Å, while the
interplanar spacing of the �11̄ 1̄�ZnS plane is 3.12 Å, with a differ-
ence of only 0.15 Å, and the orientations of these two atomic
planes are also consistent. These data strongly confirm the good
match between the two phases, where some atoms in CdS and
ZnS can share the arrangement of atomic lattices, forming a coher-
ent interface relationship (Fig. 6e). This relationship can reduce
the interfacial energy between the nano-CdS solid solution in
the nano-protrusions and the ZnS matrix. Additionally, it repre-
sents a relatively good bond between the two phases, which
may be crucial for the formation and stable existence of nano-
CdS solid solution in the Jinding sphalerite.

The enrichment mechanism of Cd in sphalerite.We have
combined microscale LA-ICP-MS with nanoscale STEM
methods to study the occurrence and enrichment mechanisms
of Cd in sphalerite of other deposit types. The Xiwan deposit,
located in the Middle-Lower Yangtze River Metallogenic Belt,
has a variation range of Cd content in sphalerite from 2186 to
9859 ppm. The variation range of Cd content in Jinding sphal-
erite is 13 900∼40 513 ppm (OnlineMaterials1 Table S1), with a

maximum of 86 670 ppm (Duan et al. 2023). The comparative
results indicate that the Cd content of sphalerite may need to
exceed a certain threshold to form an independent mineral of
Cd, which may range from 27 000 to 40 000 ppm, but further
detailed research is still needed (Yan et al. 2024).

Inspiration on the spatial distribution characteristics of
dispersed elements

Dispersed elements such as Cd, Ge, In, and Ga are primarily
enriched in lead-zinc deposits, and their heterogeneous spatial dis-
tribution poses challenges for industrial development and the

FIGURE 6. Schematic diagram showing supernormal enrichment pro-
cess of Cd in sphalerite. (a) During the crystallization process of sphalerite,
Cd2� in the fluid enters the lattice of sphalerite. (b) Under the stress caused
by tectonic activities, plastic deformation of sphalerite occurs, creating crys-
tal defects and triggering the activation and migration of Cd2� to accumu-
late at the crystal defects, forming localized Cd-rich sphalerite. (c) Cd-rich
sphalerite originates from the formation of Cd-rich nano-protrusions
through dynamic recrystallization. (d) Cooling leads to the precipitation
of nano-CdS solid solutionwithin the nano-protrusions. (e) Nano-CdS solid
solution exhibits coherent interface relationship with the ZnS matrix.
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utilization of these elements. In sphalerite, the main host mineral,
the irregular zoning or oscillatory zoning formed by dispersed ele-
ments is often interpreted as fluctuations in the composition of
hydrothermal fluids (e.g., Di Benedetto et al. 2005;Gagnevin et al.
2014; Cugerone et al. 2021) or spatial variations in crystal struc-
ture and growth rates (Pfaff et al. 2011; Luo et al. 2022). Recent
studies have emphasized nanoparticles as the primary mechanism
for the redistribution of dispersed elements. For example, the
formation of Cd-rich nanoparticles through dissolution and
reprecipitation processes (Duan et al. 2023) and the precipitation
of Zn-Ge-Pb-S nanoparticles controlled by self-organization
processes lead to fluctuations in the concentration of dispersed
elements in the boundary layer (Sun et al. 2023).

During the ore formation process, plastic deformation of sphal-
erite led to the reactivation and migration of dispersed elements
within the mineral. This resulted in the formation of localized
enrichment areas, such as the Cd-rich nano-protrusions discussed
in this study, achieving the initial enrichment of dispersed
elements. Subsequently, during the cooling process, nano solid
solutions precipitated, further enriching the dispersed elements.
This may represent a new mechanism for the supernormal enrich-
ment of dispersed elements in sphalerite. Nanoscale mineralogical
evidence suggested that nano-CdS solid solution played a crucial
role in the process of achieving Cd enrichment. This mechanism is
expected not only to exist in the Jinding deposit but also potentially
to operate in other MVT-type deposits. It may even be extended to
explain the phenomenon of trace element enrichment in other
minerals where nanoscale particles are not detected. Previous
studies on the distribution characteristics of dispersed elements
in host minerals have primarily relied on time-resolved depth-
concentration profiles obtained through in situ quantitative micro-
beam techniques such as LA-ICP-MS and secondary ion mass
spectrometry (SIMS) (e.g., Cook et al. 2009; Gregory et al. 2014,
2015; LaFlamme et al. 2016; Li et al. 2020) However, considering
the relatively coarse spatial resolution of LA-ICP-MS and SIMS
(10 μm to several tens of micrometers), it becomes challenging
to accurately characterize the supernormal enrichment and com-
plex zoning of dispersed elements, at the nanoscale, such as the
nano-CdS solid solution observed in this study (ranging from a
few nanometers to tens of nanometers, as shown in Fig. 4c). The
formation of nano-CdS solid solution might be a potential
mechanism underlying the irregular mottled enrichment of Cd at
the micrometer scale in sphalerite (Fig. 1c).

IMPLICATIONS

Refinement of supernormal enrichment mechanism

The discovery of a new nanoscale occurrence state of Cd in
Cd-rich sphalerite, specifically the nano-CdS solid solution,
provides valuable nanoscale mineralogical evidence and
refines our understanding of the supernormal enrichment
process of Cd in sphalerite. By identifying the occurrence state
and enrichment mechanism of Cd in different areas, this study
contributes to the resolution of the controversy surrounding
the occurrence state and supernormal enrichment of dispersed
elements in sphalerite. Furthermore, the study highlights the
importance of reactivation and dynamic recrystallization
induced by plastic deformation of sphalerite, as well as

solid-solution precipitation caused by cooling, in the enrich-
ment of Cd. These mechanisms shed light on the processes that
drive the concentration and distribution of Cd in sphalerite and
have implications for predicting and interpreting the enrich-
ment patterns of dispersed elements in similar geological set-
tings, contributing to the exploration of other systems where
similar processes may occur.

Coherent interface relationship

The coherent interface relationship between CdS and ZnS is
identified as a crucial factor for the formation and stable exis-
tence of the nano-CdS solid solution. This finding emphasizes
the significance of interfacial interactions in the formation of
solid solutions and their impact on the distribution and enrich-
ment of dispersed elements. The coherent interface relationship
provides insights into the formation of nano solid solution in
sphalerite as a new occurrence state. The findings contribute
to refining the understanding of mineral formation processes
and have the potential to inform future studies on the enrichment
of elements in other mineral systems.

Expansion and limitations of research methods

In addition to identifying the occurrence and enrichment
mechanisms of Cd in sphalerite, we have extended the research
methods to study other dispersed elements in other minerals, such
as Re in molybdenite and Co in pyrite. Although no independent
mineral of Re was observed in the Merlin deposit in Australia, the
presence of lattice defects such as quintuple twinning and stacking
faults in molybdenite was found to be beneficial for the enrich-
ment of Re (Yan et al. 2023). In the De’erni deposit in China,
Co is present in pyrite in two forms: cobaltite nanoparticles and
lattice substitution for Fe. STEMcan directly observe the nanopar-
ticles of cobaltite. However, due to the close relative atomic mass
between Co and Fe in the host pyrite, the contrast difference is not
significant in HAADF-STEM images, making it difficult to visu-
ally determine the specific location of Co in the pyrite lattice. The
combination of LA-ICP-MS and STEM methods can effectively
determine the occurrence and enrichment mechanisms of dis-
persed elements inmostminerals.However, in some special cases,
it still faces difficulties and challenges. It is necessary to compre-
hensively utilize multi-domain, multi-dimensional, and different
resolution analysis methods for multi-scale investigations.
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