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Abstract

The release of cadmium during the natural weathering process of cadmium-containing strata constitutes a significant source of cadmium
pollution in both water and soil. The Hetang Formation, located in western Zhejiang Province in China, is a typical example of a cadmium-rich
black shale stratum. The bottom coal seam of this formation has been found to contain high levels of cadmium, with concentrations reaching up
to 11.2 mg/kg. The continuous weathering and erosion of cadmium-bearing bedrock by fluvial processes results in the release of cadmium,
leading to geological background cadmium contamination of downstream soils. This study relies on the strong adsorption characteristics of iron-
sediment for cadmium during migration and uses FE-SEM, EDS, optical microscopes and other means to observe the distribution of iron elements
in rock fragments of different weathering degrees in the Hetang Formation in river channels. The aim is to explore the state of cadmium from
geological background sources during migration. By comparing detritus from upstream and downstream sections of the river channel, it was
determined that under weathering conditions, the occurrence state of geological background source cadmium could be divided into three distinct
stages: unweathered stage; intra-detritus migration stage; and completely weathered stage. Furthermore, after leaving the Hetang Formation shale
outcrop area, there was a sharp decrease in content for Hetang Formation detritus. At this point geological background source cadmium had
largely escaped from constraints imposed by rock structure and had come into full contact with water. The findings from this research deepen our
understanding regarding migration patterns for geological background source cadmium. They also reveal formation processes for geological
background source cadmium pollution and provide a theoretical basis for identification and treatment for geological background source
cadmium pollution.

1 Introduction

The issue of soil heavy metal pollution has garnered significant attention due to its increasing severity in the wake of industrial and mining
development (Burbacher et al., 2015; Kasuya,2000). Approximately 14.3% of soil survey sites across Europe have been identified as requiring
remediation for heavy metal contamination (Mahar et al., 2016). Cadmium, in particular, poses a considerable threat as a primary pollutant due to
its easy accumulation, high mobility, and high toxicity (Gobe and Crane, 2010; Jarup et al., 1998). In China, the majority of soil affected by heavy
metal pollution is contaminated with cadmium (China soil pollution investigation bulletin, 2014).

Cadmium contamination can be classified into two categories based on the influence of human activities: geological backgrounds pollution and
anthropogenic pollution. The former is intimately linked to the natural weathering of strata with high cadmium concentrations (Mndrescu et
al.,2022; Islam et al.,2018). Cadmium within these strata accumulate in metal sulfides such as pyrite and sphalerite in an isostructural manner
(Liu et al.,2017; Cullen and Maldonado,2013). As weathering continues, rocks containing cadmium disintegrate and fragment, exposing their
metal sulfides to air and water where they undergo oxidation. Ultimately, metallic elements such as cadmium and iron are released into water in
their ionic forms (Yang et al.,2018). In contrast to anthropogenic pollution sources, cadmium contamination from geological backgrounds is
characterized by a slower rate of release and a longer duration.

Globally, black shale is generally rich in Cd (Liu et al.,2017;Liu et al.,2020; Lavergren et al., 2009). The Low Cambrian Hetang Formation in the
eastern China represents a quintessential region with high geological background levels of cadmium (Xin and Sui,2022 Zhao et al.,2018).
Concurrently, abundant stone coal resources are present at the base of the Hetang Formation (Song,2009). Historically, haphazard extraction of
stone coal resulted in a substantial expansion of Hetang Formation strata exposed to water and air. This exposure produced copious amounts of
acid mine drainage (AMD) enriched with iron and cadmium that persistently contaminated proximate water systems and soil. Consequently, to
devise a scientifically sound strategy for managing cadmium pollution, it is imperative to elucidate the migration patterns of cadmium originating
from geological background sources.

Currently, the assessment of mixed cadmium pollution from both geological background and anthropogenic sources primarily employs the geo-
accumulation index (Williams and Antoine,2020; Liu et al.,2021) and multi-element geochemical valuation methods (Han et al.,2022; Hamon et
al.,2004). However, the methodology for determining the constant K value within Muller's cumulative index formula, which accounts for
fluctuations in background values induced by diagenesis, and its associated conditions of use are absent. Consequently, it is no longer capable of
fulfilling the requirements for a scientific evaluation of heavy metal contamination across regions with varying geological backgrounds.
Conversely, due to the shared origin of anthropogenic and geological background pollution, it is challenging to discern their respective
contributions using geochemical analysis techniques such as cadmium isotopes. As such, there is an exigent need for meticulous investigation
into the processes underlying cadmium pollution from high cadmium level geological backgrounds regions. Such research would elucidate the
migration patterns of cadmium and furnish a foundation for scientifically evaluating the proportion of cadmium pollution attributable to
geological background sources within areas affected by complex pollution.

The geological background source of cadmium pollution can be attributed to two distinct processes: the leaching of cadmium-rich parent rocks
on slopes exposed to the surface environment, and the erosion of cadmium-rich strata by hydrodynamic force (Chen et al., 2014).

The weathering of parent rocks can be further classified into chemical and physical weathering (Riebe et al.,2003; Qin et al.,2006). Notably, due to
direct exposure to water erosion, the rate of erosion for riverbed bedrock is comparatively rapid (Tarun et al.,2012). This is particularly evident in
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hilly terrain where there is a significant elevation difference between the upstream and downstream sections of a river and where water flow is
relatively swift. Under these conditions, chemical weathering and hydraulic action result in a more rapid rate of weathering for cadmium-rich
parent rocks in riverbeds compared to those on slopes (Inoue et al., 2017; Dosseto et al., 2014). Consequently, this represents the most significant
geological source for cadmium pollution at present.

The process of weathering involves numerous factors that contribute to cadmium pollution caused by geological background. These factors
include rock collapse, mineral dissolution and element migration within water systems. The release and migration of cadmium is influenced by
various environmental conditions such as temperature, pH levels and ion strength (Yang et al., 2021; Lasaga et al.,1994). Compared to cadmium
pollution caused by anthropogenic activities, the process caused by geological background is considerably more complex. However, these
differences also provide an opportunity to distinguish between geological background causes and anthropogenic cadmium pollution from the
same source. This study focuses on the Hetang formation in Kaihua County, Zhejiang Province. Given that approximately 90% of cadmium is
adsorbed by iron-sediment during migration (Zhou et al.,2020), this research utilizes the migration characteristics of iron elements to reconstruct
the migration and enrichment patterns of geological background source cadmium resulting from natural weathering of Hetang formation.

2 Geological Conditions and Samples
2.1 Geological Background of the Study Area

The study area encompasses Cuntou Town and Huabu Town in Kaihua County, located in the western region of Zhejiang Province. The Majin
River traverses this area, where Sinian-Ordovician strata are exposed (Fig. 1). The topography of the study area is characterized by hills and the
river exhibits downcutting behavior. Bedrock is visible and an abundance of pebbles with diameters ranging from 1-20 cm have accumulated
within the river channel. The proportion of bottom mud composed of fine-grained silt with particle sizes less than 0.5 cm is below 5%. Between
May and September each year, precipitation accounts for approximately 65% of the region’s annual rainfall total and often results in a substantial
increase in Majin River's discharge due to afternoon thunderstorms. Over an extended period measured in years, fine-grained sediments within the
river are subject to migration.

2.2 Sample Collection

To ascertain the origin of cadmium within the geological background of the study area, eight varieties of exposed bedrock outcrop samples were
obtained. During collection, the weathered layer on the surface was removed to a depth of 5cm.

To ascertain the spatial distribution of cadmium derived from geological background sources, this investigation established three sample
locations within the Hetang formation distribution area and two sample locations downstream of the Hetang formation strata distribution area
(Fig. 1). Five riverbed sediment samples were procured at intervals of approximately 10 kilometers. Sample 1 was situated in the Hetang
formation exposure zone and approximately 20 meters downstream from the effluent discharge point for AMD emanating from an abandoned
stone coal mine. All sediment samples were obtained using stainless steel spades at concave banks during the winter low-water season, with
pebbles exceeding 2 centimeters in diameter being removed.

3 Methods
3.1 Extraction of rock fragments from sediment

In the research area, sediment comprises rock debris and mineral particles ranging in size from millimeters to micrometers. To mitigate
interference from fine particles and organic matter, sediment samples were subjected to washing and subsequently segregated into rock debris
and minerals based on particle size. Utilizing the United States Department of Agriculture's (USDA) soil particle size classification scheme (Wang
et al.,2014), nylon screens with mesh sizes of 18, 32, and 150 were employed to categorize sediment particle sizes into silt and clay (< 150 mesh),
fine sand (32-150 mesh), medium sand (18-32 mesh), and coarse sand (> 18 mesh). During the sieving process, samples were rigorously
agitated to disintegrate agglomerate structures between fine particles.

Sediment samples of 18-32 mesh, 32-150 mesh, and < 150 mesh were subjected to a series of treatments. Firstly, the samples were rinsed with
clean water and subjected to 60HZ ultrasonic oscillation for 30 seconds until no obvious suspended solids remained. This step removed small
minerals adhering to the surface of particles. Secondly, the samples were soaked in a solution of 30% hydrogen peroxide at 60°C for 30 minutes
and then subjected to ultrasonic oscillation at 60Hz for 30 seconds before being rinsed with clean water. This process was repeated until the
hydrogen peroxide solution was clear (Note: there is a certain probability that foam will overflow quickly during the hydrogen peroxide soaking
process!). This step removed most organic matter and small particles adhered by organic matter (Miller et al.,2009). Thirdly, the samples were
soaked in a shaking condition with a solution of 15% HCI for 30 minutes and then subjected to ultrasonic oscillation at 60Hz for 30s before being
rinsed with clean water. This process was repeated until the solution was almost colorless. By lowering the pH value to increase the solubility of
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iron elements, this step removed iron precipitates from anthropogenic pollution sources adhering to the surface of rock debris (Zhu et al.,2021).
After undergoing these steps, clean rock debris and quartz particles of various particle sizes that can be observed by instruments were obtained.

3.2 Observation of rock debris morphology at different scales
3.2.1 Identification of debris type and morphological observation

Rock debris and minerals were examined utilizing a DM2000 optical microscope. An external direct light source was employed in conjunction with
5x, 10x and 20x apertures (Kleven et al.,2009;Rola et al.,2013).

Utilizing microscopic analysis of rock fragment color, morphology and iron-sediment adhesion status in conjunction with previously acquired data
on stratum exposure within the study area and empirical observations of stratum outcrops, statistical methods were employed to select rock
debris from the Hetang formation for detailed examination of their microstructure.

3.2.2 Microscopic observation of mineralogical patterns on the surface of rock
debris

Utilizing an optical microscope, rock debris and quartz specimens are selected for observation via a scanning electron microscope. Subsequently,
the specimens are affixed using epoxy resin and the cross-sections are ground to a flat surface. Carbon coating is then applied in preparation for
further analysis.

All separated samples have been investigated by using Field Emission Scanning Electron Microscope (FE-SEM) imaging and EMS analyses. FE-
SEM imaging were made on a Apreo S instrument, with working distances of 7 mm to 177mm and acceleration voltages of 5 kV to15 kV(Liu et al.,
2017; Tan et al., 2015).

EDS was carried out using ESCA+ (Oxford Instruments,Germany) and the resolution ratio was 0.4%. The beam size of the electron beam gun was
~75nm in diameter. The energy resolution was 0.5 eV. The proportions of oxygen were obtained by stoichiometry (Rusk and Reed, 2002).

3.3 The analysis of rock elemental composition

Following pretreatment procedures, bedrock and sediment samples obtained from the study area were analyzed for cadmium and iron content
utilizing a NexION 2000 ICP-MS instrument manufactured by PerkinElmer (Ma et al.,2018). During analysis, the RF transmission power was set to
1200 W and a glass concentric nebulizer was employed. Each sample underwent triplicate analysis. Standard substances GSS-1, GSS-11, and
GSS-16 from the Institute of Geophysical and Geochemical Exploration at the Chinese Academy of Geological Sciences were utilized for sample
analysis.

4 Results and discussion
4.1 Geological background source of cadmium element

Upon examination of the strata traversed by Majin river within the research area, it was determined that the primary stratum containing cadmium
is the cambrian Hetang formation. The cadmium content within this stratum exceeds that of other strata by two orders of magnitude and
surpasses the abundance value of cadmium in China’s continental lithosphere. This stratum is characteristic for its enrichment in cadmium (Li
and Ni,1997) (Table 1). Cadmium elements are predominantly concentrated in metal sulfides such as pyrite through a process of isomorphism
(Bostick et al.,2000; Song,2009). The Hetang formation comprises gray-black carbonaceous mudstone and powdery sandstone mudstone. The
pyrite content at the base of this formation’s coal seam reaches 35.1% (Fig. 2).

Table 1
Cadmium content of strata in the study area(mg/kg)

Formation Yinzhuwu Xiyangshan Huayansi Yangliugang Dachenling Hetang Bangiaoshan Doushantuo TheI
prevalence
(0qy) (€3%) (€3h) (€2y) (€qd) (€:h)  (Z2b) (Zd) of cadmium
within the
lithospheric
composition
of China

Cadmium  0.180 0.044 0.042 0.360 0.033 11.260 0.069 1.410 0.061

Content

4.2 The occurrence state of cadmium from geological background sources
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The occurrence state of geological background sources cadmium is intimately associated with the weathering degree by the Hetang formation. In
a Hetang formation debris from sample 1, a partial disintegration of rock microstructure is observed within area B where pyrite enriched in
cadmium has undergone weathering, resulting in an abundance of dissolution cavities. Some of these cavities have even been filled with granular
iron-sediment. In contrast, area A exhibits no significant damage to rock structure or mineral morphology and inter-mineral contacts remain tight
(Fig. 3). Iron released through pyrite dissolution migrates and precipitates via interconnected pore spaces within the rock debris (Fig. 4).

As the weathering process progresses, cadmium begin to diffuse within rock debris. Pyrite within the Hetang formation rock debris undergoes
complete dissolution, leaving behind numerous mold cavities. Cadmium elements uniformly infiltrate rock debris interconnected pores with iron-
sediment (Fig. 5). With increasing weathering duration, iron elements are gradually released outward via interconnected pores and adhere to rock
debris surfaces in a lacquer-like manner (Fig. 6A). Based on the morphology of iron-sediment and their yellow-brown characteristics (Fig. 6B), it
can be inferred that at this point in time, iron-sediment containing cadmium elements formed through geological background diagenesis have
undergone a transformation from unstable ferrihydrite to stable siliceous limonite (Fig. 6C). Energy spectrum analysis indicates that cadmium-
containing iron-sediment remain primarily concentrated within rock debris and no significant enrichment of iron elements is observed on rock
debris surfaces. Furthermore, the adhesion strength between geological background diagenetic iron-sediment and rock debris is exceedingly high;
even after repeated treatment with HCI solution, H,0, solution and 60Hz ultrasound, large-scale peeling of lacquer-like iron-sediment on rock
debris surfaces is not observed (Fig. 6A). This phenomenon suggests that the migration process of cadmium from geological background
sources is intimately linked to the weathering process of rock debris; prior to complete weathering of rock debris, cadmium migration adheres to a
rock migration pattern

The stability of rock debris structure plays a crucial role in regulating the migration of geological background sources cadmium. Upon complete
dissolution of pyrite, numerous pores ranging from 40-100um in diameter emerge within the Hetang formation rock debris. This results in a
loosening of the rock debris structure and facilitates pore water infiltration between particles. Consequently, relatively loose clay minerals within
deposits undergo softening and ultimately lead to a substantial reduction in the mechanical stability of rock debris (Feng et al.,2009). During the
migration process of rock debris, external forces such as hydrodynamics cause preferential fracturing in weak areas between injection mold
pores, leading to further fragmentation of rock debris (Fig. 7). This process exposes large quantities of cadmium-containing iron-sediment
distributed within the rock debris to the water environment. Sudden alterations in environmental factors including pH and Eh induce migration of
cadmium initially adhered to iron-sediment on inner walls of interconnected pores towards external surroundings. As weathering progresses and
fragmentation intensifies, all cadmium-containing iron-sediment within pores eventually enter the water environment.

In summary, the migration process of geological background source cadmium can be divided into three stages according to the spatial
relationship between cadmium and rock debris. In the first stage, cadmium exist in pyrite within the Hetang formation rock debris (Fig. 8A); In the
second stage, pyrite undergoes dissolution, most of the cadmium-containing iron-sediment fill the pores within the rock debris, and a small
amount migrates to the surface of the rock debris through pores and adheres tightly (Fig. 8B); In the third stage, rock debris gradually
disintegrates until fine single minerals are exposed to water environment (Fig. 8C).

4.3 The occurrence state of cadmium in different geological background areas of
the river channel

The hydrodynamic conditions in the upper and lower segments of the river influence the particle size distribution of the rock debris (Landeghem et
al.,2012), which in turn depends on the weathering degree of the rock debris (Liang et al.,2013; Chen et al.,2006). Hence, the occurrence state of
geological background sources cadmium varies across different regions due to different weathering levels during the migration process.

The research area exhibits consistent river channel width and drop, with stable hydrodynamic conditions in both upstream and downstream
regions. Analysis of the hydrodynamic model and the weighing results of samples with varying particle sizes indicates that the particle size
composition of rock debris in the upstream and downstream regions is consistent under hydrodynamic sorting (Hawleyn, 2000; Philipp et
al.,2009)(Fig. 9). However, a significant decrease in the content of Hetang formation rock debris is observed with increasing migration distance,
with a sharp drop in content when sample 4 exits the Hetang formation distribution area (Fig. 10). This sharp change in Hetang formation rock
debris content presents a contradiction with the stability of rock debris particle size composition in upstream and downstream regions. The
observed phenomenon suggests that, in comparison to sandstone, siltstone, and quartz, the weathering resistance of Hetang formation rock
debris, as mudstone-siltstone rock, is notably weaker (Boardman, 2015). The research area, located in a subtropical monsoon climate with hilly
terrain, experiences concentrated migration of river bottom mud during afternoon thunderstorms in the spring and summer seasons (Zhang et
al.,2020). As a result, Hetang formation rock debris experiences a prolonged weathering period prior to migration, allowing sufficient time for pore
water to promote the dissolution of pyrite and the transition of cadmium in the rock debris to a relatively unstable second stage within the rock
debris structure. The impact of hydrodynamics during migration causes the Hetang formation rock debris in the second occurrence state stage to
fragment and transition to the third stage.

An analysis of the distance of various samples from the Hetang Formation distribution area, in conjunction with the observed changes in the
content of Hetang Formation rock debris of different particle sizes, indicates that the geological background source cadmium in the Hetang
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Formation distribution area is in the first and second occurrence state stages. As the distance from the Hetang Formation stratum exceeds 10km,
the cadmium-containing rock debris transition into the third occurrence state stage. At this stage, the geological background source cadmium is
no longer under the control of rock debris. Instead, fine cadmium-containing iron-sediment are either adsorbed by other substances in the bottom
mud or undergo rapid long-distance migration with the water flow.

5 Conclusion

The current geological context of cadmium pollution primarily originates from the ongoing release of cadmium elements during the natural
weathering of cadmium-containing rocks. Through an analysis of the micro-morphology of cadmium-containing pyrite and its weathering
products within rock debris of the Hetang Formation located in the river channel at varying stages of weathering in the study area, this article
categorizes the migration process of cadmium-bearing rock fragments into three distinct phases: (1) The presence of cadmium within the pyrite
of Hetang Formation rock debris; (2) The dissolution of pyrite, resulting in the majority of cadmium being uniformly distributed within the pores of
rock fragments alongside iron-sediment; (3) The disintegration of rock debris, leading to the exposure of cadmium-containing iron precipitates
originally located within the pores to the aquatic environment.

This study examines the influence of the weathering rate of rock debris from the Hetang Formation on the distribution of cadmium. The analysis
is based on the composition of rock debris grain sizes in different regions of the river, as well as the content of rock debris from the Hetang
Formation. Preliminary findings suggest that during the time interval between two instances when the river flow rate exceeds the migration rate of
rock debris from the Hetang Formation, the majority of this material undergoes weathering, resulting in the formation of finer particles that are
transported further downstream. This leads to a marked decrease in the content of clastic material from the Hetang Formation after it has moved
beyond the distribution range of the parent rock.

This study presents preliminary findings on the categorization of the geological background source cadmium migration phases. Further research
within watersheds could refine and enhance our understanding of the patterns of geological background sources cadmium migration.
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Figure 1

The distribution of rock units in the region traversed by the river within the study area (water flows from north to south)
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Figure 2

Black shales of the Hetang Formation exhibit a high concentration of cadmium
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Figure 3

Rock fragments from the Hetang formation in sample 1. Area A: unweathered area with no obvious pores and cracks, pyrite is basically not
corroded; Area B: weathered area with more pores and cracks due to weathering, pyrite is largely corroded and granular iron deposits appear.
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Figure 4

In the rock debris of the Hetang formation, due to the dissolution of pyrite, small iron deposits are filled between the pores (within the white
frame). A. Mineral composition under scanning electron microscope; B. Iron element distribution status, pink dots are iron element accumulation
areas.

Figure 5

Severely weathered rock debris of the Hetang formation, with a large amount of damaged pyrite mold cavities remaining. A. Rock debris
morphology under scanning electron microscope; B. The iron element distribution in rock fragments is uniform.

Page 11/14



Figure 6

Weathered rock debris from Hetang formation in Sample 2. A. Lacquer -like iron-sediment on the surface of rock debris; B. The surface of
rockdebris is covered with a large amount of stable iron-sediment such as limonite, which are yellowish-brown in color. C. EDS results of lacquer -
like iron-sediment.
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Figure 7

Broken lotus pond rock debris in sample 2. The brighter low-gray part is cadmium-containing iron-sediment.
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Figure 8

Cadmium-containing Hetang formation rock debris gradually disintegrates during weathering, and the schematic diagram of the change in
cadmium occurrence state. A. The rock debris structure is stable, pyrite is not obviously weathered, and cadmium exists in pyrite; B. The rock
debris structure is partially destroyed, pyrite is partially weathered and eroded, cadmium begins to enter the water environment and partly exists in
residual pyrite and ferrihydrite and limonite; C. The rock debris is completely weathered, difficult to weather mineral residues are broken, a large
amount of cadmium loss enters the water environment, a small part remains on the surface of ferrihydrite and limonite in the rock debris.
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Figure 9

Rock debris content of different grain levels in the sample (mass ratio)
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Figure 10

The content of rock debris in the Hetang formation in each grain grade of the sample
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