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Annotation 
This study investigates tailings from the Suoi Thau – Phin Ngan Chai copper mine in Lao Cai 

Province. Analysis of 49 mineral facies and 30 heavy sand samples reveals dominant chalcopyrite, 
pyrite, and magnetite, with trace secondary minerals—including melnikovite, goethite, covellite, 
and bornite—observed as inclusions. Environmental risks include heavy metal contamination, acid 
mine drainage, and leachate leakage. Integrated solutions are proposed, highlighting the need for 
sustainable tailings management in sensitive mining regions. 

Keywords 
Tailings, Flotation, Copper ore, Waste, Bat Xat. 
1. Introduction 
Copper mining activities in the Suoi Thau – Phin Ngan Chai area, Lao Cai Province, Vietnam 

have significantly contributed to the regional economy. However, these activities have also resulted 
in the generation of substantial quantities of tailings—a byproduct composed of finely ground 
waste rock and residual processing chemicals. These tailings are typically deposited in surface 
tailings storage facilities (TSFs), which pose serious environmental and safety risks if not managed 
properly. 

Historical mining practices in Vietnam and globally were often inefficient, leaving considerable 
amounts of unrecovered copper and other valuable metals within tailings. Recent studies 
demonstrate that tailings from similar copper mining operations still contain economically 
significant metal concentrations—up to 0.3 % Cu—as shown in the Bleïda tailings deposit study in 
Morocco [1]. Additionally, metal - bearing tailings, when left untreated, can produce acid mine 
drainage (AMD), leach toxic heavy metals (e.g., As, Pb, Cd), and compromise surrounding 
ecosystems and water bodies [2]. 

In Lao Cai, the geological context includes sulfide - rich ores, which intensify the risk of AMD. 
Without adequate management, TSFs can experience dust dispersion in the dry season, tailings 
dam instability in the rainy season, and long - term metal mobilization—all of which threaten local 
communities and environmental health. Moreover, studies have reported tailings dams occupying 
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large land areas, with utilization rates often below 30 % [3]. In China alone, annual tailings 
accumulation exceeds 520 million tons, with the majority remaining underutilized [4]. 

Sustainable tailings management requires a two - pronged approach: (1) stabilization and 
environmental control of existing deposits, and (2) resource recovery and valorization of secondary 
materials. Advanced metallurgical techniques such as acid leaching, magnetic separation, and 
flotation have demonstrated effective recovery of Cu, Fe, Zn, and rare earth elements from tailings 
with recoveries exceeding 80 % under optimal conditions [5]. Geostatistical modeling, such as 
kriging, can also provide accurate resource estimation and guide selective re - mining of tailings. 

Additionally, dust control using materials like CaCl₂ or polyacrylamide can significantly reduce 
wind - blown particulate emissions from tailings surfaces, which is crucial in the semi - 
mountainous, windy climate of Lao Cai [6]. These measures are necessary to prevent public health 
crises and environmental degradation, as previously observed in global mining disasters such as 
Samarco and Mount Polley [7]. 

Thus, there is an urgent need to develop an integrated, site - specific tailings management and 
recycling solution for the Suoi Thau – Phin Ngan Chai copper mining area. Addressing these 
challenges aligns with national goals for environmental protection, resource circularity, and socio - 
economic sustainability. This article seeks to provide a comprehensive solution framework 
grounded in scientific evidence, engineering best practices, and global regulatory insights. 

2. General overview of the mining area 
2.1. Location and size of mine 
Suoi Thau - Phin Ngan Chai copper mine of Lao Cai Group Joint Stock Company is in Coc My 

commune, Lao Cai province, about 16 km from Bat Xat town and about 30 km northwest of Lao 
Cai city. The mining area is 21.78 ha.  

The mine's operating life is 16 years, of which the ore exploitation period is 14 years. 
 

 
Figure 1. Location of Suoi Thau – Phin Ngan Chai copper mine 

 
The mine's capacity is 150,000 tons / year with open - pit mining technology. 
2.2. Mineral processing 
Mineralogical and petrographic analyses of the technological sample from the Suoi Thau – Phin 

Ngan Chai copper deposit, located in Coc My Commune, Lao Cai Province, reveal that the 
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primary ore minerals are chalcopyrite (CuFeS2), pyrrhotite (FeS), and pyrite (FeS2). The associated 
gangue (non - ore) mineral assemblage includes quartz, albite, mica, calcite, chlorite, and minor 
goethite, indicating a hydrothermal alteration environment with moderate silicification and 
sulfidation. 

Minerals associated with copper ore according to the analysis results of 100 chemical samples 
analyzed with 17 indicators (As, Sb, Cu, Pb, Zn, Fe, Co, Ni, Bi, S, TR2O3, Au, Ag, Mo, Nb, Th, U). 
The results show that the associated minerals include Au; 0.25 g / t, Ag: 1.02 g / t, Fe: 4.12 %, 
TR2O3: 0.12 %, and other elements with very low content. The significant mineral is Au with 
content from 0.1 to 1.1 g / t; an average of 0.25 g / t. 

Chemicals used in the selection technology: Sodium Xantate (C4H9COSSNa), Sodium Sulfite 
(Na2S), Soda (Na2CO3), Pine oil (C10H17OH), liquid glass Na2SiO3, Oleic acid. 

Based on the processing technology diagram, based on the volume of raw ore to be selected, the 
volume of tailings after selection is 2,092,000 tons, equivalent to 789,434 m³. 

3. Tailings management solutions for projects 
3.1. Characteristics of tailings 
Based on the initial composition of the ore sample and the flotation recovery, the major mineral 

compositions in the tailings are shown in Table 1 [8]. 
 

Table 1 - Main mineral composition in tailings 
Mineral Properties 

Quartz Inert, non - toxic 
Anbit Inert 
Calcium Biodegradable with potential CO2 release 
Chlorite, Muscovite Capable of causing water turbidity 
Goethite Contains Fe, subject to decomposition 

Pyrite, Pyrrhotite Acid - generating potential, contributing to acid mine 
drainage (AMD) 

Chalcopyrite Contributes to metal loss 
 

- Physical and chemical characteristics of tailings: 
+ pH: 3.5–6 (tends to be acidic if containing residual sulfide). 
+ Form: fine mud, difficult to settle if not treated. 
+ Trace metal components: may contain Cu, Fe, Zn, Pb… 
- Potential environmental risks 
+ Creating acid mine water (AMD): Residual pyrite, pyrrhotite, and chalcopyrite will be 

oxidized to create H2SO4. 
+ Wash away heavy metals: Cu²⁺, Fe²⁺, Zn²⁺ can be released into the environment through 

leaking water. 
+ Increased turbidity of surface water: due to suspended solids from sludge. 
Impact on cultivated land: Long - term accumulation of heavy metals causes soil degradation. 
3.2. Tailings management solutions for the project 
Flotation tailings are mainly in the form of suspension – a mixture of very fine solids suspended 

in water. This is the common and typical waste form in the mineral flotation process. 
- Wastewater generated during the ore beneficiation process is routed to a settling pond designed 

with three compartments: two for sedimentation and one for clarified water. The base of the pond is 
lined with HDPE geotextile to prevent seepage and ensure that untreated effluents do not 
contaminate the surrounding environment. Clarified water is subsequently pumped back to the 
processing plant for reuse, enabling a closed - loop system that minimizes environmental discharge. 
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Due to the oxidation of sulfide minerals (e.g., pyrite, chalcopyrite), the wastewater is typically 
acidic as sulfuric acid is formed during the reaction. Therefore, pH adjustment is essential. Alkaline 
reagents such as lime milk (Ca(OH)₂) or sodium hydroxide (NaOH) are added to raise the pH to 
neutral or slightly basic levels (~6.5–8.5). At higher pH levels (typically >9), dissolved heavy 
metals—including Fe, Mn, Cu, and Zn—precipitate as their respective hydroxides, facilitating their 
removal from the water through sedimentation. 

- The sludge from the selection process will be pressed dry and transported to the tailing’s 
disposal site for disposal storage. Due to the nature of tailings containing sulfides and heavy metals 
such as Cu, Fe, Zn, Pb... Therefore, the storage site will be waterproofed with 3 layers of materials 
from bottom to top such as: 

+ Layer 1: after the bottom of the lake is dredged with mud and organic matter, a layer of 
geotextile (or HDPE waterproofing membrane) is spread. 

+ Layer 2: spread a 100mm thick layer of compacted K95 sand. 
+ Layer 3: spread a layer of K95 compacted aggregate soil 300mm thick. 
- To avoid landslides and tailings waste from affecting the surrounding environment, build a 

dike to block the tailings storage area with a structure of stone gabions (2×1×1 m), the stone 
gabions relate to D6mm steel. At the bottom of the dike, insert reinforced concrete into the bedrock 
(or solid geological layer) to connect with the stone gabion dike. Install a drainage pipe with holes 
(pipe covered with geotextile) at 3×3 m to drain water from the tailings to the dike surface. On the 
outside of the dike, build a ditch 

- Analysis of sliding arc in landfill stability assessment: 
The stability of the landfill was assessed through numerical modeling, focusing on potential 

failure mechanisms, including sliding along a critical slip surface (Fig. 2). The simulation results 
reveal the development of a sliding arc characterized by an incremental displacement with a 
maximum value of 0.01372 meters. 

 

 
Figure 2. Sliding arc (incremental displacement with maximum value 0.01372m) 

 
This displacement value, although relatively small, represents the zone of maximum shear strain 

accumulation and suggests the onset of localized movement within the landfill body. The formation 
of a continuous sliding arc indicates a potential failure plane where differential settlement or shear 
displacement could propagate over time under static or dynamic loading conditions. Such 
deformation is often associated with gradual strength degradation in weakly bonded fill material or 
layers with reduced shear resistance—typically due to moisture variation, leachate migration, or 
interface weaknesses between geotechnical layers. 

The magnitude of 0.01372 m falls within the range generally considered to indicate incipient 
instability rather than immediate failure. However, its location and orientation provide critical 
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insights into the overall stability conditions. If the displacement arc is located near the toe or mid - 
slope of the landfill embankment, it may signal the need for remedial measures to reduce driving 
forces or increase resisting forces along the identified plane. Conversely, if the displacement is 
concentrated within the internal waste mass and not near structural boundaries, it may reflect a 
settlement behavior that is still within acceptable performance limits. 

In terms of safety evaluation, the displacement results should be interpreted alongside the factor 
of safety (FoS) and pore pressure development. A low FoS combined with observable shear 
displacement, even at small values, could justify further stabilization measures, such as slope 
regrading, drainage improvement, or buttressing. Additionally, long - term monitoring should be 
implemented to assess whether the displacement remains stable or shows a progressive trend under 
operational or seasonal changes. 

In conclusion, the sliding arc with a maximum displacement of 0.01372 m is an important 
indicator of the mechanical response of the landfill system. Although it does not indicate imminent 
failure, it warrants attention in future monitoring and may influence the design of reinforcement or 
leachate control systems, ensuring continued structural integrity and environmental safety. 

- Analysis of settlement in landfill stability assessment: 
In the numerical assessment of landfill stability, total displacement analysis provides critical 

insights into the deformation behavior of the landfill body under self - weight, waste loading, and 
operational conditions (Fig. 3). The results indicate that the maximum total settlement reaches 
0.9275 meters, reflecting significant vertical displacement within the landfill mass. 

 

 
Figure 3. Settlement (total displacement with maximum value 0.9275m) 

 
Such a settlement magnitude is considered moderate to high, depending on the landfill height, 

stratigraphy, and operational age. It typically results from the consolidation of compressible waste 
material, the degradation of organic components, and the expulsion of pore water or entrapped gas. 
In engineered landfills, differential settlement is expected; however, a total displacement 
approaching one meter demands careful evaluation of both short - term serviceability and long - 
term structural integrity. 

The spatial distribution of the settlement suggests that the greatest vertical displacements are 
concentrated near the central axis or basal zone of the landfill, where vertical stresses are highest. 
This pattern is consistent with primary consolidation behavior, particularly in landfills with 
heterogeneous waste layers and limited reinforcement at the foundation interface. If leachate 
generation is ongoing, the increase in effective stress due to pore pressure dissipation may also 
accelerate consolidation, contributing to the observed settlement magnitude. 

From a geotechnical engineering perspective, large settlements such as this can affect: 
+ The stability of cover systems, leading to cracking or detachment of geomembranes or topsoil 

layers; 
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+ Drainage infrastructure performance, as deformation can alter slopes and lead to ponding or 
clogging; 

+ Gas collection systems, where pipe distortion may reduce efficiency or cause rupture; 
+ Leachate collection and liner systems, where excessive differential movement may induce 

tensile strain or shear failure. 
Despite the absence of signs of sudden collapse or rotational instability (as suggested by the 

sliding arc displacement of only 0.01372 m), the significant vertical deformation highlights the 
importance of ongoing post - closure monitoring and settlement prediction models. These are 
essential for maintaining environmental containment and ensuring that long - term design 
assumptions remain valid. 

In response to this observed settlement, mitigation strategies may include: 
+ Preloading or staged filling to accelerate early consolidation; 
+ Inclusion of geosynthetic reinforcements or vertical drains; 
+ Design modifications in surface infrastructure to tolerate predicted differential settlements. 
In conclusion, the observed maximum settlement of 0.9275 m is within the expected range for 

large - scale landfills containing heterogeneous, compressible waste. However, its magnitude and 
implications on infrastructure performance and containment systems warrant a detailed design 
review and continuous monitoring to ensure the landfill operates safely and complies with 
regulatory and environmental standards. 

4. Conclusion 
The copper mine located in the Suoi Thau – Phin Ngan Chai area, Lao Cai Province, is a large - 

scale operation with a total area of 21.78 hectares, a projected operational lifespan of 16 years, and 
an annual extraction capacity of 150,000 tons. During the course of this study, several key 
environmental risks associated with the mine were identified, including heavy metal contamination, 
acid mine drainage (AMD) from sulfide oxidation, and the potential for leachate leakage from 
tailings storage facilities. 

To mitigate these risks, a series of engineering and environmental management measures were 
proposed and evaluated. Wastewater from the ore beneficiation process is directed to a three - 
compartment settling pond—comprising two sedimentation chambers and one clarification 
chamber—lined with HDPE geotextile to prevent seepage into the subsurface environment. 
Treated water is recycled back to the beneficiation plant, enabling a closed - loop system that 
minimizes environmental discharge. 

Solid waste (tailings sludge) is dewatered via filter pressing and transported to a designated 
tailings dump. This storage site is constructed with a multi - layer waterproofing system and 
protected by an engineered containment dike. The dike is built from modular stone gabions 
(2×1×1 m) connected with D6 mm steel and anchored into bedrock using reinforced concrete, 
ensuring long - term structural stability and resistance to lateral pressure. 

These integrated measures—including leachate treatment, wastewater recirculation, and 
reinforced containment—collectively contribute to reducing the mine’s environmental footprint 
and enhancing operational safety. The proposed solutions demonstrate a practical and sustainable 
approach to tailings and wastewater management, aligning with best practices in responsible 
mineral resource development, especially in ecologically sensitive areas. 
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ASSESSING SPATIAL COUPLING OF LANDSLIDE HAZARD AND SOCIAL 
SENSITIVITY: A CASE STUDY IN HA QUANG DISTRICT, VIETNAM 

 
Abstract 
Ha Quang District, Cao Bang Province, Vietnam, faces substantial landslide risks due to steep 

topography, intense monsoonal rainfall, and complex geological structures. The district’s 
predominantly ethnic minority population, reliant primarily on subsistence farming, encounters 
significant socioeconomic vulnerabilities, intensifying their susceptibility to environmental hazards. 
This research establishes a comprehensive vulnerability assessment model by integrating 
geographic information systems (GIS) with Analytical Hierarchy Process (AHP) and Technique 
for Order of Preference by Similarity to Ideal Solution (TOPSIS) methods, alongside validation 
through Ordinary Least Squares (OLS) regression with Newey - West adjustments. Our results 
highlight that communes including Cai Vien and Ha Thon exhibit notably high combined 
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