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Abstract

Sandstone quarrying in Lekokoaneng contributes to both local and national economic development,
yet it raises concerns about environmental degradation and community livelihoods. Using a mixed-
methods design framed by the Sustainable Livelihood Framework (SLF) and Sustainable
Development Theory (SDT), 203 households were surveyed across five buffer zones (0-1000 m)
around the formal quarry site in Lekokoaneng, Berea District, Lesotho. Quantitative data were
analysed descriptively; qualitative responses underwent thematic analysis and were transformed
into quantifiable categories. Quarrying generated employment and small-business opportunities
concentrated within 0-600 m of the site, alongside elevated reports of dust, soil degradation and water
contamination that undermined agriculture and health. Households nearest the quarry reported the
highest income benefits (e.g., 35% via employment) but also the greatest environmental burdens;
households furthest away reported fewer risks but limited economic gain. Thematic analysis yielded
four domains: Socio-Economic Empowerment, Livelihood Vulnerability, Health and Safety Risks,
and Environmental Degradation and Control. Integrating SLF and SDT shows quarrying as a double-
edged livelihood system, short-term financial gains coincide with erosion of natural, human and
social capitals. Targeted environmental safeguards, labour formalisation and community-inclusive
governance are essential to re-align quarrying with resilience and sustainability goals.

Keywords: sandstone quarrying; socio-economic impacts; Sustainable Livelihood Framework (SLF);
Sustainable Development Theory (SDT); environmental degradation; livelihoods; Lekokoaneng;
Lesotho

1. Introduction

The practice of stone quarrying has existed since ancient times (1,2). Stone quarrying has evolved
from manual methods to more advanced technologies over time, but it still employs traditional
methods. In recent years, sandstone quarrying has become a globally recognized industry that
significantly contributes to the economies of many countries (3,4). Similarly, the expansion of
extractive industries has sparked debates around development, environmental justice, and the spatial
unevenness of risk and reward (5,6). Regardless of settled landscapes, resource extraction is
frequently depicted as a development driver, offering employment and infrastructure while also
contributing to adverse environmental and societal impacts. Quarrying contributes to employment,
government revenue, and foreign investment (7), which has driven liberalization across many
African economies. However, the same economic promise often coincides with weakened regulatory
oversight and uneven benefit distribution. Quarrying has been linked to economic development,
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particularly in impoverished regions of the continent, but it has also contributed to environmental
complications such as soil degradation, chemical contamination, and air pollution (8).

In Lesotho, mining and quarrying activities are the backbone of the country's economy (9).
However, the Government of Lesotho reported that the mining and mineral sector remains at a
nascent stage, and although the sector is dominated by diamond mining, sandstone and dolerite
mining are on the rise (10). The report further shows that the sector’s contribution to Gross Domestic
Product hovered around eight % between 2012 and 2018. The industry's revenue grew from twenty-
eight million dollars in 2013 to forty-seven million dollars in 2018, with certain years registering over
fifty-seven million dollars (10,11). Despite this growth, the artisanal and small-scale mining sector
remains underdeveloped, with muddled guidelines and no legal framework to guide mining
prospects (10).

Moreover, despite the economic benefits, there is growing concern about the socio-economic
impacts of quarrying activities on local communities (7,12,13). Quarrying activities have both positive
and negative impacts on the standard of living of local communities and the economy at large (13,14).
The positive impacts include job creation and business opportunities, leading to improved income
levels and access to better living conditions (2,7,14). However, quarrying also results in
environmental degradation, dust pollution, soil erosion, and groundwater contamination, which can
significantly affect agricultural productivity and community health, especially in areas closest to the
quarry site (6,15,16). Although there is extensive literature on the impacts of large-scale mining in
Sub-Saharan Africa (17-19), studies focusing on the socio-economic and spatial effects of small-scale
quarrying remain limited, especially in landlocked countries like Lesotho. While existing literature
often generalises the impacts of extraction, this overlooks the spatial inequalities that arise.
Households closest to quarries may gain employment but also face disproportionate environmental
burdens, such as dust exposure and land degradation. So, by applying a mixed-methods approach
across five buffer zones ranging from zero to one thousand m from the formal quarry site, this paper
explores how quarrying influences household income, employment opportunities, livelihoods,
health, and access to essential resources.

This study draws on the Sustainable Livelihood Framework (SLF) and Sustainable Development
Theory (SDT) to analyse the socio-economic dynamics of quarrying. SLF helps evaluate the impact
of quarrying on key livelihood assets, namely: natural, human, social, financial, and physical capital
(20). However, SLF has been critiqued for its static approach to sustainability, especially in rapidly
changing environmental and economic contexts (21,22). SDT complements this by considering how
economic activities align with long-term environmental stewardship, equity, and institutional
stability. Together, these frameworks offer a holistic lens through which to assess how sandstone
quarrying reshapes livelihoods in Lekokoaneng. It also contributes to addressing the gap in the
literature by providing disaggregated data across buffer zones and exploring community-level
experiences within a localized but policy-relevant context.

2. Materials and Methods

2.1. Study Area

The study is focused in Lekokoaneng in the Berea district of Lesotho. The Berea district is home
to Lekokoaneng village, which is approximately forty kilometers away from Maseru. The sandstone
formations in Lesotho are linked to the Karoo Supergroup, dating back to the late Carboniferous to
early Jurassic periods, and they are primarily represented by the Clarens Formation, embedded in
the Stormberg Group (23-25). These formations significantly influence groundwater storage as they
impact runoff and infiltration (25,26). The geological structure of the region affects the movement and
availability of groundwater, with variations observed in permeability based on the presence of dykes
(23,27). In Lesotho, dykes wider than fifty meters contain massive gabbro below a depth of one meter,
making them impermeable and acting as barriers to groundwater flow (25). Many dykes' ranges
between two and twenty m in width, composed of basalts and dolerites, and are often fractured to
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depths of twenty to forty m, leading to higher permeability compared to surrounding areas (25,27).
Though the primary focus is on Lekokoaneng, the broader description of the Berea district provides
necessary context for understanding the study area.

2.2 Data Sources and Methods

The study employed a mixed-methods approach to generate both qualitative and quantitative
insights from a purposive sample of two hundred and three community members drawn from a
population of two thousand and thirty-two residents across five buffer zones. Population data were
obtained directly from the Bureau of Statistics, Lesotho. Structured questionnaires, comprising both
open and closed-ended questions, were administered alongside field observations to capture direct
community experiences on the socio-economic impacts of sandstone quarrying, including household
income, employment opportunities, environmental concerns, and health risks. Kobo Toolbox, an
open-source software for digital data management and analysis, was used to facilitate survey design
and data collection. Participants were selected through a stratified random sampling technique to
ensure responses reflected varying distances from the quarry site.

Qualitative data were analysed using thematic analysis, which involved familiarisation, coding,
generation of categories, reviewing themes, and defining and naming themes (28). The themes were
further categorised into sub-themes and transformed into quantifiable variables, allowing for
frequency and percentage distribution analysis across buffer zones. This integration of qualitative
depth with quantitative rigor strengthened the validity and applicability of the findings. To further
interpret the socio-economic impacts, the study employed the Sustainable Livelihood Framework
(20) to examine how quarrying affects the five key assets: human, social, natural, physical, and
financial, while the Sustainable Development Theory provided a lens for assessing long-term socio-
economic and environmental sustainability.

The stratified random sampling formula used to determine proportional representation across
buffer zones is as follows. The formula is expressed as Equation 1 as expressed below:

Ni

ni = (F) * N 1)

Where:
ni = the number of sampled households in stratum (each buffer zone)

Ni= the total number of households in stratum,
N= the total population of households (2032), and

n = the overall sample size.

The total sample size of n=203 was determined by applying a proportion of approximately 10%
of the overall population. At a 95% confidence level and assuming a maximum variability of p=0.5, a
sample of approximately 203 households yields a margin of error of about +6.5%. This aligns with
Yamane’s (1967) simplified formula for finite populations and is expressed as Equation 2: (1n=N/
(1+Ne?)), which produces a comparable result when N=2032 and e=0.066.

3. Results

3.1. Household Income Impact

The study classified the impact of sandstone quarrying on household income into four themes:
no impact, positive impact through employment, positive impact through business operations, and
neutral impact where quarrying had limited influence (Figure 1). Responses varied across buffer
zones. The 0-200-meter buffer zone recorded 35 % positive impact from employment and 11.7 % from
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businesses, showing that quarrying strongly supports income generation in areas closest to extraction
sites. Middle buffer zones of 401-600 m and 601-800 m recorded positive impacts ranging from 12.5
to 17.5 %, reflecting informal quarrying activities. However, households farther from the quarry site
reported little to no impact.

Perceived Household Income across different buffer zones

100 .00% B ~oimpact
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_— Employment
75.00%
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Jusiness
50.00% B Neutral Impact
2500%
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Figure 1. Household income impact across buffer zones.

In summary, out of all the households surveyed in the area, an estimated 47% to 59% reported
that sandstone quarrying had a direct or indirect positive impact on their income, either through full-
time employment at quarry sites or from operating small businesses nearby. These impacts were
mostly found in the closest and middle buffer zones, where quarry activities-both legal and illegal-
are found. In comparison, households in outer zones reported minimal to no income benefits from
quarrying, relying instead on alternative livelihoods such as subsistence farming or informal trade.
To quantify the study of the household income impact in any buffer zone, a formula (Equation 2) was
generated to determine the gradient of economic impact as one move away from the quarry site.

Iq = (Pe + Ae) + (Pb + Pe) 2)
Where: Ig = Average income from quarrying per household
Pe = Proportion of households employed in quarrying
Ae = Average income from employment
Pb = Proportion of households generating income through quarry-related
business
Ab = Average monthly income from business related to quarrying
The positive impact range per buffer zone reported in the study reflects variations in survey
responses across zones, informal vs formal employment, temporal differences, and gender or age-
based household roles.
This is expressed in Equation 3 as:

H
Pt = -2+ 100 ©)
Where: Pt = Percentage of households with positive income impact

Hp = Number of households with positive impact

Ht = Total number of surveyed households
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3.2. Employment Opportunities

Employment opportunities created by quarrying were categorized into new employment,
displaced employment, no opportunities, and mixed responses (Figure 2). The 0-200-meter buffer
zone recorded the highest employment impact at 47 percent, showing direct job creation. Middle
buffer zones 401-600 meters and 601-800 meters recorded employment opportunities between 42.8
and 50 percent, demonstrating quarrying’s role in labor markets. However, 29.4 percent of
respondents in the closest buffer zone noted displaced employment due to quarry expansion. The
201-400 meters and 800-1000 meters zones recorded the lowest employment impact, with 56 to 76.9
percent of respondents stating no direct benefits from quarrying.

Perceived Employment Opportunities created by
Sandstone Quarrying Across Buffer Zones

60.00% | N

[ \;Ea -i[—mm;
60.00% Op unities

No opportunities
4000%

20.00% ‘I II
0.00% i | l-_ l _l I.I..'

233 201-400 407-600 601-800 800-1000
melers melers meters meters

B oed/Not aware

Sub-themes
Figure 2. Employment patterns across buffer zones.

In summary, out of all households surveyed, approximately 47% to 50% of households located
within 0-600 meters of the quarry reported new employment opportunities created by sandstone
quarrying, particularly in zones closer to active extraction sites. However, these benefits were
uneven, as up to 29.4% of respondents in the same zones also reported that quarrying had displaced
existing jobs or disrupted prior income-generating activities. Notably, zones further from the quarry
(201-400 meters and 800-1000 meters) showed limited benefit, with over 56% to 76.9% of respondents
indicating no significant employment impact. These findings suggest that proximity to the quarry
strongly influences employment outcomes, creating opportunities for some while displacing others
or leaving many unaffected.

To quantitatively assess employment effects per zone, the Employment Opportunity Index (EOI)
as proposed by (29) was used. The Employment Opportunity Index (EOI) is a multidimensional
measure of job market perceptions based on both positive (job creation) and negative (job
displacement or exclusion). This theorem is expressed in the equation below (Equation 4).

EOA = Pn—Pd (4)

Where: Pn = Proportion of households or respondents reporting new employment
opportunities due to quarrying.

Pd = Proportion of households or respondents reporting displacement from
previous employment because of quarry operations.
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A positive EOI value indicates that quarrying generates net employment gains, whereas a
negative value reflects situations where job losses outweigh opportunities, highlighting displacement
as the dominant outcome.

3.3 Livelihood Impact

The livelihood impact of quarrying was examined across four themes: easier livelihoods, harder
livelihoods, no impact, and mixed responses (Figure 3). The 0-200-meter buffer zone reported 47
percent of respondents indicating easier livelihoods, due to quarry-related income opportunities.
Similarly, 50 percent of respondents in the 401-600-meter zone reported livelihood improvements.
However, 23.5 percent of respondents in the closest buffer zone noted that quarrying had made their
livelihoods harder, primarily due to environmental degradation affecting agricultural productivity.
The 801-1000-meter buffer zone recorded 77.5 percent of respondents indicating no impact,
demonstrating that socio-economic benefits diminish with distance.

In all surveyed households across different buffer zones, the closest buffer zone (0-200 meters)
reported the most significant improvement in livelihoods, with 47 of respondents indicating that
sandstone quarrying had made life easier through increased income and related opportunities.
Similarly, 50% of those in the 401-600-meter zone also reported easier livelihoods. However, these
improvements were not universal. In the 0-200-meter zone, 23.5% of respondents noted that
quarrying had made their livelihoods harder, largely due to environmental degradation and reduced
agricultural productivity. The farthest zones (801-1000 meters) showed minimal benefit, with 77.5%
of respondents reporting no impact on their livelihoods. These findings suggest that the livelihood
benefits of quarrying are spatially uneven, concentrated close to the quarry but diminishing with
distance, and offset by emerging environmental and social challenges.

Perceived Impact of Quarrying on Livelihoods Across
Different Buffer Zones
80.00% B Easier Livelihood
B Harder Livelihood

Mo Impact
60.00%
B Wixed Cpinion Impact
40.00%
20.00%
0.00%

0-200 201-400  401-600  601-800  800-1000
meters meters meters meters meters

Figure 3. Livelihood Impact across buffer zones.

3.4 Access to Water, Food, and Other Resources

The study assessed the influence of quarrying on access to essential resources, categorizing
responses into negatively affected, no impact, and indifferent (Figure 4). The 0-200-meter buffer zone
recorded 47 percent of households experiencing negative impacts, including water contamination,
dust pollution, and reduced soil fertility. In contrast, households in the 801-1000-meter zone recorded
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93.75 percent indicating no impact, reinforcing that environmental risks are concentrated near the
quarry.

Perceived Impact of Quarrying on Access to Resources (Water
& Food) Across Different Buffer Zones

100.00% B Hepgatively Affected
B Hoimpact

75.00% Indifferant
50.00%

25.00% JI

0.00%

0-200 201-400  401-600  601-800  B0O0-1000
meters meters meters meters meters

Figure 4. Impact of quarrying on access to resources across buffer zones.

The survey findings reveal that the impact of sandstone quarrying on access to water, food, and
other essential resources is highly localized. In the closest buffer zone (0-200 meters), 47% of
respondents reported negative effects, primarily due to environmental degradation, including dust
pollution, water contamination, and reduced land suitability for food production. In contrast, the
farthest zone (801-1000 meters) reported minimal disruption, with 93.75% of households indicating
no impact on their access to resources. These results suggest that proximity to quarrying activities
directly influences household vulnerability to resource access constraints, highlighting the need for
targeted environmental management and mitigation strategies in communities closest to extraction
sites.

3.5. Health Impact and Medical Attention

Health effects were categorized into sought medical attention, no medical attention, and
uncertain responses (Figure 5). The 401-600-meter buffer zone recorded 12.5 percent of respondents
seeking medical attention, for respiratory issues linked to dust exposure. The 0—400-meter zones
reported uncertainty, suggesting underreporting or a lack of formal health assessments. The 601-800-
meter and 801-1000-meter zones recorded 100 percent, stating no medical attention sought,
indicating lower perceived health risks in distant areas.
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Perceived Minimal Health Impacts of Sandstone Quarrying
Across Buffer Zones
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Figure 5. Health impact across buffer zones.

Perceptions of health impacts from sandstone quarrying appear to be limited and similar. Across
all buffer zones, most respondents reported no need to seek medical attention, with the 601-800 meter
and 801-1000-meter zones recording 100% under this theme. However, 12.5% of respondents in the
401-600-meter zone reported having sought medical attention due to quarry-related conditions,
while some households in the 0-400-meter zones expressed uncertainty about the link between
quarrying and their health status. These findings suggest that while quarrying-related health
concerns are not widely reported, possible underreporting or lack of formal diagnosis may obscure
the true extent of health impacts, particularly in closer zones. The data highlights the need for
community health education and regular environmental health assessments in quarry-affected areas
to better understand and manage potential health risks.

3.6. Health and Safety Concerns

Community concerns regarding health and safety risks were categorized into concerns present,
no concerns, and minor concerns (Figure 6). The 0-200-meter buffer zone recorded 64.7 percent of
respondents expressing serious concerns, particularly dust-related illnesses, and water
contamination risks. Similarly, 64 percent of respondents in the 601-800-meter buffer zone reported
safety concerns. The 201-400 meter and 801-1000-meter zones recorded fewer concerns, with 69
percent and 75 percent of respondents stating no significant issues. Only 6.25 percent of respondents
in the farthest zone reported minor concerns, primarily speculative health risks.
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Perceived Health and Safety Concerns Attributed to
Sandstone Quarrying Across Buffer Zones
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Figure 6. Health and Safety concerns across buffer zones.

In summary, out of the respondents surveyed, 64.7% in the 0-200-meter buffer zone and 64% in
the 601-800-meter zone expressed clear health and safety concerns related to quarrying, such as dust-
related illnesses like tuberculosis and potential waterborne diseases due to contamination. In
contrast, “No Concerns” dominated the 201-400-meter (69%) and 801-1000-meter (75%) zones,
suggesting that perceptions of risk decrease with distance from the quarry. Only 6.25% in the farthest
zone (801-1000 meters) expressed minor, speculative concerns. These findings reveal that proximity
to quarrying activity strongly influences health and safety perceptions, underlining the importance
of targeted health interventions and risk communication strategies for communities closest to the
quarry sites.

3.7. Thematic Analysis

A qualitative approach was used in this study to gather information about participants'
understandings of the economic impact of sandstone quarrying in Lekokoaneng, Lesotho, and
meanings attached to their encounter with it, through thematic analysis. (28) formulated a six-phase
guide, which is a very useful framework for conducting this kind of analysis. In this study, thematic
analysis was used to analyse the interview responses from the perspectives of familiarisation, coding,
generating categories, reviewing themes, defining and naming themes, to writing up the results. The
results obtained contained the following four themes: Socio-Economic Empowerment, highlighting
job creation and household income variety; Livelihood Vulnerability, reflecting reduced agricultural
productivity and relocation because of quarrying; Health and Safety Risks, including respiratory
illnesses, dust exposure, and accident hazards; and Environmental Degradation and Control,
covering soil erosion, vegetation loss, water contamination, and ineffective mitigation measures
(Figure 7).
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Figure 7. A thematic framework analysis for sandstone quarrying impacts in Lekoko aneng, Lesotho.

4. Discussion

Quarrying is widely recognised as a twofold activity, offering economic opportunities while
simultaneously causing significant environmental and social challenges. In most developing
countries, it serves as a critical source of employment, livelihood support, and local economic growth,
yet these benefits often come with environmental degradation and health risks (8,13). Thus, it is
imperative to look at the importance of adopting a framework which will not only look at the
economic contributions but also the environmental costs and social well-being of people.

In this study the use of Sustainable Livelihood Framework (SLF) and Sustainable Development
Theory (SDT) provided a holistic analysis of the environmental and socio-economic dynamics of
sandstone quarrying in Lekokoaneng. The SLF highlights the role of human capital, social capital,
natural capital, financial capital and physical capital in creating livelihood outcomes, while SDT
offers a framework of understanding development processes in terms of social, environmental and
economic aspects. By linking quarrying impacts to these frameworks, the thematic analysis was used
to show the coordinated nature of economic empowerment, environmental degradation, livelihood
vulnerability, and health and safety concerns.

The framework puts quarrying at the centre of a network of interrelated outcomes, showing how
its benefits and challenges intersect across the dimensions of SLF and SDT (Figure 8).
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Figure 8. Thematic framework linking the SLF and SDT in Lekokoaneng, Lesotho.

The thematic framework developed in this study (Figure 8) positions quarrying at the centre of
a network of interrelated outcomes, demonstrating how its benefits and challenges intersect across
livelihood capitals and sustainability dimensions. For example, employment opportunities may
temporarily empower households, but informal, seasonal work fails to generate lasting skills, leaving
human capital fragile. Similarly, small business activities flourish around the quarry, but illegal
operations and disputes in mid-range buffer zones weaken social cohesion, reflecting an erosion of
social capital. Environmental degradation compounds these vulnerabilities, undermining natural
capital through water scarcity, dust, and soil fertility loss, which in turn reduces agricultural
productivity and food security. Infrastructure deficits, such as poor access roads, further show how
physical capital remains neglected despite the quarry’s economic contribution. These
interconnections illustrate how empowerment and vulnerability are not isolated but occur
simultaneously, reinforcing one another in ways that shape household resilience.

By integrating quantitative indicators such as the Income Gradient and Employment
Opportunity Index with qualitative insights from thematic analysis, the study highlights how
quarrying is more than an economic driver, it is a livelihood system marked by trade-offs. Financial
gains are concentrated close to the quarry, but so are the steepest environmental costs. Households
in outer buffer zones (801-1000m) experience fewer risks but also miss out on economic
opportunities, underscoring the spatial inequalities embedded in extractive economies (19). These
findings align with (21) critique of livelihood strategies as “sustainability trade-offs,” where
immediate gains mask long-term vulnerabilities.

In this sense, Figure 8 is not merely a schematic but a representation of how quarrying shapes
livelihoods in Lekokoaneng: as a nexus of economic empowerment, vulnerability, degradation, and
risk. It captures the dynamic interplay between SLF capitals and SDT principles, making visible the
contradictions of quarry-led development. The challenge, therefore, is not simply whether quarrying
brings benefits, but whether those benefits can be structured in ways that do not erode the ecological
and social foundations of community resilience. In the absence of deliberate interventions such as
environmental safeguards, institutional oversight, and reinvestment in infrastructure, quarrying
risks entrenching cycles of fragility rather than fostering sustainable livelihoods.
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5. Conclusions

The socio-economic impacts of sandstone quarrying in Lekokoaneng reveal a complex interplay
between livelihood opportunities and sustainability challenges. Quarrying generates direct income
and employment, particularly within the 0-600m buffer zones, while also stimulating small business
activities that contribute to local economic empowerment. However, these benefits are unstable,
largely informal, and concentrated in areas most exposed to severe environmental degradation,
including dust pollution, water contamination, and soil fertility loss.

By applying the Sustainable Livelihood Framework (SLF) and Sustainable Development Theory
(SDT), the study demonstrates how quarrying simultaneously enhances financial capital and
undermines natural, social, and human assets, thereby weakening long-term livelihood resilience.
The thematic analysis further underscores this duality, with empowerment coexisting alongside
vulnerability and environmental decline. Quarrying in Lekokoaneng thus reflects a “double-edged”
development pathway, where short-term gains are offset by long-term risks to sustainability.

To realign quarrying with sustainable development, stronger institutional oversight,
community-inclusive governance, and corporate reinvestment in physical and social infrastructure
are essential. Environmental safeguards must be prioritised to mitigate dust, water, and soil impacts;
while formalising employment can strengthen financial and human capital. Without such measures,
quarrying risks locking communities into fragile livelihoods that compromise intergenerational
equity and broader progress towards the Sustainable Development Goals.

Ultimately, the Lekokoaneng case illustrates the need for policies that balance extraction with
stewardship, therefore transforming quarrying from a narrow economic driver into a platform for
resilient and sustainable community development.
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