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ARTICLE INFO ABSTRACT

Keywords: Artisanal and small-scale gold mining (ASGM) has long been a lucrative source of income globally. Today, ASGM
ASGM is concentrated in low- and middle-income countries, and its extraction and processing have detrimental con-
Driver-pressure-state-impact-response DPSIR sequences for the environment as well as human health and livelihoods. We systematically reviewed 145 articles
gfcr?:l‘-/:::jogical systems (SES) published between 1978 and 2024 on the effects of ASGM on social and ecological systems worldwide. Using the
Ecological health Driver-Pressure-State-Impact-Response (DPSIR) framework, we critically examine where past research has
focused and where it has fallen short in understanding the mechanisms that drive impacts and responses to
ASGM. Research has predominantly focused on changes in the state of environmental systems and subsequent
ecological and socio-economic impacts. In contrast, the driving factors of ASGM and response strategies have
been much less studied, while understanding of interactions across all DPSIR elements remains lacking.
Furthermore, research has taken a local lens, giving little attention to the spatial extent of ASGM activities and
their impacts. Our analysis thus reveals important gaps in understanding the complex mechanisms driving ASGM
adoption and the extent to which responses can mitigate negative impacts. To inform effective policy in-
terventions, future research should emphasize mechanistic and spatial interactions of DPSIR elements and how

they shape social-ecological systems.

1. Introduction

Throughout history, gold has been one of the most valuable minerals
with a wide range of uses, including industrial uses such as jewelry,
electronics, and dentistry, and currency stabilization (Bertayeva et al.,
2016). This has driven demand and price increases, which has been
highly volatile over the years. However, there has been a four-fold in-
crease in the last two decades from below 500 US$/0z in the year 2000
to over 2000 US$/oz since 2022 (World Gold Council, 2025).

Gold is mined using either advanced technological methods on a
large scale or using rudimentary methods on a small scale (Stewart,
1989). Large scale gold mining is a highly capital-intensive extraction
method, mostly performed by companies holding legal concessions
(Rodriguez, 2022). In contrast, the collectively termed Artisanal and
Small-scale Gold Mining (ASGM) is often informal and characterized by
low capital investment, intensive labor and relatively simple methods
for exploration, extraction, and processing (Hentschel et al., 2002).

Driven by the rising profit that can be made from selling gold on the
world market, ASGM has become an important sector in gold

* Corresponding author.

production, accounting for about 20 % of the world’s gold supply each
year (PlanetGOLD, 2022). Especially in areas with a high rate of un-
employment and increasing poverty, ASGM is a critical source of income
that supports the livelihoods of over 40 million people across 80 coun-
tries (Komatsu et al., 2020; PlanetGOLD, 2022). However, due to its
unregulated practices, this type of mining has been associated with
significant environmental, social and health challenges (Kitula, 2006).

Methods employed in ASGM exploration, extraction, processing and
the disposal of its mine waste are major causes of environmental health
deterioration (Buxton, 2013). This includes deforestation and the
contamination of ecological systems, such as water bodies, soils, and
biota (Omara et al., 2019; Rajaee et al., 2015). Mining releases toxic
substances, such as heavy metals (Seccatore et al., 2014), posing direct
threats to biodiversity and ecological health (Fashola et al., 2016). This
disrupts ecosystems that provide essential services, including water
purification, carbon sequestration, and climate regulation (Mimba et al.,
2023). The interconnecting and complex nature of the different envi-
ronmental components further exacerbates the profound and multifac-
eted effects of ASGM across ecosystems.
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ASGM activities heavily impact water bodies, as extraction mostly
occurs along riverbanks or directly in riverbeds, releasing sediments that
degrade water quality (MacDonald et al., 2020; Bjerklie and LaPerriere,
1985). Mercury use in gold extraction (amalgamation) causes severe
water pollution (Sousa and Veiga, 2009), which can spread to soils via
irrigation or flooding, leading to soil contamination (Cabrera et al.,
1999). This pollution can have cascading negative effects on biodiver-
sity and agriculture, reducing crop yields and food security (Amayi et al.,
2024; Cordoba-Tovar et al., 2023). The human health implications of
ASGM are equally alarming. Communities are exposed to toxic chem-
icals via contaminated food, water and soil (Gibb and O’Leary, 2014;
Jiménez-Oyola et al., 2021), leading to health issues such as renal,
respiratory, and cardiovascular disorders (World Health Organization,
2016). Mining-induced water system disruption and soil contamination
also fuel resource conflicts, undermining local livelihoods (Eludoyin
et al., 2017).

To manage these detrimental effects of ASGM, governments have
been pushed to try and formalize the sector (Cano and Castro Campos,
2024). Formalization efforts have sought to recognize and integrate
ASGM into the formal economy (Hilson, 2020) and have mostly
revolved around mineral tenure rights which usually take the form of
permits, licenses and/or concessions, issued to ASGM operators
(Verbrugge and Besmanos, 2016). However, across various mining re-
gions, formalization processes often fail when implementation is
top-down and does not involve local communities (Robles et al., 2022),
large-scale mining expansions are prioritized (Hilson et al., 2021), and
overly bureaucratic processes create obstacles (Ayelazuno and
Mawuko-Yevugah, 2021). These factors may push miners into operating
more informally (Martinez et al., 2021).

Developing effective ASGM management responses requires a
comprehensive understanding of its coupled social-ecological impacts
across space. Previous research has made significant contributions in
understanding ASGM effects, however, most of these studies have taken
a disciplinary approach, and examined social and ecological subsystems
in isolation (Tiamgne et al., 2022). Also, much of the existing literature
remains highly localized and fragmented, with studies predominantly
focusing on site-specific or national case studies, neglecting the global
picture. Research is heavily concentrated in Sub-Saharan Africa (e.g.,
Ghana, Tanzania, Burkina Faso), South America (e.g., Peru, Colombia,
Brazil), and parts of Southeast Asia (e.g., Indonesia), reflecting regions
where ASGM is most visible (Dossou Etui et al., 2024; Nursamsi et al.,
2024). For instance, studies have mainly assessed environmental and
health effects of ASGM mediated pollutants in Africa (Kohio et al., 2024;
Mulenga et al., 2024; Ondayo et al., 2024), South America (Lourenco
et al., 2026; Martoredjo et al., 2024; Mestanza-Ramon, et al., 2022) and
Asia (Cheng et al., 2023; Soe et al., 2022). The few global studies that
exist have focused on mercury contamination and associated health
impacts (Gibb and O’Leary, 2014; Keane et al., 2023; Obrist et al.,
2018), except Dossou Etui et al. (2024), who analyzed the interactions
between ASGM and biodiversity based of National Action Plans (NAP).
While these localized studies have generated valuable insights into
context- or substance-specific impacts, they have also resulted in a
literature that is spatially and thematically uneven, limiting broader
comparative and integrative understanding of the mechanisms acting
along the causal chain from drivers to responses across ecological sub-
systems and their links to human health and livelihoods.

To address this knowledge gap, we provide a comprehensive over-
view of the state of research on effects of ASGM in social-ecological
systems, including interaction mechanisms guided by two research
questions:

1. To what degree have the drivers, pressures, states and impacts of
ASGM on the environment, human health and livelihoods, as well as
responses to these impacts been studied across different spatial
scales?
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2. What are the knowledge gaps in terms of understanding the links
between drivers, pressures, states, impacts and responses, and the
interactions between social and ecological systems?

To answer these questions, we systematically reviewed existing
literature using the Driver-Pressure-State-Impact-Response (DPSIR)
framework (Burkhard and Miiller, 2008) to link activities around ASGM
with the effects it has on the different social (human health and liveli-
hoods) and ecological (water and soil quality, biodiversity) sub-systems.

In the subsequent sections, we outline the procedures employed in
this study, ensuring transparency and reproducibility. To be compre-
hensive, we also outline the relevant topics related to each DPSIR
element and the interactions between these elements as identified in the
literature. Finally, we critically discuss key literature patterns, identify
the gaps that exist in ASGM studies, and suggest future research
priorities.

2. Materials and methods
2.1. Conceptual framework

To better understand the drivers that lead to ASGM, its effects, and
responses to ASGM impacts in a holistic way, we synthesized evidence
from published literature in the DPSIR framework. Smeets and Weter-
ings (1999) describe the DPSIR framework as a typology which provides
simplified indicators on complex systems to promote, support and
monitor policy responses. The framework is underpinned with the basic
reasoning that socio-economic developments (Driver) exert pressure on
the environment which leads to changes in the state of the environment
such as water and soil quality. Consequently, ecosystems and human
health are impacted and this may elicit responses from various entities
to mitigate or adapt to these changes (Smeets and Weterings, 1999).
However, relationships between individual elements of the framework
are not necessarily linear, thus, there can be multiple feedback loops
among elements depending on the context (Balzan et al., 2019).

The DPSIR framework is widely used across geographic and thematic
areas due to its flexibility in simplifying complex interactions (Yussif
et al., 2023). For instance, the DPSIR framework has been used to assess
environmental degradation processes (Agyemang et al., 2007; Faseyi
et al., 2023), and for assessing the social-ecological drivers and impacts
of ASGM in Ghana in relation to the Sustainable Development Goals
(Takyi et al., 2021). However, while providing useful insights regarding
the interactions between drivers and environmental impacts or between
social and ecological elements, the studies using the DPSIR framework
are often limited in enhancing systematic understanding due to an
insufficiently clear definition of and overlap between elements, a
narrowly formulated environmental focus that underrepresents social
aspects, and the assumption of linearity (Carr et al., 2007; Gari et al.,
2015; Svarstad et al., 2008). When well adapted, the framework pro-
vides an effective basis for capturing social-ecological interactions
across DPSIR and can produce outcomes of value in policy decisions
(Bell, 2012), hence, scholars recommend clearly defining elements for
specific contexts (Oesterwind et al., 2016) and expanding methods to
include social, economic, and cultural drivers (Bell, 2012). Acknowl-
edging the identified limitations of previous studies using the DPSIR
framework, we ensured a clear, non-overlapping definition of each
element in the context of ASGM, based on the most commonly accepted
definitions by Oesterwind et al. (2016), while considering the possible
interactions between elements of the framework. In our study, “Driver”
refers to forces (anthropogenic or natural) directing a system change
that may influence people to engage in ASGM activities. “Pressure” re-
fers to the human activities employed in the gold acquisition process
that may cause adverse effects on the ecosystem, altering the state of the
environment. “State” is the condition of the environment and its com-
ponents influenced by ASGM activities, that can be quantitatively
and/or qualitatively described based on physical, chemical and
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biological characteristics. Consequences of environmental state change
in terms of substantial environmental and/or socio-economic effects are
referred to as “Impact”, and finally, “Response” refers to any manage-
ment action seeking to reduce or prevent the unwanted changes
resulting from ASGM or to develop a desirable change in the ecosystem.
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2.2. Literature identification and inclusion
We chose a systematic literature review as a structured approach to

identify relevant scientific literature on the topic of ASGM from different
scientific domains. We used the Scientific Procedures and Rationales for

Assembling

Identification and A cquisition

Domain: Artisanal and small scale gold
mining (ASGM)

Data source: Scopus and Web of Science
Source quality: high quality

Number of articles acquired (n) = 1,808;
Scopus (n) = 1,038, web of science (n) =

770
|

Arranging

Data purification and organization

Records removed based on Initial
screening of abstracts and titles before

v

|

export from database (n) = 1,133

Number of articles exported (n) =675

Articles removed before full text screening
Duplicates (n) =459

Non-ASGM (n) =954
Non-English (n) = 84
Legacy/historical mines (n) = 112

|

Full text screening (n) = 199

» Articles excluded after screening (n) = 54

|

Groundwater resources (n) =31
Heavy metal speciation and mine waste

Included articles (n) = 145

Multiple ecological media (n) = 63
Water quality (n) = 24

Soil quality (n) =3

Crop quality (n) =2

Aquatic biota (n) =3

Livelihoods (n) =20

Reviews (n) =6

ASGM governance (n) =24

characterization (n) = 23

!

Assessing

Evaluation

Analysis method: content analysis using the

DPSIR framework
Agenda proposal method: gap analysis

y

Reporting

Reporting convention(s): (Words, Figures
and Tables)

Limitations: only articles from Scopus and
web of science and English written articles

were considered

Source(s) of support: co-funded by MSCA

grant 101126487

Fig. 1. Summary of the review process employed based on the SPAR-4-SRL protocol.
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Systematic Literature Reviews protocol (SPAR-4-SLR) (Paul et al., 2021)
which provides a systematic guideline for each stage of the review
process, allowing us to justify our review decisions and ensure trans-
parency and traceability of our results. The protocol comprises three
major stages: 1) assembling, 2) arranging, and 3) assessing. Each stage
contains two sub-stages that describe distinct processes in the review
(Fig. 1).

1) Assembling: We focused on scientific literature indexed in the
Elsevier Scopus and ISI Web of Science databases, including those
published in academic journals, book chapters and conference papers.
These databases provide broad coverage of peer-reviewed literature,
which are the focus of our review. Thus, we note that locally focused
studies, policy reports, and grey literature are not represented in our
review.

We used the keywords:

“gold mining, mines, miners”, “surface water”, “soil”, “crops” “live-
lihood” “governance” and ‘“regulation” in conjunction with Boolean
operators to form search strings as follows:

“gold min*” AND “surface water” AND NOT mineral, “gold min” AND
“soil” AND “crop” AND NOT “mineral”, “gold min*” AND “livelihood”
AND NOT “mineral” “gold min*” AND “governance” OR “gold min*”
AND “regulation” AND NOT “mineral”.

Mineral was excluded in the search terms because our research
focused on impacts from the gold mining activities and not the gold
itself.

The first literature search was conducted from October 2024 to
December 2024 and identified publications spanned from 1978 (earliest
publication meeting the search criteria) to 2024. A second search was
done in April 2025 to identify additional literature with a specific focus
on responses to ASGM, as we found these to be under-represented in the
first search. Overall, a total of 1808 publications were acquired from
Scopus (1038) and Web of Science (770).

2) Arranging: We excluded publications written in languages other
than English (n = 84) for practical reasons (authors’ main working
language), and to avoid misinterpretation and ambiguities resulting
from the use of translation tools. This may have resulted in under-
representation of relevant studies from China (articles written in Chi-
nese: n = 21) and Spanish-speaking countries (n = 25). Initial screening
of the remaining articles based on title and abstract resulted in the
exclusion of publications that were not focused on ASGM. The remaining
publications were exported from the databases as Bibtex files into Zotero
for creating references and as CSV files for data organization. Data from
the two databases were combined as one file and duplicates were
removed using the UNIQUE function in Excel. This file served as the
basis for categorizing the dataset using additional criteria as explained
below. After screening of full texts, we further removed articles that
were outside the scope of this review, resulting in 145 articles eligible
for inclusion. Exclusion and inclusion criteria applied in this study are
summarized in Fig. 1. Meta-data extracted from each of the included
articles were grouped into two broad categories: the general charac-
teristics of each study and the different elements of the DPSIR frame-
work covered in each study, these were used as codes to categorize the
dataset in a CSV file, which can be found in the SI.

3) Assessing: We analyzed the content of each article to investigate
the scope of each DPSIR element covered and to identify possible gaps
and inform future research directions. Data categorized under each of
the DPSIR elements were further grouped into major themes and are
presented as bar plots in the results section. Study locations of all
included articles were used to generate a world distribution map using
the QGIS software. General characteristics such as year of publication
and most studied toxic elements in the literature were also used to
generate bar plots and a tree map respectively using RStudio and Excel.

3. Results

In the following, we present the general characteristics of the
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reviewed articles (3.1) followed by an analysis of how the DPSIR ele-
ments are represented in the current literature (3.2).

3.1. General characteristics of reviewed articles

As shown in Fig. 2, studies focused on ASGM have grown signifi-
cantly over the decades, particularly since the turn of the millennium,
with ~64 % published between 2018 and 2024. Articles had a wide
global distribution across five continents, with the majority of studies
conducted in Africa (58 %), South America (23 %), and Asia (12 %).
North America (3 studies) and Oceania (2 studies) had the least repre-
sentation in the literature. Of all the articles reviewed, only 11 studies
explicitly quantified the spatial spread of ASGM impacts, indicating
downstream dispersion of pollutants in river systems, contamination of
adjacent farm soils, and the spatial extent of ASGM mediated
deforestation.

About two-third of the articles reviewed exclusively focused on the
biophysical impacts of ASGM, examining its negative effects in water,
soil, crops and biota which are captured by pressure/state/impact cat-
egories in Fig. 3 and social/socioeconomic implications of ASGM which
are represented in driver/response in the same figure.

Elements of the DPSIR framework were covered in the reviewed
articles to varying degrees. Most articles focused on environmental state
changes from ASGM activities, followed by impacts, while fewer
examined drivers, pressures, and responses (Fig. 3). Table Al in the
Appendix shows the number of articles and reporting frequency for each
element per origin.

3.2. DPSIR elements in ASGM studies

3.2.1. Drivers

Factors motivating the practice of ASGM were identified in 21 arti-
cles, with each study identifying at least one driving factor. We grouped
these into three categories: a) socio-economic, b) institutional, and c)
climate change, as shown in Fig. 4.

Socio-economic factors were the most frequently reported drivers.
ASGM has become a comparatively more lucrative source of income
than other traditional livelihoods such as farming, incentivizing
participation across regions. In Northern Myanmar, for example, miners
reported average monthly earnings of $1196, substantially higher than
the $102 generated from farming (Prescott et al., 2020). Similarly, in
Eastern Indonesia, 76 % of 87 households transitioned into mining in
pursuit of higher earnings (Salim et al., 2021). Unemployment, cited in 6
articles, also led to the subsequent adoption of ASGM as a source of
income (Achina-Obeng and Aram, 2022; Mandirahwe, 2021; Mensah
et al., 2024). Likewise, low formal educational attainment restricted
access to employment opportunities, thereby reinforcing dependence on
ASGM. For instance, in Indonesia, households with higher education
levels were less dependent on mining (Komatsu et al., 2020), while in
Sudan, miner participation declined across mining sites as the level of
education increased (Ahmed et al., 2019). Poverty constituted another
significant driver, with evidence from Suriname and Mozambique
indicating that miners engaged in ASGM as a strategy to improve living
standards (Heemskerk, 2002; Nopeia et al., 2022).

Limited institutional support for traditional live-
lihoods—particularly land tenure and institutional services—emerged
as the second most frequently reported driver of ASGM adoption. Con-
strained access to farmland contributed to farmers’ transition into
ASGM, as landowners increasingly leased land to miners to secure
higher profits (Adator et al., 2023; Mandirahwe, 2021). The viability of
farming was further undermined by inadequate access to credit, exten-
sion services, markets, and subsidies. In Ghana, for example, 94 %, 89 %,
and 59 % of 300 surveyed farmers reported lacking access to credit,
extension services, and input markets, respectively (Adator et al., 2023),
while Adranyi et al. (2024) highlighted the absence of subsidies as a key
deterrent.
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Fig. 2. Temporal trends in article publication by continent (a) and study locations of the reviewed articles by country with the number of articles represented by

color-shading (b).

Reduced crop productivity associated with climate variability also
emerged as a reason why smallholder farmers divert into ASGM or use it
as a complementary livelihood (Adranyi et al., 2024; Bansah et al.,
2023).

3.2.2. Pressures

Forty articles (28 %) identified pressures on social-ecological sys-
tems resulting from ASGM activities. These pressures stemmed from
gold extraction processes—such as exploitation, ore processing, and
mine waste discharge—as well as socio-economic factors like immigra-
tion and livelihood transitions into ASGM. Fig. 5 illustrates the types of
pressures and their reporting frequency.

Identified pressures in the exploitation process include riverbed
dredging, digging/excavation and watercourse diversion/abstraction.
Dredging in ASGM activities result in the exposure of arsenopyrite-
bearing rocks (Bjerklie and LaPerriere, 1985; Wilson and Hawkins,
1978), increases turbidity, and contributes to river sedimentation
(Byambaa and Todo, 2011). Excavation has resulted in the removal of

surface soils (Meaza et al., 2017) and generation of pits of varying
depths and sizes on otherwise viable lands (Adeoye, 2016; Cudjoe et al.,
2023; Mestanza-Ramon, et al., 2022). In addition, river diversion and
water abstraction associated with ASGM reduce water availability and
place further pressure on local hydrological systems (Bedu-Addo et al.,
2024; Mambou Ngueyep et al., 2021; McIntyre et al., 2016).

Ore processing, identified in 11 articles, included chemical and
physical methods. Chemical processing commonly involved the use of
mercury (Ahmed et al., 2019; Mantey et al., 2020; Rajaee et al., 2015;
Torrance et al., 2021) and cyanide (Goncalves et al., 2017; Kohio et al.,
2024; Marshall et al., 2020) for gold concentration and recovery, both of
which were reported to contribute substantial releases of toxic sub-
stances into surrounding ecosystems. Kohio et al. (2024) reported that
ASGM released as much as 139,976 kg/year, 10,598 kg/year and 2183
kg/year of mercury into the environment in Zambia, Botswana and
South Africa, respectively, while Goncalves et al. (2017) reported that 2,
033 tonnes of cyanide is released into Ecuador’s Puyango-Tumbes River
per year by ASGM activities. Physical processing primarily involved
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Fig. 3. Frequency of reporting on individual elements of the DPSIR framework as identified in the reviewed articles.
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Fig. 4. Number of reviewed articles reporting on various driving factors of ASGM.
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Fig. 5. Frequency of different types of pressures from ASGM reported in the reviewed articles.

slurry washing to separate sediments, a practice linked to the siltation of
waterbodies and broader aquatic ecosystem degradation (Mensah et al.,
2024).

Mine waste, particularly tailings and wastewater, is a major source of

environmental contamination and ecosystem degradation. Studies have
shown that tailings can contain elevated levels of toxic substances such
as mercury and cyanide complexes (Elwaleed et al., 2024; Tarras--
Wabhlberg et al., 2001), while wastewater discharge frequently contains
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heavy metals at concentrations far exceeding those found in areas un-
affected by mining (Liang et al., 2011).

Socio-economic pressures associated with ASGM included livelihood
transitions and in-migration. Evidence shows a substantial shift from
traditional activities such as farming and fishing toward ASGM, largely
driven by the comparatively higher income associated with mining
(Adranyi et al., 2023; Persaud et al., 2017; Quash et al., 2024). Studies
further indicate that mining regions often experience significant popu-
lation growth due to the influx of migrants seeking mining-related
employment (Bansah et al., 2023; Cudjoe et al., 2023; Prescott et al.,
2020).

3.2.3. State

Most of the reviewed articles (90, 62 %) examined ASGM-induced
changes to the physical, chemical, or biological state of the environ-
ment, focusing on at least one component: (a) water quality, (b) soil
quality, (c) biota, or (d) landscape alteration. Fig. 6 shows the frequency
of studies in each category.

The state of water quality was the most prevalent environmental
element to be affected by ASGM, which we found in the majority of
reviewed articles (n = 61, 54 %). ASGM has been associated with sig-
nificant alterations in freshwater systems, including physical impacts
such as siltation, elevated turbidity, and increased sediment loads
(Ayiwouo et al., 2022; MacDonald et al., 2020; Mlewa et al., 2023).
Beyond these physical changes, the chemical quality of water is often
compromised by toxic contaminants, with mercury being the most
extensively studied (Fig. 7). Other pollutants, including arsenic, cad-
mium, lead, and cyanide, have also been documented at levels exceeding
international safety guidelines (Table 1), while cases of acidification
have been observed where water pH falls below WHO thresholds
(Ayiwouo et al., 2022; Gyekye et al., 2023; Hadzi et al., 2018). Collec-
tively, these findings highlight the widespread influence of ASGM on the
physical and chemical integrity of aquatic environments.

Changes in soil quality were reported in 34 (23 %) articles, encom-
passing both physical and chemical impacts. Observed physical alter-
ations included increased bulk density (Basir-Cyio et al., 2020), soil
compaction (Mestanza-Ramon et al., 2022), and erosion (Fonshiynwa
et al., 2024; Meaza et al., 2017). Chemically, soils exhibited lower pH
(Baah et al., 2024; Niane et al., 2019), elevated electrical conductivity
(Darko et al., 2022), and reduced nutrient levels (Achina-Obeng and
Aram, 2022; Eludoyin et al., 2017). Contamination with toxic elements,
particularly heavy metals, was observed in 26 studies, frequently
exceeding World health organization (WHO) and Food and agricultural
authority (FAO) soil health guidelines (Table 1). Additionally, one study
found radioactive elements in mined soils, although concentrations
generally remained within acceptable limits (Odelami et al., 2024).

The effects of ASGM on biota, comprising both fauna and flora, were

uncovered mine pits
change in taxonomic composition
chemical accumulation in species

soil erosion

State type

physico-chemical changes
toxic chemical contamination
change in physico-chemical properties

chemical contamination
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reported in 21 articles, with a predominant focus on aquatic fauna.
Studies documented elevated heavy metal concentrations in fish (Kapia
et al., 2016; Maurice-Bourgoin et al., 2000; Omara et al., 2019), bivalves
(Appleton et al., 2006), molluscs (Reichelt-Brushett et al., 2017), and
macrophytes (Dushenko et al., 1995) as well as in terrestrial foraging
plants (Basri et al., 2020).

Four articles identified landscape alteration as a significant state
change resulting from ASGM. Gold extraction activities commonly
create pits and sinkholes (Amoako et al., 2023; Donkor et al., 2024;
Mensah et al., 2024), which in turn exacerbate soil erosion (Fonshiynwa
etal., 2024; Meaza et al., 2017). Additionally, ASGM has been shown to
drive substantial land use changes over time, in Northern Mongolia for
example, mining expanded land use change from 2.8 to 15.2 km? be-
tween 1999 and 2015 (McIntyre et al., 2016).

3.2.4. Impacts

In this review, impacts refer to ASGM's negative effects on social and
ecological systems. Of the articles reviewed, 82 (57 %) reported on
impacts, categorized as: a) environmental degradation (47 articles, 39
%), b) human health risks (30, 25 %), c¢) food insecurity (21), and d)
socio-economic (14, 12 %), as shown in Fig. 8.

Surface water pollution represents the most frequently reported
environmental impact of ASGM (21 articles), mostly assessed using
multi-parameter water quality indices. Empirical evidence demonstrates
extensive riverine contamination in mining regions. For example,
pollution in Fiji extended approximately 4.8 km along the Wainivesi
River (Kumar et al., 2022), while in Tanzania it reached nearly 8 km
downstream of the Mabubi River (Mariki et al., 2024). Similarly, the
Kadey River in Cameroon recorded the highest pollution index (1200)
downstream of mining activities (Mambou Ngueyep et al., 2021), and in
Ghana, 50 % of 43 water samples collected from the Birim River across
ten communities were found to be contaminated (Asare-Donkor et al.,
2018).

Soil pollution was the second most frequently reported impact (12
studies), largely associated with elevated heavy metal concentrations in
mined areas and adjacent agricultural lands (Amoakwah et al., 2020;
Eludoyin et al., 2017; Wu et al., 2010). The spatial extent of contami-
nation was pronounced, extending up to 37 km from mining sites in
South Africa (Belle et al., 2022) and spanning 9 km in Tanzania (Sanga
et al., 2023).

Vegetation loss was identified in 8 articles, often reflecting sub-
stantial reductions in forest cover over time. Examples include losses of
421.3 km? in Suriname between 1997 and 2019 (Quash et al., 2024), 28,
266 ha in Ijesaland, Nigeria between 1986 and 2002 (Adeoye, 2016),
and 1.44-1.92 km? in Colombia between 2016 and 2019 (Ibrahim et al.,
2020).

Biodiversity loss was less frequently addressed (6 articles, 4 %).

state
Landscape alteration
Biota

M Soil quality

W Water quality

0 5 10 15 20 25 30 35 40 45 50 55

Number of articles

Fig. 6. Frequency of environmental state components discussed in the reviewed literature.
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Documented impacts include reductions in benthic macroinvertebrate
populations due to altered water quality (Tarras-Wahlberg et al., 2001),
declines in crab abundance associated with habitat disturbance (Dalu
et al.,, 2023), shifts toward pollution-tolerant fish species reflecting
aquatic ecosystem stress (Allard et al., 2016; MacDonald et al., 2020),
and decreased terrestrial flora abundance resulting from landscape
modification (Meaza et al., 2017).

Food insecurity, reported in 21 studies, was primarily linked to crop
contamination and reduced crop productivity. Evidence indicates sub-
stantial heavy metal accumulation in food crops cultivated on ASGM-
impacted soils, with concentrations frequently exceeding international
safety thresholds (Table 1). Contamination has been documented across
a range of crops, including maize, tomatoes, plantains, cocoa, and veg-
etables (Addai-Arhin et al., 2022; Adekiya et al., 2018; Ramos et al.,
2022; Shabalala et al., 2022). In addition to contamination, ASGM ac-
tivities have contributed to reduced agricultural yields, with studies
highlighting significant declines in cocoa, maize, and cassava produc-
tion in mining-affected areas compared to non-mining areas (Basir-Cyio
et al., 2020; Osei-Asare et al., 2018).

Human health risks associated with ASGM were documented in 30
articles (21 %), primarily arising from direct exposure (ingestion or
dermal contact) to pollutants, or indirectly through other ASGM-related
pressures. Most studies (24) employed health risk indices (deterministic
or probabilistic), while 6 articles analyzed heavy metals in human hair.
Reported outcomes included elevated carcinogenic and non-
carcinogenic risks linked to the consumption of contaminated water,
fish, and crops (Bempah and Ewusi, 2016; Mestanza-Ramon et al., 202.3;
Omara et al., 2019; Veronica and Geoffrey, 2020). These risks were
consistently found to be more pronounced in children compared to
adults (Escobar-Segovia et al., 2021; Hacon et al., 2020). Hair samples
from mining communities frequently revealed mercury concentrations
exceeding WHO limits (Table 1). For example in Barreiras, Brazil, 84 %
of hair samples from inhabitants (N = 141) recorded high mercury levels
(Faial et al., 2015). In addition to heavy metal exposure, other reported
health impacts included neurotoxicity, renal and respiratory disorders,
genotoxic effects, and immune system stress (Afrifa et al., 2019; Cossa
etal., 2021). Studies also highlighted increased malaria incidence linked
to mosquito breeding in abandoned ASGM pits (Adeoye, 2016; Adranyi
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Fig. 7. Chemical elements found in association with ASGM. The size of the rectangles is proportional to the number of articles reporting on various toxic con-
taminants released through ASGM activities.

et al., 2024).

ASGM was also associated with significant socio-economic conse-
quences in 14 studies (9 %), with livelihood loss identified as the most
frequent outcome (12 studies). The major cause of these losses was
insecure land tenure, as agricultural lands were frequently converted to
or leased for mining purposes by landowners (Amoako et al., 2023;
Cartier and Buerge, 2011; Mandirahwe, 2021), and unauthorized min-
ing which further exacerbated farming disruptions (Adator et al., 2023).
Beyond agriculture, water pollution from mining activities contributed
to declining fish stocks, impairing fishing-based livelihoods
(Mestanza-Ramon et al., 2022; Salim et al., 2021). Moreover, ASGM was
linked to rising costs of goods and services, undermining livelihoods
(Cudjoe et al., 2023; Eludoyin et al., 2017).

3.2.5. Responses

Lastly, 30 articles (21 %) discussed responses to ASGM by govern-
ments, Non-governmental organizations (NGOs), and communities. We
categorized these into 4 types as presented in Fig. 9: a) mercury
reduction in ASGM, b) formalization, ¢) community-led initiatives, and
d) reduction of ASGM.

Mercury reduction emerged as the most frequently documented
ASGM response (24 studies), mostly involving efforts by international
bodies, governments, and NGOs. Reported measures included the pro-
motion of mercury-free technologies (Garcia et al., 2015; Kohio et al.,
2024; Martinez et al., 2022), implementation of best-practice policies
such as the Minamata Convention—which requires National Action
Plans from all 151 parties—(Prescott et al., 2022; Selin, 2014) and the
establishment of national frameworks targeting mercury use (Hook,
2019; Sousa et al., 2011). Broader regional initiatives, such as the Africa
Mining Vision, supported by members of the African Union and the
African Development Bank, also promotes ‘sustainable’ gold exploita-
tion (Ayelazuno and Mawuko-Yevugah, 2021). Capacity-building ef-
forts, including miner training on innovative technologies through
programs such as the Global Mercury Project, further complemented
these policy and technological interventions (McDaniels et al., 2010).

Fourteen articles discussed ASGM formalization, a process that re-
quires miners to obtain licenses with the aim to improve monitoring and
effective regulation of the sector. This approach has been adopted in
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Table 1

Concentrations of contaminants exceeding recommended levels in water (mg L
1), soil (mg kg'l), crops (mg kg'l), fish (mg kg'l) and human hair (ug g'l) samples

as identified in the reviewed articles.

Medium Parameter

Measured
levels

WHO
limits

Sources

Water pH

Hg

Pb

Cu

Cd

CN

Soil pH

Hg

3.51-5.8

0.01-5.0

0.02-5.74

0.3-2.0

0.06-30.50

5.92-14.6

0.01-1.20

0.02-6.30

0.04-6.53

4.41-5.36

3.9-195.3

6.5-8.5

0.001

0.01

0.01

0.05

2.0

0.002

0.005

Manyatshe et al., 2017;
Mariki et al., 2024, Alonso
et al., 2020; Hadzi et al.,
2018; Affum et al., 2016;
Bella Atangana et al., 2023;
Obiri, Mattah, et al., 2016
Abdelaal et al., 2023;
Affum et al., 2016;
Appleton et al., 2006;
Bedu-Addo et al., 2024;
Bonzongo et al., 2003;
Byambaa and Todo, 2011;
Espiritu et al., 2022;
Fonshiynwa et al., 2024;
Mantey et al., 2020; Mariki
et al., 2024; Mataba et al.,
2016; Niane et al., 2019;
Rajaee et al., 2015; Sallau
et al., 2014; Torrance et al.,
2021; Rande et al., 2024
Alonso et al., 2020;
Ayantobo et al., 2014;
Ayiwouo et al., 2022;
Bedu-Addo et al., 2024;
Espiritu et al., 2022;
Manyatshe et al., 2017;
Torrance et al., 2021
Ayiwouo et al., 2022;
Fonshiynwa et al., 2024;
Gyekye et al., 2023;
Jimenez et al., 2022;
Kumar et al., 2022; Liang
et al., 2011; Mambou
Ngueyep et al., 2021;
Mapatac and Atega, 2024)
Awomeso et al., 2017;
Ayantobo et al., 2014;
Kapia et al., 2016; Kumar
et al., 2022; Liang et al.,
2011; Mambou Ngueyep
et al., 2021

Adewumi and Laniyan,
2021; Liang et al., 2011;
Mapatac and Atega, 2024
Adewumi and Laniyan,
2021; Kumar et al., 2022;
Manyatshe et al., 2017;
Rajaee et al., 2015; Sallau
et al., 2014

Byambaa and Todo, 2011;
Manyatshe et al., 2017;
Tarras-Wahlberg et al.,
2001

Adewumi and Laniyan,
2021, 2021; Mambou
Ngueyep et al., 2021;
Mataba et al., 2016; Mlewa
et al., 2023

Appleton et al., 2006; Baah
et al., 2024; Basir-Cyio

et al., 2020; Belle et al.,
2022; Eludoyin et al., 2017;
Niane et al., 2019
Amoakwah et al., 2020;
Appleton et al., 2006;
Basir-Cyio et al., 2020;
Basri et al., 2020; Elwaleed
et al., 2024; Mantey et al.,
2020; Niane et al., 2019;
Rajaee et al., 2015; Xiao
et al., 2017

Table 1 (continued)
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Medium Parameter

WHO
limits

Measured
levels

Sources

As

Pb

Cr

Cu

Cd

Crops Hg

Pb

Cr

Cd

Fish Hg

Pb

Human Hg
hair

23.5-421.7 20

216.9-450 100

101.04-372.7 100

116-250.9 100

3.2-5.9 3

50.2 -86.3 50

0.2-0.34 0.05

0.74-12.50 0.10

0.3-1.85 0.10

3.0-13.8 2.30

0.55-1.64 0.05

0.68-8.5 0.5

2.3-13 0.05

10.8-27.0 7

Ahiamadjie et al., 2011;
Bempah and Ewusi, 2016;
Darko et al., 2022;
Romero-Crespo et al., 2023;
Van Straaten, 2000
Eludoyin et al., 2017; Wu
et al., 2010; Xiao et al.,
2017

Ahiamadjie et al., 2011;
Darko et al., 2022;
Romero-Crespo et al., 2023;
Wau et al., 2010
Ahiamadjie et al., 2011;
Amoakwah et al., 2020;
Bempah and Ewusi, 2016;
Eludoyin et al., 2017;
Romero-Crespo et al., 2023;
Xiao et al., 2017
Ahiamadjie et al., 2011;
Amoakwah et al., 2020;
Eludoyin et al., 2017
Romero-Crespo et al., 2023;
Veronica and Geoffrey,
2020

Addai-Arhin et al., 2022;
Ahiamadjie et al., 2011;
Basir-Cyio et al., 2020;
Essumang et al., 2007;
Ramos et al., 2022; Sanga
et al.,, 2023, 2023; Xiao

et al., 2017

Adekiya et al., 2018;
Ahiamadjie et al., 2011;
Compaore et al., 2019;
Darko et al., 2022;
Essumang et al., 2007;
Manyatshe et al., 2017;
Romero-Crespo et al., 2023
Adekiya et al., 2018; Baah
et al., 2024; Compaore

et al., 2019; Manyatshe

et al., 2017; Omara et al.,
2019; Shabalala et al.,
2022; Xiao et al., 2017
Ahiamadjie et al., 2011;
Shabalala et al., 2022
Adekiya et al., 2018; Baah
et al., 2024; Manyatshe

et al., 2017; Ramos et al.,
2022; Romero-Crespo

et al., 2023; Xiao et al.,
2017)

Appleton et al., 2006;
Barocas et al., 2023;
Garcia-Sanchez et al., 2008;
Hacon et al., 2020, 2020;
MacDonald et al., 2020;
Maurice-Bourgoin et al.,
2000; Pfeiffer et al., 1989;
Taiwo and Awomeso, 2017;
Tarras-Wahlberg et al.,
2001

Ahmed et al., 2024;
Veronica and Geoffrey,
2020

Espiritu et al., 2022; Faial
et al.,, 2015;
Maurice-Bourgoin et al.,
2000; Pfeiffer et al., 1991;
Wu et al., 2010
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Fig. 8. Frequency of different types of ASGM impacts on social-ecological systems as discussed in the reviewed literature.

informal regulations

designation of mining corridors

alternative livelihoods

fairtrade gold
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Response type

formalization

mercury free technologies

policy initiatives

capacity building

o
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Number of articles
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Community-led initiatives
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M Mercury reduction in ASGM
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Fig. 9. Frequency of different types of responses to ASGM impacts reported in the reviewed literature.

several countries, including Peru (Damonte, 2021; Malca et al., 2023;
Martinez et al., 2021), Zimbabwe (Spiegel, 2015), and Kenya (Tampushi
et al., 2021).

Community-led initiatives, such as informal regulations by
customary authorities and the establishment of designated mining cor-
ridors, were reported in 6 articles as alternative approaches to governing
ASGM. In regions such as Kedougou, Senegal (Persaud et al., 2017),
Balato, Guinea (Doumbouya et al., 2024), Burkina Faso (Ouedraogo and
Mundler, 2019), and Mozambique (Nopeia et al., 2022), these measures
have helped control site access and reduce ASGM impacts.

Efforts to reduce ASGM practices have been initiated by governments
through initiatives such as bans enforced by military or police forces
(Ayelazuno and Mawuko-Yevugah, 2021; Damonte, 2021; Ofori et al.,
2021; Spiegel, 2015) and alternative livelihood strategies, particularly
through agricultural initiatives aimed at decreasing dependence on
ASGM (Prescott et al., 2020). In addition, market-based approaches such
as Fairtrade gold certification have sought to improve trading conditions
and alleviate poverty (Childs, 2014; Hilson, 2008).

3.3. Interactions between DPSIR elements

Linkages among DPSIR elements were evident in approximately 59
% (85) of the reviewed studies, reflecting interconnected social-
ecological dynamics in ASGM. Fig. 10 below depicts the degree to
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which these linkages have been studied based on the articles reviewed.

The most frequently observed linkage was between state and impact
(38 studies). These studies showed that elevated metal concentrations in
soils often led to crop contamination (Adekiya et al., 2018; Baah et al.,
2024; Ramos et al., 2022; Shabalala et al., 2022). Additionally, ASGM
related sedimentation and heavy metal contamination of surface waters
resulted in fish contamination subsequently posing both carcinogenic
and non-carcinogenic health risks to humans (Faial et al., 2015; Gar-
cia-Sanchez et al., 2008; Kumar et al., 2022; Maurice-Bourgoin et al.,
2000).

The pressure-state-impact relationship was the second most identi-
fied linkage (14 articles), emphasizing how mining activities degrade
environmental quality and compromise food and water safety. For
example, ASGM tailings have been shown to contaminate soils with
heavy metals, leading to crop contamination (Xiao et al., 2017); mine
waste discharged into water bodies release pollutants which impair
water quality and elevate heavy metal levels, subsequently bio-
accumulating in organisms and posing health risk to humans through
consumption (Alonso et al., 2020; Espiritu et al., 2022; Rajaee et al.,
2015).

Pressure-state relationships were also identified, with evidence
linking mining activities to contamination of surrounding environments.
Reported impacts included elevated metal concentrations in water
bodies due to mine tailings (Mlewa et al., 2023), arsenic enrichment of
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Fig. 10. Interactions between DPSIR elements. Length of arc depicts the fre-
quency an element is linked to other elements in the framework and the width
of cord depicts the number of articles analyzing a link between elements. In
chord diagrams, the color of the chord/link corresponds to the color of the
source element (arc) from where the chord originates.

surface waters from dredging and sluicing processes (Wilson and Haw-
kins, 1978), high cyanide levels in surface waters associated with cya-
nidation (Marshall et al., 2020), and mercury accumulation in both
water and agricultural soils as a result of tailings disposal (Abdelaal
et al., 2023; Elwaleed et al., 2024).

Evidence from 6 articles highlights complex social-ecological link-
ages of ASGM that align with driver—pressure-state-impact. Key drivers
such as high income potential, unemployment, lack of institutional
support, and declining agricultural productivity due to climate stressors
were found to motivate livelihood shifts from farming to mining (Adator
et al., 2023; Donkor et al., 2024; Mensah et al., 2024). These transitions
contributed to farmland conversion, expansion of surface mining, and
widespread environmental pollution, with consequent health risks and
loss of livelihoods (Adranyi et al., 2023; Amoako et al., 2023). In some
contexts, the dynamics followed a driver—pressure-impact-response
pathway, where economic incentives attracted immigration and adop-
tion of ASGM, leading to environmental degradation and prompting
state interventions through policy enforcement and the promotion of
alternative livelihood options (Prescott et al., 2022).

Driver-pressure linkages were highlighted in 4 articles, where fac-
tors such as declining agricultural productivity associated with climate
variability (Bansah et al., 2023), as well as the higher relative profit-
ability of mining (Hilson et al., 2013; Salim et al., 2021), motivated
livelihood shifts from farming and fishing into ASGM. Pressure-impact
relationships were also identified, with excavation activities contrib-
uting to vegetation loss, and practices such as digging and untreated
waste discharge leading to soil degradation, and water pollution
(Adeoye, 2016; Ibrahim et al., 2020; Yahaya et al., 2022). Pressur-
e-impact-response linkages were observed in 2 articles, where defor-
estation prompted the application of traditional regulatory mechanisms
to control mining practices (Quash et al., 2024), and pollution from
amalgamation and cyanidation encouraged the promotion of ‘sustain-
able’ mining initiatives (Kohio et al., 2024).

Other identified linkages include a driver—pressure-impact pathway,
where unemployment drives ASGM adoption, leading to land and water
degradation (Mandirahwe, 2021); a driver—pressure-response pathway,
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where high income from mining encourages its use as a complementary
livelihood, prompting customary authorities to establish informal reg-
ulations for monitoring (Persaud et al., 2017); and a driver-response
pathway, where increasing ASGM practices driven by economic in-
centives results in the delimitation of designated areas to enhance
monitoring (Nopeia et al., 2022).

4. Discussion

This review examined how artisanal and small-scale gold mining
(ASGM) has been studied through the lens DPSIR, with particular
attention to social-ecological interactions. The review highlights the
widespread and growing prevalence of ASGM, particularly in low- and
middle-income countries, where it has emerged in response to poverty,
unemployment, and limited access to formal education. Its expansion is
further driven by the relative profitability of mining compared to
traditional livelihoods (Fig. 4).

ASGM continues to expand globally, especially in low- and middle-
income countries where poverty, unemployment and high potential in-
come are major factors driving millions of people into this practice.
ASGM exerts various pressures on the state of the environment,
including the deposition of sediments and contaminants from untreated
waste into soil and water bodies, impairing their physical and chemical
state. This has negatively impacted environmental health, leading to a
decline in essential ecosystem services, and severe human health risks.
Response initiatives aimed at promoting “sustainable mining” practices
address ASGM symptoms such as excess mercury pollution through
technological fixes, but don’t account for the large gamut of chemicals
released through various mining techniques, nor for the drivers that lead
to the adoption of ASGM in the first place. Furthermore, governmental
and international interventions aiming to address the negative effects of
ASGM remain limited in effectiveness due to weak enforcement mech-
anisms (Malca et al., 2023), bureaucratic and neopatrimonial practices
(Ayelazuno and Mawuko-Yevugah, 2021), corruption (Banchirigah and
Hilson, 2010), and insufficient resources (Kalokoh and Kochtcheeva,
2022). Our synthesis suggests that more coherent and effective re-
sponses will require greater recognition of community-led initiatives
and the role of local actors in shaping governance. This underscores the
importance of designing policies that balance livelihood security with
ecological protection, moving beyond top-down interventions toward
inclusive, socially embedded strategies that draw on local knowledge
and practices.

Despite the clear connections between ecological and social systems
as depicted by the causal chain represented by the DPSIR elements, we
observed a disproportionate focus of the literature on ASGM’s effects on
the state of the environment and associated impacts on ecological and
human health, while treating environmental and socio-economic sys-
tems in isolation.

The next two sections are structured around the two research ques-
tions guiding the review, first synthesizing the extent to which the ele-
ments of the DPSIR framework have been examined, before identifying
critical knowledge gaps in linking these elements and understanding
coupled social-ecological dynamics.

4.1. Degree to which elements of DPSIR have been studied in ASGM
research

Across the DPSIR framework, the existing research has been pre-
dominantly skewed toward environmental state changes—particularly
in soil and water quality—and their associated impacts such as land
degradation, food insecurity, mercury-related health risks, and socio-
economic vulnerability. These studies have contributed substantially
to understanding the observable consequences of ASGM activities,
especially at local and site-specific scales. In contrast, considerably less
attention has been paid to drivers, pressures, and responses that shape
these dynamics.
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The aggregated elements of the DPSIR framework are a useful
structuring tool for systematically analyzing to what degree the different
elements have been investigated. However, to get a more nuanced un-
derstanding of DPSIR processes, it is essential to break down the
aggregate elements into its component features, which we presented in
our results. This can serve as a basis for future research that aims to
assess how specific components within the elements interact within and
across DPSIR elements.

4.2. Knowledge gaps in understanding DPSIR linkages and
social-ecological interactions

Although some work has addressed state-impact interactions, such as
the ecological effects of mercury use, linkages involving drivers, pres-
sures, and responses remain underexplored and are rarely analyzed in an
integrated way. The limited focus on interconnections between DPSIR
elements reflects a broader tendency within the literature to treat them
as discrete rather than as interacting components of a dynamic system.
Such fragmentation risks overlooking feedbacks and systemic mecha-
nisms underpinning ASGM, thereby constraining our understanding of
how mining processes affect social-ecological systems and how local
practices contribute to mitigation. As Kosai et al. (2023) caution, re-
sponses based on isolated system understandings may generate unin-
tended consequences and exacerbate existing vulnerabilities. By
identifying these gaps, this review emphasizes the need for integrated
approaches that capture linkages across drivers, pressures, states, im-
pacts, and responses, thereby advancing systems-based perspectives on
ASGM.

We also find that research on ASGM has largely remained disci-
plinary in scope, with ecological studies focusing on soil, water, and
biodiversity impacts, and socio-economic studies emphasizing income
generation, livelihoods, and governance. This separation overlooks the
interdependencies between ecological and social systems, which are
central to understanding ASGM as a coupled social-ecological chal-
lenge. As noted by Tiamgne et al. (2022), such a narrow focus reduces
the effectiveness of interventions. Building on this insight, this review
highlights the value of social-ecological systems approaches that ac-
count for cross-domain interactions. Such approaches not only
strengthen theoretical understanding of ASGM dynamics but also
enhance the capacity of interventions to be context-sensitive, holistic,
and sustainable.

Finally, our review reveals a significant gap in the spatial analysis of
ASGM impacts. Only 11 of the reviewed articles examined the spatial
spread of ASGM impacts, with most focusing on localized impacts at
extraction sites. This neglects broader spatial dynamics, including the
downstream movement of pollutants through river systems (Wyatt et al.,
2017), the spatial reach of ASGM as a driver of migration and policy
responses addressing socio-economic drivers and social-ecological im-
pacts. Ignoring these spillover effects risks underestimating ASGM’s
wider social-ecological consequences and undermines the design of
effective policies. By drawing attention to the limited spatial dimension
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of existing ASGM studies, this review provides a foundation for future
research that can inform both scientific inquiry and policy action,
ensuring that ASGM is addressed at the multiple scales at which it
unfolds.

5. Conclusions

Despite the clear connections between ecological and social systems
as depicted by the causal chain represented by the DPSIR elements, we
observed a disproportionate focus of the literature on ASGM’s effects on
the state of the environment and associated impacts on ecological and
human health, while treating environmental and socio-economic sys-
tems in isolation. Future research should incorporate integrated social-
ecological systems approaches to provide a comprehensive under-
standing of the complex, dynamic and multifaceted nature of ASGM
while considering the spatial extent of ASGM mediated negative effects
across these systems.

The DPSIR framework as applied here helps to systematically
analyze the different elements that are part of the causal chain of ASGM
processes. As a structuring element of our literature review, it can
indicate where interconnections between the DPSIR elements exist and
helps to highlight where along this causal chain knowledge gaps exist.
Breaking down the DPSIR elements into its component features is an
essential step in identifying how the mechanisms and interactions be-
tween DPSIR elements could work. By linking DPSIR with social-
—ecological systems thinking, the study underscores the framework’s
potential to guide holistic, context-sensitive research and policy, moving
beyond isolated environmental assessments toward integrated ap-
proaches that capture ecological, social, and governance dimensions
simultaneously. However, it is limited in capturing the specific inter-
action processes and possible feedback loops across DPSIR elements and
component features. Thus, future research should focus on better un-
derstanding the mechanisms underpinning these interactions. Only by
addressing the full complexity of social-ecological interactions can we
mitigate the harms, enhance resilience, and support the sustainable
transformation of mining-dependent communities.
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Frequency of DPSIR framework elements identified by Country. Highlighted countries represent those where multiple factors were reported.

DPSIR Factors Country of study (number of articles)

elements

Drivers poverty, high potential income, low level of education, unemployment, lack of Sudan (1), Ethiopia (1), Myanmar (1), Senegal (1), Mozambique (1), Ghana
access to institutional capacity, lack of land tenure (10), Indonesia (2), Zimbabwe (1), Sierra Leone (1), Suriname (1), Guinea (1)

Pressures Mine waste (tailings, sewage), ore processing (physical and chemical), river China (2), Philippines (1)
dredging, digging/excavation, water diversion, immigration, livelihood shift to Ghana (11), Myanmar (1), Guinea (1), Indonesia (1), Zimbabwe (1), Sierra
ASGM Leone (1), Senegal (1), Sudan (2), Kenya (1), Colombia (2), Cameroon (1), USA

(2), Brazil (2), Tanzania (2), Egypt (1), Mongolia (1), Ecuador (3), Ethiopia
(1), Nigeria (1), Burkina Faso (1)

State Soil contamination, soil erosion, landscape alteration, water contamination, Ghana (22), Nigeria (9), Tanzania (4), South Africa (4), Philippines (3), China

chemical accumulation in species, change in species composition (2), Ecuador (9), Indonesia (5), Niger (1), Sudan (1), Fiji (1), Kenya (2),
Canada (1), Colombia (2), Cameroon (4), Bolivia (1), USA (2), Brazil (5), Papua
New Guinea (1), Senegal (1), Egypt (1), Uganda (2)
Venezuela (1), Mongolia (2), Peru (2), Ethiopia (1)

Impact water pollution, soil pollution, loss of vegetation, loss of biodiversity, food Ghana (27), Nigeria (8), Tanzania (2), South Africa (3), Philippines (2),
contamination, reduced crop productivity, human health risk, livelihood loss, high China (2), Ecuador (7), Burkina Faso (2), Indonesia (3), Fiji (1), Canada (1),
cost of goods and services Cameroon (4), Bolivia (1), Uganda (1), Colombia (2), Brazil (3), Venezuela

(1), Mongolia (1), French Guiana (1), Myanmar (1), Guinea (1), Sudan (1),
Mozambique (1), Suriname (1), Zimbabwe (1), Sierra Leone (1), Kenya (1),
Ethiopia (1), Global review (1)

Response Reduction of mercury in mining, policies on ASGM, alternative livelihoods, Burkina Faso (3), Myanmar (1), Mozambique (1), Guinea (1), Peru (5),
formalization Indonesia (1), Ghana (4), Ecuador (2), Tanzania (1), Zimbabwe (1), Sierra Leone
Reduction of ASGM practices, customary-led initiatives (1), Colombia (1), Brazil (1), Guyana (1)
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