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Abstract
The impact of surface mining on surface runoff was reviewed in articles published from 2009 to 2020 indexed in Science 
Direct, Scopus, Web of Science, and Scielo databases. Measurement methods, quantities, influencing factors and trends of 
surface runoff in mining areas are presented and research gaps, challenges, and opportunities are discussed. A total of 10,274 
articles were found, 39 of which were selected for qualitative and quantitative analysis. Among the methods, laboratory and 
field measurements using plots, and, to a greater extent, estimates are used worldwide to measure runoff in surface mining 
areas. Based on the reviewed articles, the surface runoff in the last decade ranged from 2.25 to 488 mm annually for rainfall 
between 386 and 2189 mm. Monthly values ranged from 0.5 to 83.3% of precipitation. Mine reclamation must primarily 
consider the vegetative cover, the soil structure, and the microrelief as factors that reduce surface runoff, which is the main 
trend when this is evaluated over time. The biggest challenges in monitoring surface runoff in mining areas are the long 
times required and the difficulty of collecting data in the field; in addition, when estimated by precipitation data, the values 
may have low precision.
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Introduction

Among the environmental impacts caused for surface min-
ing activity are changes in vegetative cover (Espigares 
et al. 2011), physical, chemical, and biological degradation 
of soils (Vilas Boas et al. 2018; Wang and Wang 2020), 
and changes in the landscape (Zégre et al. 2014) and water 
resources (Gabarrón et al. 2019; Huang et al. 2015; Luan 
et al. 2020; Merino-Martín et al. 2012). One of the concerns 

regarding the impacts of surface mining on water resources 
is its effects on surface runoff (Ping et al. 2017). There are 
two types of surface runoff: water that moves freely over the 
land surface and water that flows in a defined watercourse 
(Valente and Gomes 2005).

Sustainable mining should be focused on reducing 
its environmental impacts, in addition to socioeconomic 
ones (Gorman and Dzombak 2018). Knowledge about the 
influence of mining on the quantity and quality of water 
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resources will greatly improve the planning, management, 
and sustainable development of natural resources (Awotwi 
et al. 2019). Therefore, it is important to understand the 
dynamics of surface runoff in open pit mining areas to iden-
tify gaps, challenges, and opportunities for further research 
and alternatives to managing impacts.

This review sought to answer the following questions: 
What methods are used to measure surface runoff in open 
pit mining areas? What factors affect surface runoff in 
these areas? What quantities of surface runoff are being 
obtained after surface mining? Our objectives were to: i) 
provide an overview of the effects of surface mining on 
surface runoff; ii) describe the most advanced methods for 
monitoring and predicting surface runoff; iii) discuss the 
main environmental factors that influence this runoff; and 
iv) show trends in surface runoff from open pit mining areas 
of those analyzed statistically in time series.

Materials and Methods

Systematic Literature Search

The design of this systematic review was performed accord-
ing to the PRISMA checklist (Moher et al. 2009). The key-
words: “runoff in mining areas”, “trends in runoff in min-
ing,” and “surface runoff in surface mine” were searched 
in the online indexes of Science Direct, Scopus, Web of 

Science and Scielo databases in March 2021. Scientific arti-
cles in English from 2009 to 2020 were considered. Mende-
ley software version 1.19.4 was used for document collection 
and better management.

After the initial search through the databases (Identifica-
tion phase; Fig. 1), the articles were sorted, first excluding 
duplicate articles (a filter was applied using Mendeley soft-
ware resources). In screening, the studies were selected by 
relevance based on the title, excluding articles unrelated to 
the topic under study. Relevant titles were selected based on 
the abstracts and the full text was then analyzed.

In the eligibility phase with complete reading of the 
articles, a series of criteria were followed to standardize the 
reports included. The content criteria, focus on the subject, 
methods, data and main results of the study were considered. 
Only studies that specifically discussed the quantification of 
surface runoff in surface mining areas and the assessment 
of trends in this surface runoff throughout the rehabilitation 
process were included. Articles that present surface runoff 
values or analysis of influencing factors were also included. 
Studies with runoff data at the hydrographic basin scale, 
in the case of estimation studies, were also considered to 
expand the number of studies, provided that they presented 
at least one surface runoff result in millimeters (Fig. 1).

Fig. 1   Collection and selec-
tion flowchart of the systematic 
literature review, n number of 
articles
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Database Construction

After selecting the articles according to the established 
criteria an evaluation of the thematic areas of these studies 
was carried out, separating those carried out in the field 
from based on estimation or laboratory studies. A database 
was built by extracting details from each article (author and 
year of publication), location, period of study, methods, 
and results (supplemental Table S-1). A synthesis of key 
findings was then undertaken to develop a framework of 
results that would show surface runoff in shallow (surface) 
mined areas worldwide over the past decade. This database 
framework was analyzed and opportunities for future studies 
were identified.

Data Analysis

A map with the distribution of studies worldwide was pre-
pared in ArcGis 10.7 (Fig. 2). Articles with surface runoff 
values in millimeters or percentages were used for descrip-
tive statistical analysis and graphs were constructed to dem-
onstrate the range of surface runoff in mining areas during 
the last decade.

Results and Discussion

Literature on Surface Runoff in Surface Mining 
Areas

The systematic review resulted in 39 peer-reviewed articles 
(Fig.  1), of which 46% were published in the last two 
years (Fig. 2). Data from these articles are available in a 
spreadsheet (Table S-1). Sixteen annual and 15 monthly 
surface runoff values from open pit mining areas in different 
regions of the planet were obtained in mm, along with 17 
monthly values in percentages, and 9 trend results (Fig. 2). In 
these articles, 26 values of annual precipitation, 6 monthly, 
one daily maximum, and 12 simulated rainfall intensities 
were reported.

China had the most published papers on surface runoff 
(8 articles), followed by the United States and Spain, both 
with five articles (Fig. 2). This is line with the predominance 
of surface mines in these countries, mainly associated with 
coal in China and the United States (Daemen 2004; Maus 
et al. 2020). China has the largest mapped area of surface 
mines in the world (11.5% and almost 5,000 mines); the 
United States (11.2%, with just over 2000 mines) came in 
third place (Maus et al. 2020).

Studies about surface runoff in surface mining published 
in scientific periodicals are rare, based on, for example, the 

absence of studies in Russia, and Chile, and only one study 
in Australia with, the three being among the five countries 
with the largest mapped area of surface mines in the world 
(Maus et al. 2020). In Brazil, with just one article, this 
research gap may be associated with the lack of requirements 
for long-term monitoring legislation for the rehabilitation 
and the environmental licensing process (Jeber and Profeta 
2018), though some scientific studies were published 
showing surface runoff recently after surface mining of 
bauxite (Spletozer et al. 2021a, b).

Among the 39 articles found, 27 were on coal mining 
(Merino-Martín et al. 2012; Hoomehr et al. 2013; Guo et al. 
2017, 2020; Nigam et al. 2017; Ma et al. 2020; Wu et al. 
2020a), three did not specify the type of mining because they 
were simulations at the watershed level (Awotwi et al. 2019; 
Liang et al. 2019; Isniarno et al. 2020), and two were on gold 
mining (Awotwi et al. 2017; Labonté-Raymond et al. 2020). 
The other mining operations addressed were wolframite 
(Gomez-Gonzalez et al. 2016), rare earths (Liu et al. 2020), 
quarry (Zhang et al. 2016), lignite (Biemelt et al. 2011), 
phosphate (Wang et al. 2016), iron (Lv et al. 2020), and 
bauxite (Rubio et al. 2013). Most of the published articles on 
surface mining contained runoff data in or near the northern 
subtropical zone (Fig. 2). Therefore, the need for research 
in most countries is evident, even in deposits that are still 
unexplored.

Factors that Influence Surface Runoff

Changes in surface runoff in relation to natural ecosystems 
are attributed to the influences of climatic factors and human 
activities (Awotwi et al. 2017). Precipitation is the main cli-
matic factor that influences surface runoff (Li et al. 2017). 
Changes in surface runoff due to mining are mainly asso-
ciated with modifications in the topography (Zegre et al. 
2014), soil structure (Wang and Wang 2020), and vegetative 
cover (Espigares et al. 2013) (Fig. 3).

The volume and intensity of precipitation are the main 
factors in generating surface runoff (Labonté-Raymond 
et al. 2020; Li et al. 2017; Wu et al. 2020b). The runoff 
volume is directly influenced by the precipitation volume 
and can be linearly correlated with an adjustment of 0.9995 
(Liu et al. 2020). In similar soil and slope conditions, runoff 
increases gradually with the amount of rain. For example, 
in a 40° slope, the runoff coefficient can increase from 0.516 
to 0.758, with precipitation ranging from 56.27 to 129.57 
mm, which corresponds to a 46.9% change in the runoff 
coefficient (Li et al. 2017). This increase is related to the 
effect of precipitation intensity on the sealing of the soil 
surface, which impairs water infiltration into the soil (Wang 
and Wang 2020). A high amount of precipitation tends to 
quickly saturate the soil, consequently reducing infiltration, 
and generates high values of surface runoff (Nigam et al. 
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2017). Based on the stepwise regression method, precipi-
tation was the main factor that influences runoff, followed 
by coal mining activity, water conservation measures, and 
temperature (Wu et al. 2020a).

Analysis of the relationship between runoff and rain event 
characteristics indicated that the maximum and average 
intensity of preceding precipitation events and the nature of 
the storm were significantly correlated with runoff (Moreno-
de-las-Heras et al. 2020). Previous rain events can cause 
changes in the hydrological and hydrophobic properties of 
the substrate in mined areas, depending on the availability of 
moisture over time (Biemelt et al. 2011; Lv et al. 2020). Wet 
substrates reduce infiltration, which generates more surface 
runoff (Biemelt et al. 2011). The runoff rate increases by up 
to 5.4 times as the number of rain events increase (Lv et al. 
2020). The volume of surface runoff may also increase after 
a dry period due to water repellency by the substrate surface 
(Biemelt et al. 2011).

Vegetation is another factor that affects surface runoff 
in mined areas (Moreno-de las Heras et al. 2009; Espigares 

et al. 2013). Low runoff volumes are observed at mines with 
high amounts of vegetation, which improves soil properties, 
accelerates ecological succession, and prevents the loss of 
water and soil resources (Espigares et al. 2013). Vegeta-
tion has an exponential effect on reducing surface runoff, 
increasing both the time for runoff to begin and the infiltra-
tion rate (Moreno-de las Heras et al. 2009). The hydrologi-
cal response of reclaimed mines with less than 30% vegeta-
tive cover is very different from those with coverage above 
50%, this value being the practical threshold for restoring 
soil cover to control surface runoff. This coverage limit can 
be considered a useful criterion in the evaluation and man-
agement of restoration practices in recovered environments 
(Moreno-de las Heras et al. 2009).

The type of vegetation covering the soil also affects sur-
face runoff generation patterns at reclaimed mines. Vegeta-
tion patches can be grouped, according to runoff rates and 
soil moisture, into microenvironments with hydrological 
roles of sinks and sources of surface runoff. Bare patches 
between plants with poor soil and low infiltration capacity 
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are runoff generating areas (sources). In contrast, areas with 
clusters of plants function as a drainage sink, because the 
organic matter content is higher, which favors the aggrega-
tion and activity of soil fauna, increasing macroporosity and 
infiltration (Merino-Martín et al. 2012).

The surface runoff is controlled by vegetation cover and 
plant morphology. Introducing key species, such as Genista 
scorpius with dense foliage, during hillside revegetation 
can accelerate the recovery of soil severely disturbed by 
mining (Merino-Martín et al. 2012). Mine revegetation is an 
effective way to reduce surface runoff. Roots create fissures 
and holes in the soil, increasing porosity and infiltration and 
reducing soil density. Grass roots are distributed mainly in 
the surface layer, with tree roots in the deeper soil layers 
and shrub roots at intermediate depths. The mixture of these 
three habits generates a rich distribution of roots and the 
greatest water storage capacity in the soil. The good water 
absorption capacity that is associated with rain interception 
and surface roughness reduce the direct impact of rain on 
the soil, reducing the volume and speed of runoff (Zhang 
et al. 2015).

Another factor that linearly influences surface runoff is 
the slope of the terrain. Increasing the slope from 40° to 
50° in coal waste can change the runoff coefficient from 
0.504 to 0.516 (Li et al. 2017). Among the factors influenced 
by human action, the topography associated with land use 
and slope parameters were the factors that most defined the 

runoff coefficient in a coal mine in Indonesia (Suyono et al. 
2020). Despite this influence of slope on increasing run-
off, the presence of gravel on slopes intercepts runoff and 
can reduce the effects of slope by 33% with an increase in 
slope from 35° to 40° (Guo et al. 2020). However, with the 
same slope, the presence of high amounts of gravel of aggre-
gates in piles of mining waste can waterproof the surface 
and increase surface runoff by up to 3.05 times compared to 
undisturbed land (Guo et al. 2020).

Surface mining disturbs the topsoil and topography by 
forming fissures and depressions (Ma et al. 2020; Shinde 
et al. 2017). These temporarily store surface runoff, reducing 
it (Shinde et  al. 2017; Zegre et  al. 2014). On the other 
hand, the use of heavy machinery during open pit mining 
can cause soil compaction. Severe soil compaction has a 
negative effect, reducing porosity and water transport in the 
soil and leading to increased surface runoff (Wang and Wang 
2020).

The construction of water conservation structures is 
another factor that changes runoff (Liu et al. 2020). Open 
pits trap rainfall and runoff and consequently affects 
groundwater. Differential water flow responses to surface 
mining are primarily due to different mining and reclamation 
practices, different scales of disturbance, different 
disturbance histories, and land cover mosaics (Song et al. 
2020). The presence of ditches on the surface of a watershed 
can retain water, as shown in Indonesia (Isniarno et al. 

Precipitation

Soil

Topography

Vegetation

Factors

Fig. 3   Factors influencing in surface runoff of open pit mining areas. The specification corresponds to what are natural factors (NF), man-made 
factors (MM) and natural and man-made factors (NFM)
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2020). The effects can be on a local scale in the recharge 
of underground reservoirs, generating a regional and global 
effect on water reservoirs.

In this context, among the factors that influence surface 
runoff, it is important to mention the most important ones 
in the recovery of surface-mined ecosystems are the design 
of the topography, the management of soil properties, and 
revegetation (Espigares et al. 2013). Precipitation is the 
first factor in conditioning surface runoff in surface mining 
areas, followed by vegetation conditions that condition the 
arrival of water to the ground. When precipitation reaches 
the soil surface, the physical and chemical characteristics 
of the soil and the presence of gravel conditions infiltration. 
After reaching the infiltration capacity of the soil, runoff 
begins at a speed determined by the slope and micro- and 
macro-topography.

Methods Used to Measure Surface Runoff

In the last decade, surface runoff in surface mining areas 
was monitored through analysis of the mined substrate in the 
laboratory (three articles), field studies with the installation 
of in situ collecting plots (eight articles), and estimates (28 
articles).

Laboratory

Laboratory-scale surface runoff studies were mainly focused 
on analyzing the effects of soil compaction (Wang and Wang 
2020), bioengineering techniques, such as the installation of 
ecological bags and bamboo fences (Zhang et al. 2016), and 
substrate types and mixtures (Lv et al. 2020) under different 
rain intensities. In three laboratory studies conducted in 
China, disturbed topsoil from open pit coal (Wang and 
Wang 2020) and iron mines (Lv et al. 2020), and from a 
quarry (Zhang et al. 2016) were collected and taken to the 
laboratory to carry out experiments (Table 1).

In the laboratory, substrates collected from mines were 
placed and evaluated in acrylic columns (Fig. 4a) (Wang 
and Wang 2020), containers (Fig. 4b) (Zhang et al. 2016), or 
experimental troughs (Fig. 4c) (Lv et al. 2020), the last two 
being at variable inclinations of 30° and 40°, respectively. 
These were adapted with an outlet or orifice for measuring 
the flow volume, time for flow to start, and water content at 
different depths, with the flow being collected and measured 
with measuring cylinders (Zhang et al. 2016; Lv et al. 2020; 
Wang and Wang 2020).

Laboratory studies use simulated rain to measure the 
surface runoff of substrates with intensities from 23.12 to 
120 mm h−1 (Zhang et al. 2016; Lv et al. 2020; Wang and 
Wang 2020). The different rainfall intensities, along with 
other compared parameters, such as density, types, and 
mixtures of substrates and waste (Lv et al. 2020; Wang and 

Wang 2020) and the application of conservation techniques, 
such as ecological bags and bamboo fences (Zhang et al. 
2016), were statistically tested for analysis of variance 
(ANOVA) and least significant difference (Lv et al. 2020). 
The results of these statistical comparisons are presented 
below in the "Quantification in the Laboratory" section.

Field

Among the eight field experiments, three were conducted 
under simulated rain with intensities of 28 mm h−1 (Gomez-
Gonzalez et al. 2016), 63 mm h− 1 (Moreno-de las Heras 
et al. 2009), and between 1 and 3 mm min−1 (Guo et al. 
2020). The five others were monitored under natural rain, 
measured using rain gauges or pluviographs (Espigares et al. 
2013; Merino-Martín et al. 2012; Moreno-de-las-Heras et al. 
2020; Rubio et al. 2013; Zhang et al. 2015) (Fig. 5).

Surface runoff can be monitored on plots of various sizes 
and shapes. The records were from circular plots of 0.24 
m2 (Fig. 5A, E) (Gomez-Gonzalez et al. 2016; Moreno-de 
las Heras et al. 2009), rectangular plots varying from 3 m2 
(Fig. 5D) (Guo et al. 2020) to 270 m2 (Zhang et al. 2015), 
type Gerlach plots of 1–16 m2 or those with a natural limit 
of 498 to 1474 m2 (Fig. 5C) (Espigares et al. 2013; Moreno-
de-las-Heras et al. 2020). The inclination where the plots 
were installed varied from 3 to 40°, with a single study 
comparing the effect of slope on surface runoff (Zhang 
et  al. 2015). Similar slope conditions are necessary in 
studies with parametric statistical comparisons of data, as 
this factor influences the surface runoff speed. Therefore, 
studies comparing different slopes in the same type of 
mining and those with homogeneous slopes and different 
mined substrates are still necessary.

Surface runoff collection plots can be constructed from 
various materials. In most of the studies, they were delimited 
with steel sheets (Espigares et al. 2013; Guo et al. 2020), 
galvanized iron (Gomez-Gonzalez et  al. 2016), rubber 
mats (Hoomehr et  al. 2013) or cement walls (Fig.  5B) 
(Zhang et al. 2015). The purpose of the delimitation was 
to prevent water from leaving the plot and ensuring that the 
area remained constant. In all of the plots, the delimitation 
material were inserted ≈ 35 cm into the soil, while 15 cm 
remained above the soil surface. The type of material can 
influence the stability of the plots, the waterproofing of the 
plot boundary, in addition to generating different costs to 
the project.

The runoff generated in the plots was directed by pipes 
or by the cement construction itself to gallons, containers, 
drums, wells, or storage tanks and measured by the water 
level in the container or in measuring cylinders after runoff 
events (Espigares et al. 2013; Merino-Martín et al. 2012; 
Moreno-de-las-Heras et al. 2020; Zhang et al. 2015). In all 
of the experiments, precipitation was also monitored using 
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rain gauges (Merino-Martín et al. 2012) or pluviographs 
(Zhang et al. 2015).

Field experiments under simulated rainfall were 
conducted to monitor the effect of soil on waste piles, 
sediments (Gomez-Gonzalez et al. 2016), or gravel waste 
and compared to undisturbed land (Guo et al. 2020) as well 
as the influence of perennial grass, and leguminous herb 
coverage on surface runoff (Moreno-de las Heras et al. 
2009). Those with natural rainfall mainly evaluated the 
effect of vegetative cover, such as the percentage of cover 
(ranging from < 5% to > 70%) and the effect of species on 
surface runoff (Merino-Martín et al. 2012; Espigares et al. 
2013; Moreno-de-las-Heras et al. 2020). The influence of 
the type of vegetation, such as grasses, leguminous herbs, 
shrubs, forests, and forests with shrubs was also evaluated 
(Zhang et al. 2015).

The number of plots used was higher in the simulated 
rainfall experiments, ranging from about 25 (Moreno-de 
las Heras et al. 2009) to 60 plots (Guo et al. 2020). Field 
monitoring that includes collections for at least one year had 
four to eight plots per environment (Moreno-de las Heras 
et al. 2009; Espigares et al. 2013). These repetitions were 
statistically compared by ANOVA, with subsequent Tukey 
test, t-test and chi-square, or non-parametric tests such as 

Kruskal–Wallis and Mann–Whitney post-hoc. Furthermore, 
the flow was evaluated in association with other factors that 
influence it using principal component analysis (PCA), cor-
relation of Spearman, or linear regression (Moreno-de las 
Heras et al. 2009; Merino-Martín et al. 2012).

No plot experiments were reported in Brazil between 
2009 and 2020, but the construction of a set of micro-dams 
using transverse dikes and settling boxes for water retention 
was used to control surface water and increase water 
infiltration in a bauxite mine in the Amazon (Fig. 5F). For 
this, the rainfall and height of water accumulated in the tanks 
were measured daily (Rubio et al. 2013).

Field experiments under simulated rain are faster and 
can have environmental factors controlled; therefore, 
parametric statistics are recommended for comparison. Field 
experiments under natural rain or with heterogeneous slope 
take longer and data analysis can be more descriptive and 
can use non-parametric statistics (Table 1).

Estimates

Most of the studies reviewed (28 articles = 71.8%) estimated 
or evaluated surface runoff trends in surface mining areas, 

Table 1   Classification of methods used to collect and analyze surface runoff in open pit mining areas in the last decade (2009–2020)

Experiment Method Data

Laboratory Acrylic column with soil It has precipitation and slope control;
Compared by parametric statistics;Container with soil

Ground gutters
Field Plots of 0.24–270 m2 constructed from various materials Collected under natural or simulated rain;

Evaluated by parametric statistics when environmental factors are 
controlled or non-parametric;

Estimates Most used was the CN and developed for specific mining 
conditions as YRWBM and GDHCMA

Evaluated, for example, using the coefficient of determination 
(R2);

Trends Trend analyzes can be evaluated using the Mann–Kendall test or the Double Cumulative Curve;

Fig. 4   Instruments used to study the surface flow of mining substrates 
in the laboratory: acrylic column to evaluate compaction and intensity 
(a) (Wang and Wang 2020); container with soil and waste associated 

with ecological bags and bamboo fences (b) (Zhang et  al. 2016); e, 
the rain simulator and the ground gutters (c) (Lv et al. 2020)
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with 11 models and four approaches for trend analysis being 
found.

In all of the models, input data was required to generate 
the equation, and estimate or validate the surface runoff data. 
The main inputs for estimation were the surface runoff data 
measured in collecting plots in the field (Hoomehr et al. 
2013; Taylor et al. 2009), observed infiltration and soil 
moisture (Ma et al. 2020), or associated with precipitation 
and temperature of meteorological (Labonté-Raymond 
et al. 2020), hydrological, and pluviometric stations (Liu 
et al. 2020). In addition, satellite images, such as Landsat, 
were used to define land use and cover (Zégre et al. 2014), 
topographic data such as digital elevation model (Awotwi 
et al. 2019; Liang et al. 2019; Ma et al. 2020), inclination 
(Manna and Maiti 2016), depressions (holes) (Shinde et al. 
2017), soil types and properties (Ma et al. 2020; Shinde 
et al. 2017), vegetative cover (Awotwi et al. 2019; Manna 
and Maiti 2016; Nigam et al. 2017; Shinde et al. 2017), and 
leaf area index (Luan et al. 2020). In trend analysis, daily, 
monthly, or annual surface runoff and precipitation data 
were used to detect changes generated by surface mining 
over time (Awotwi et al. 2017; Luan et al. 2020; Zégre et al. 
2013, 2014).

Surface runoff modeling was done at two scales: local, 
by the installation of collecting plots (Hoomehr et al. 2013) 
with the data extrapolated to the river basin (Taylor et al. 
2009), or directly at the watershed level (Awotwi et al. 2019; 
Guo et al. 2017, 2019a; Liang et al. 2019; Wang et al. 2016; 
Zhang et al. 2020; Zégre et al. 2013, 2014), with estimates 
being found for a maximum of 53 micro-watersheds with 
mined areas (Manna and Maiti 2016).

The flow estimation models were mostly deterministic 
in the prediction stage, as the output is predictable from 
the input data. Among the various models used to predict 
surface runoff in mining areas, those based on curve num-
bers (CN) were the most frequently used around the world 
(Hoomehr et al. 2013; Manna and Maiti 2016; Nigam et al. 
2017; Taylor et al. 2009; Warner et al. 2010). The runoff 
CN was developed by the U.S. Department of Agriculture 
(USDA 1972), with the CN being a land cover index for a 
given type of soil that indicates the amount of rain that infil-
trates the soil and the amount that becomes surface runoff 
for a specific rain event (USDA 1972). This index ranges 
from 0 to 100, with 100 indicating the highest possible run-
off potential of an area (Warner et al. 2010).

The CN can be used to estimate surface runoff volume 
from runoff data measured on field plots over a period of one 
year associated with precipitation data and rainfall return 
period (Hoomehr et al. 2013). Runoff volumes measured 
on mine plots under 12 rainfall events greater than 25.4 
mm can be extrapolated to calculate CN at the catchment 
level (Taylor et al. 2009). The CN can also be determined 
for watersheds disturbed by coal mining by considering 42 
events from combinations of precipitation and runoff (or 
flow) (Warner et al. 2010). In addition, surface runoff for 
coal mine in the open pit areas was estimated by the NC 
method using 21 years of daily rainfall data and considering 
pasture as the land use and land cover (Nigam et al. 2017).

Another model, runoff curve number (RCN), adapts the 
CNs by correlation with land cover and soil type to estimate 
surface runoff per watershed in a geographic information 
system (GIS). This model was used to evaluate changes in 
surface runoff due to excavations in mining areas. In this 

Fig. 5   Surface runoff collection systems in the field in surface min-
ing areas: A view of the rain simulation under the experimental 
plot (Gomez-Gonzalez et  al. 2016); B portion of runoff collecting 
masonry (Zhang et  al. 2015); C nested plots with natural bounda-
ries and Gerlach plots (Merino-Martín et  al. 2012); D sketch of the 

experimental plot of simulated rain in the field (Guo et al. 2020); E) 
Permanent plot during execution of a rainfall simulation experiment 
(Moreno-de las Heras et al. 2009); and, F micro-dam built in a drain-
age channel (Rubio et al. 2013)
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model, GIS was used to map channels and mines and to 
calculate the contribution area and flow length to obtain the 
volume of rainwater that were retained in each excavated 
mine (Manna and Maiti 2016).

Variations of the CN model have also been used to 
simulate surface runoff in mined areas, for example, the 
soil and water assessment tool (SWAT) model that uses 
CN (USDA 1972) or the Green–Ampt model (Green and 
Ampt 1911). SWAT was invented by the USDA in the early 
1990s and simulates the process of rainfall-runoff, sediment 
production, and pollutant or nutrient transport at different 
watershed scales (Arnold et al. 1998). Surface runoff in 
SWAT is calculated using a CN equation modified for 
use in GIS and also considers precipitation, land use, and 
soil conditions and can be used to assess with satisfactory 
precision the impacts of mining activities on hydrological 
processes (Awotwi et al. 2019; Liang et al. 2019; Shinde 
et al. 2017).

The SWAT was used to model the hydrological response 
of open pit mines in a watershed using topographic data, 
where mine depressions are defined as holes, soil properties, 
climate, land cover and vegetative information (Awotwi 
et al. 2019; Liang et al. 2019; Shinde et al. 2017). The 
hydrological effect of the mines was obtained by simulating 
the SWAT model calibrated and validated with historical 
data of five (Shinde et al. 2017), ten (Liang et al. 2019), or 
40 years (Awotwi et al. 2019). Mined and non-mined and 
land use conversion scenarios, considering their respective 
responses to changes in soil characteristics, land use, and 
slope, were simulated to obtain hydrological responses and 
to calculate surface runoff (Awotwi et al. 2019; Liang et al. 
2019; Shinde et al. 2017). Furthermore, multiple regression 
analyzes were performed to evaluate the relationship 
between changes in land use and surface runoff estimated 
for the SWAT model (Awotwi et al. 2019).

The storm water management model (SWMM) was also 
used to estimate event-based and long-term surface runoff 
in areas of new (8–15 years) and old (more than 30 years) 
coal waste (Li et al. 2017). The Yellow River Water Balance 
Model (YRWBM) was developed to simulate surface 
runoff in the Kuye River basin (China) and was used to 
estimate surface runoff with data on monthly runoff, daily 
precipitation, and average daily temperature from 1955 to 
2010 in this same basin (Guo et al. 2017).

Another modeling system used in mining areas was 
MIKE SHE, which was developed in Europe, where runoff 
was estimated from finite difference methods and using 
meteorological, terrain, and land use data. Additionally, 
observed runoff was used for model calibration and 
validation. The simulated flow with real and simulated 
values before and after mining can be compared to verify the 
influences of mining on the flow, as was done for the Gujiao 
River in China (Ping et al. 2017). This system was updated 

(Mike Hydro River software—MIKE 11) and used in mining 
areas in Canada to evaluate changes in runoff using the 
Nedbod Afrstromnings rainfall-runoff model and 133 days 
of data from Van Essen pressure sensors in four river basins 
and rain-gauge-measured precipitation (Labonté-Raymond 
et al. 2020).

The effects of coal mining on runoff can also be estimated 
using the SIMHYD-PML hydrological model, which, 
in addition to climate variables and land use, considers 
the vegetation dynamics included the leaf area index 
(Luan et al. 2020; Song et al. 2020). Another alternative 
for modeling daily surface runoff at the watershed level 
used in West Virginia (USA) is the hydrography transfer 
function (Jakeman and Hornberger 1993) included as a 
routine part of the transfer function hydrography separation 
(Transep) model (Weiler et al. 2003). This function uses 
data on average daily runoff and precipitation and allows 
the construction of models that must be calibrated in each 
hydroclimatic condition and land use of the basin (Zégre 
et al. 2013).

Geographic information systems can be used to monitor 
hydrological processes based on spatial data. In this case, 
runoff is calculated using the rational method developed 
in the United States, which considers data on precipitation 
intensity, area, and runoff coefficient to estimate runoff. 
From the estimate, it is possible to design the construction 
of ditches to store the runoff water that flows in mining 
areas, considering the slope and type of soil (Isniarno et al. 
2020). A grid-model-based distributed hydrological model 
for a coal mined-out area (GDHCMA) was also developed 
in GIS to estimate the distribution of rainfall and runoff in 
coal mined areas in Shanxi province, China. The digital 
model of elevation, soil moisture, laboratory estimated 
infiltration, land use, soil class, temperature, precipitation, 
and flow were used in GDHCMA, where within each square 
grid, the model follows a simple water balance (Ma et al. 
2020). After detecting change in time series, monthly water-
balance model (MWBM) of the Thornthwaite (McCabe and 
Markstrom 2007) and observed data were used to verify the 
contributions of coal mining to the decrease in flow (Guo 
et al. 2019a).

Systematic stepwise regression analysis was used to 
investigate the factors that influence runoff in the Kuye River 
basin to provide information for the ecological restoration of 
ecosystems in coal mining areas. Data of 55 years of runoff 
were used and linked to data on precipitation, temperature, 
water consumption, a Soil and Water Conservation Measures 
area, and coal mining, using Statistical Package for the 
Social Sciences (IBM SPSS) software to perform all of the 
analyses (Wu et al. 2020a).

The value of the runoff coefficient can be estimated in 
different ways and used to assist in the design of surface 
water retention channels. Different estimation approaches 
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can be compared and evaluated to assist in sizing retention 
ditches from precipitation data, as was done at the coal mine 
in Tanah Bumbu Regency, South Kalimantan (Suyono et al. 
2020).

The efficiency and performance of models can be 
indicated by the coefficient of determination (R2; Liang et al. 
2019), Nash–Sutcliffe coefficient of efficiency (NSEGuo 
et al. 2019a; Liang et al. 2019; Ma et al. 2020; Zégre et al. 
2013), percentage bias (PBIAS; Liang et  al. 2019) and 
relative error (RE; Ma et al. 2020). The most used and 
recommended model in different mining locations and 
conditions was the CN. Other models, such as YRWBM and 
GDHCMA, were developed for specific mining conditions. 
The best model for each condition also depended on the 
availability and ease of collecting input data (Table 1).

Trends

Trend analysis can also be used to detect changes in 
hydrological long-term time series in mining areas, mainly 
at the river basin scale. The Mann–Kendall trend test was 
the most common of these among the studies (Awotwi 
et al. 2017; Guo et al. 2019a, b; Luan et al. 2020; Zégre 
et al. 2013). This is a non-parametric test derived from the 
correlation between the ranking order of observed values 
and their order in time (Hamed and Rao 1998).

Trend analysis can be applied before estimating runoff, 
for example, using the five-year moving average and the 
Mann–Kendall test (Hamed and Rao 1998) ​​to verify runoff 
trends with cumulative anomaly analysis and the Pettitt 
test to detect years of abrupt change in runoff (Luan et al. 
2020). The trend can also be evaluated after modeling, as 
was done in four mined basins in West Virginia (USA), 
where estimated daily runoff data were aggregated like mean 
annual runoff for trend analysis using the non-parametric 
Mann–Kendall test (Zégre et al. 2013).

In the Big Coal River watershed in North Carolina 
(USA), this test was applied to verify trends on the annual 
and monthly scale of mean, minimum, and maximum runoff 
based on river runoff and daily precipitation data from 1969 
and 2010. Furthermore, land use changes in the basin were 
measured from 1973 to 2010 using Landsat images and 
considering the active mining, recovered, and licensed forest 
classes to relate them to surface runoff trends (Zegre et al. 
2014).

In the Taojiang River watershed, where shallow land 
mining occurs, daily runoff volumes recorded at the 
Julongtan Hydrological Station, as well as 58 years of 
daily precipitation data collected at 27 rain gauge stations 
were subjected to Mann–Kendall trend testing to diagnose 
increasing or decreasing trends (Liu et al. 2020). The impacts 
of phosphate mining on the hydrology of surface waters 
in the Huangbai River basin in China were also analyzed 

using the Mann–Kendall test. Surface runoff was compared 
before (from 1978 to 2002) and during (from 2003 to 2014) 
mining and the trend of rainfall and runoff time series were 
identified during the wet and dry seasons (Wang et al. 2016). 
Considering more historical data (1955 to 2013) in the same 
basin, annual surface runoff was analyzed using the modified 
Mann–Kendall trend test, adapting to autocorrelated data 
(Hamed and Rao 1998). Cumulative anomaly curves and 
Pettitt test were performed after trend analysis to detect 
years of change (Guo et al. 2019a). The same authors (Guo 
et al. 2019b) evaluated surface runoff between 1954 and 
2015 in the same river basin through temporal analysis 
using the Mann–Kendall trend test and change detection 
using the cumulative anomaly curve. A simple regression 
model between rainfall and runoff was used to quantify the 
influence of mining on runoff (Guo et al. 2019b).

In addition to the Mann–Kendall test, time series analysis 
can be evaluated by the double accumulation curve of 
precipitation and runoff to reveal the influence of mining 
on surface runoff. This method is based on the gradual 
accumulation of two variables at the same time and when 
the flow is affected by mining, the curve will deviate (Guo 
et al. 2017). The Mann–Kendall test can be associated with 
a double accumulation curve, as was done with41 years of 
data (1970 to 2010) in the Pra River, Ghana (Awotwi et al. 
2017). The authors used Mann–Kendall to analyze monthly, 
annual, and seasonal trends in surface runoff and the Pettitt 
test and the dual cumulative curve of runoff were applied to 
evaluate changes due to gold mining (Awotwi et al. 2017).

In Australia, daily flow and precipitation data from more 
than a century (1913 to 2015) were separated into phases 
(pre-mining, underground mining, and open pit mining) and 
evaluated by the double mass curve (DMC) method (Song 
et al. 2020). The DMC method can be applied to daily runoff 
and monthly precipitation data to estimate the period of 
change in surface runoff, as was done for the Kuye River 
in China. This definition allows you to separate the base 
years (without mining) from the impact years (post-mining) 
for comparison purposes (Luan et al. 2020). Long-term 
studies can help assess the consequences of past mining 
and provide a perspective on the best ways to control the 
adverse environmental effects to maintain and protect the 
environment.

Another option for evaluating trends in surface runoff 
affected by coal mining on drought risk at the basin scale 
is the entropy method. This method estimates the points of 
interference in the hydrological series and is complemented 
by the runoff anomaly percentage method defines the 
threshold value in the division of the drought process 
influenced by mining (Zhang et al. 2020).

Trend analysis can be evaluated using the Mann–Kendall 
test on annual, monthly, or daily data, or the double 
cumulative curve (DCC), which is more suitable for daily 
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data. The evaluation periods vary from five years to more 
than a century. Knowing the periods of change in a temporal 
trend analysis helps in decision-making in mitigating 
environmental impacts and in rehabilitation activities in 
mined areas (Table 1).

Volume of surface Runoff

Surface runoff in open cast mining areas in the last decade 
ranged from 2.75 to 488 mm annually and 1.02 to 48.75 mm 
monthly, measured in height of water depth in different areas 
of mined soil (Fig. 6). These values were recorded for annual 
precipitation ranging from 386 mm, in the semi-arid region 
of China (Guo et al. 2019b; Luan et al. 2020) to 2,189 mm 
in the Brazilian Amazon (Rubio et al. 2013).

The highest average annual surface runoff (488 mm) was 
estimated in the Big Coal River watershed in the United 
States, where in the monitoring period (1994–2010), the area 
occupied by mines increased from 2.7 to 9.1% of the basin 
(Zégre et al. 2013). In the same area, the 37-year historical 
series of surface runoff (1973–2010) showed average 
monthly surface runoff values of 23.6 mm, with a tendency 
to decrease by 12.7 mm over the study period as the mined 
area increased from 3.9% to 9.2% due to the creation of 
valleys that retained rainwater and enhanced infiltration 
(Zégre et al. 2014).

The second largest annual runoff (413.3 mm) was 
measured at a coal mine in India. The annual runoff 
estimated from 21 years of precipitation, using the CN 
method corresponded to 31.7% of the average annual 
precipitation (1303.4 mm). The high surface runoff was 
explained by the high saturation of the soil during the 
monsoon period, which tends to reach a constant rate of 
infiltration and generate high runoff (Nigam et al. 2017).

An increase in surface runoff from 3.4 to 33.44% was 
observed in the Pra River Basin in the forest of Ghana. This 
was attributed to the increase in mining areas at the expense 
of forests and arable land between 1986 and a projected 2025 
scenario. The authors mentioned that mining in the basin 
made the soil surface less permeable ​​(Awotwi et al. 2019).

Under natural annual rainfall of 550 mm, three 20° slopes 
were evaluated for the influence of vegetation cover on 
surface runoff in a coal mining field in Spain. The slope with 
67% coverage of grasses and subshrubs generated 11.17% 
(67.43 mm), with 93% grasses coverage caused 2.04% 
(11.23 mm), and the one with 81% shrub coverage generated 
the least runoff of 0.5% (2.75mm). The low runoff of this 
last slope was explained by the active role of the Genista 
scorpius shrub in creating islands of improved vegetal and 
hydrological productivity that function as runoff sinks in the 
recovery phase (Espigares et al. 2013).

In the same region, at a coal mine in Urtilhas, Spain, 
the plants also influenced surface runoff on three slopes 
of a revegetated coal mine. The 703 mm (2007–2008) of 
precipitation generated 36.7 mm of surface runoff. The 
fragmented slope with Genista, Brachypodium, and Lolium 
had the lowest surface runoff rates (Merino-Martín et al. 
2012). Also on these slopes, a network of grooves connected 
the runoff areas at the top of the experimental slope with 
the bottom of the slope and the outlet. The surface runoff 
varied from 6 to 72% according to the vegetation and slope 
type. The undrained portion was redistributed or infiltrated 
into the slope due to the presence of vegetation (Moreno-
de-las-Heras et al. 2020). This result confirms that the type 
of cover on the slope influences the generation of runoff 
from reclaimed mines and indicates that this type of cover 
functions as a surface runoff sink.
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Fig. 6   Annual precipitation, annual and monthly surface runoff in the last decade in surface mining areas
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Another technique for reducing surface runoff was the 
construction of a micro-dam system at a bauxite mine in 
the Brazilian Amazon (Rubio et al. 2013). The set of micro-
dams stored surface water runoff on the mined surface dur-
ing and after recovery. Furthermore, the micro-dams favored 
increased infiltration and evaporation of surface water and 
substantially reduced the discharge of solids into downgradi-
ent streams (Rubio et al. 2013).

In the simulated rainfall experiments, the 28 mm h−1 at the 
wolframite mine in Spain generated 1.63 mm (6%) of surface 
runoff in the waste pile, 5.33 mm (19%) in the vicinity of 
the mine bed river, and 4.81 mm (17%) in the sediment 
from an artificial sedimentation tank (Gomez-Gonzalez 
et al. 2016). On the slopes of the Shenfu-Dongsheng coal 
mine, precipitation intensity between 1.3 and 3.0 mm min−1 
generated the maximum runoff (2 mm h−1) in the waste pile 
with the most gravel. Comparing this value with undisturbed 
land (control), an increase of 71.39% was observed. A ratio 
of 1.89 times between the maximum and minimum value 
was recorded and explained by the gravel content, with the 
presence of high-density gravel aggregates increasing the 
surface runoff rate (Guo et al. 2020).

At reclaimed mines in central-eastern Spain, increased 
herbaceous vegetation cover exponentially reduced the 
runoff coefficient and increased infiltration rates. Low 
surface runoff coefficients and high rates of infiltration 
and soil profile humidification were obtained on the most 
vegetated slope (59.4%), being 30%, 37 mm h−1, and 24 cm 
h−1, respectively. The opposite was observed on the least 
vegetated slope (1.1%), with runoff of 70%, infiltration of 
10 mm h−1, and humidification of 8 cm h−1 (Moreno-de las 
Heras et al. 2009).

In coal mines in China, vegetation also greatly influenced 
surface runoff on flat (3–5°) and steep (36–40°) slopes. 
The 331 mm of rainfall generated 301.6 mm of runoff in 
the flat area and 138.1 mm in the slopes, contradicting the 
expectation that greater runoff accompanies steep slopes. 
This was explained by the high runoff from the bare plot, 
which generated 126.7 mm of runoff in the flat area and 
three times that volume on the bare sloped portion (Zhang 
et al. 2015).

Runoff estimates using the CN method for steep (20°), 
low compaction slopes in the eastern Tennessee coal mining 
region showed a wide range of runoff events between 0.6 
and 125.3 mm (averaging 23.47 mm) (Hoomehr et al. 2013). 
For the Little Millseat watershed, also in the United States, 
CN values ranged from 54 (2.5 mm) to 93 (26.0 mm), with 
an average CN of 83 (13.65 mm), with portions of the areas 
being revegetated mined land. The average value exceeded 
literature values (55 to 70) for good forest conditions and 
was explained by low evapotranspiration rates as well as 
decreased infiltration capacity (Taylor et al. 2009).

The CN at the Starfire mine in the United States was 
between 62 and 94 with an average of 85 (Warner et al. 
2010). These values corresponded to river flows ranging 
from 12 to 691 m3 for precipitation events between 5 and 
58.9 mm. The results indicated that the intervals between 
rain events allowed the infiltration rate to recover, which 
resulted in less runoff (Warner et al. 2010).

The CN was correlated with land use at 53 basins affected 
by coal mining in India that had an estimated annual runoff 
of 42.78 mm. This was less than expected for the basins 
and was explained by better infiltration in the valleys and 
the existence of depressions and excavations, which stored 
precipitation, enhancing infiltration (Manna and Maiti 
2016).

In the Olidih river basin, India, the simulated average 
annual surface runoff (2005–2010) for a non-mined 
scenario (232 mm) was 51.33% higher than that for the 
mined scenario (153.3 mm). This was also explained by 
the presence of holes and disturbances in the soil surface 
at mined sites, where water is stored, resulting in increased 
infiltration and reduced surface runoff (Shinde et al. 2017). 
In the Taojiang River basin, China, a reduction in forest area 
at the expense of mining areas increased surface runoff by 
0.08% (38.09 mm) from 2005 to 2010 and 0.16% (38.12 
mm) from 2010 to 2015 (Liang et al. 2019).

High runoff coefficient values (0.504–0.838) were 
estimated for an abandoned coal mine in China, meaning that 
more than 50.4% of the rainwater is converted into runoff. 
This high value was explained by the low vegetative cover 
and the loose and unstable surface soil (Li et al. 2017). Also 
in China, the SIMHYD-PML hydrological model estimated 
an annual surface runoff of 48.86 mm for an observed value 
of 26.97 mm and 386 mm of rainfall in mined areas in the 
Kuye River basin (Luan et al. 2020). In the coal mined 
area of the Wujiayao watershed, a grid-based distributed 
hydrological model showed an increasing trend of surface 
runoff since 1990. The observed annual runoff ranged from 
14.3 mm to 27.0 mm while the estimated runoff was between 
≈ 5.5 and 16.3 mm (Ma et al. 2020). In the Gujiao River, 
surface runoff decreased by 1.4 mm and this was explained 
by the presence of fissures in the soil that trapped water in 
the mined areas (Ping et al. 2017).

The runoff coefficient of a river basin in Indonesia was 
0.854, requiring a ditch with a capacity of 23.997 m3.
s−1 to retain these waters. Planning the design of water 
retention ditches in GIS is essential for decision-making in 
hydrological control and monitoring (Isniarno et al. 2020). 
In Canadian river basins with gold mines, the surface runoff 
coefficient was between 0.28 and 0.71, with the lower 
value being explained by runoff flowing to other basins 
before reaching the measurement channel. These data were 
recorded for 544 mm of rain in 133 days and an increase in 
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water levels in basins was recorded after rainfall above 20 
mm (Labonté-Raymond et al. 2020).

In the Tanah Bumbu Regency basin, South Kalimantan, 
different methods of estimating the surface runoff coefficient 
resulted in values between 0.15 and 0.9, with topography, 
land use, and slope parameters being the most influential 
factors in this variation. This value directly influenced the 
size of the open channel of the surface runoff retention 
ditch (Suyono et al. 2020). The main factors influencing 
the flow of the Kuye River (China) were defined using 
stepwise regression analysis. Without mining, temperature 
and precipitation influenced runoff. Large-scale coal mining 
activities initiated in 1998 have decreased Kuye runoff, as 
have water conservation measures (Wu et al. 2020a).

Quantification in the Laboratory

Soils from a quarry in China were taken to the laboratory 
and tested for the effects of three depths of soil cover and the 
use of eco-friendly bags and bamboo fencing. With 30, 60, 
and 120 mm h−1 of precipitation and 30° of inclination, the 
eco-bags and bamboo fences decreased runoff and improved 
infiltration, with bamboo fences being better at intercepting 
runoff and reducing it by 17.98, 19.06, and 20.85% in the 
three precipitation intensities, respectively. The highest 
runoff was with greater rainfall intensity (120 mm h−1) 
with a value of 74.95 and 74.94 mm h−1 for the ecological 
bags and bamboo fences, respectively. This was explained 
due to the imbalance between rainfall intensity and water 
infiltration into the soil (Zhang et al. 2016).

Wang and Wang (2020), investigating coal mined soils in 
a laboratory in China, found that given the same soil density, 
rainfall intensity increased surface runoff. With the same 
rainfall intensity and high soil density, infiltration was low 
and runoff was increased. This result indicated that greater 
intensity and severe soil compaction increased surface 
runoff and decreased runoff time. This result was because 
compaction reduces soil macroporosity, which is responsible 
for water transport in the soil, suggesting that engineering 
and revegetation measures were necessary to improve the 
quality of compacted soil at surface mines (Wang and Wang 
2020).

Substrates from iron mines in China showed differences in 
surface runoff rates in the laboratory under simulated rainfall 
events of up to 120 mm h−1, with tailings incorporated with 
soil showing a high runoff rate throughout the rain event. 
Mushroom waste had low rates in the first 15 min and 
increased with the amount of rain. The runoff rate with only 
soil was relatively less and differed from the other substrates 
(Lv et al. 2020).

Surface Runoff Trends

Nine studies evaluated surface runoff trends in open cast 
mining areas and were conducted at the river basin scale, 
referring to surface runoff of free water or flow. Eight of 
the nine studies detected a decreasing trend in runoff (Guo 
et al. 2017, 2019a, b; Luan et al. 2020; Zégre et al. 2014). 
In contrast, in gold mining areas in the Pra River Basin in 
Ghana, annual runoff showed an increasing trend, with a 
rate of 309 m3 s−1 per year. The increase in surface runoff 
was explained by the sealing of the surface created by clay 
from the new surface soil filling the pores and the washed 
gravel, preventing water infiltration into the soil (Awotwi 
et al. 2017).

In the Kuye River basin in China, the DCC of the surface 
runoff time series from 1999 to 2010 showed a decreasing 
trend, with a reduction of 29.69 mm. The increase in coal 
mining activities was responsible for 71.13% of the reduction 
in runoff in this period (Guo et al. 2017). In the same basin, 
a reduction in average annual runoff has been detected since 
1960 (Guo et al. 2019a, b). The average annual impact of 
coal mining was – 2.15 mm (12.01%) between 1979 and 
1996 to – 29.88 mm (54.24%) between 1997 and 2013 (Guo 
et al. 2019a). In a longer annual series, the average runoff 
rate of 69.13% in 1954–1979 fell to 59.36% between 1997 
and 2015 (Guo et al. 2019b). One explanation for this is the 
increase in mining activities and the generation of fissures 
on the surface, which altered infiltration and reduced runoff 
in the river basins (Guo et al. 2019a, b).

Runoff trends in Kuye River basin, in China, were also 
evaluated under the influence of coal mining (Luan et al. 
2020; Zhang et al. 2020). Overall, annual runoff showed 
a decreasing trend from 1956 to 2017. The simulated total 
runoff showed that coal mining reduced total runoff by 
29.35% for the Wangdaohengta sub-watershed, by 55.41% 
for Shenmu, and by 49.44% for the entire Kuye River 
watershed (Luan et al. 2020).

The historical series of surface runoff in this basin was 
also evaluated regarding the influence of the reduced surface 
runoff on the occurrence of droughts and its relationship 
with mining. The authors (Zhang et al. 2020) found that 
annual runoff in the Kuye River basin began to decline in 
1979, when the hydrological drought began, coincidentally 
with the beginning of large-scale mining. The maximum 
drought severity was 145.1 mm in periods with mining, 
indicating that this activity significantly increased the 
risk of drought in the region, threatening the sustainable 
development of local ecology (Zhang et al. 2020).

The influence of mining on the hydrology of the 
Huangbai River basin was assessed by comparing the results 
before (from 1978 to 2002) and during (from 2003 to 2014) 
the phosphate mining period. Annual runoff before mining 
ranged from 301 to 758 mm and from 335 to 691 mm during 
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phosphate mining. The average surface runoff coefficients 
before mining was 0.447 and greater than during mining 
at 0.402. Furthermore, a significant decreasing trend was 
observed for the surface runoff series from 2008 to 2014. 
The reduction in surface runoff was explained by fractures 
in the rocks generated during the extraction of phosphate 
and due to the mines themselves, which intercept runoff 
and increase the water infiltration capacity and evaporation 
losses of the area (Wang et al. 2016).

The Big Coal River watershed was evaluated for runoff 
trends for 16-year (1994–2010) (Zégre et al. 2013) and 
37-year periods (1973‐2010) (Zegre et al. 2014) relative 
to changes in land cover. In the first series, no statistically 
significant trends were detected, although the total area of 
mining disturbance increased from 2.7% (1994) to 9.1% 
(2010) and changes in land cover occurred on time scales 
greater than the study period (Zégre et  al. 2013). The 
37-year series had a decreasing trend in runoff, decreasing 
12.7 mm over the study period with an increase in mining 
areas from 3.9% to 9.2% of the basin. This decrease was 
explained by the creation of valleys in the mines that tend to 
control surface runoff (Zégre et al. 2014).

In the Taojiang River basin, which had been mined for 
rare earths, the average annual surface runoff showed a 
general declining trend between 1962 and 1972 due mainly 
to the construction of water conservation structures (Liu 
et al. 2020). Coal mining activities in the Goulburn River 
Basin, Australia also decreased surface runoff, from 10.51 
mm year−1 to 2.84 mm year−1, a 73% reduction in flow 
(Song et al. 2020). Most of the studies that evaluated runoff 
trends were carried out in China, making these scientific 
analyzes necessary in most parts of the planet.

Conclusion

We reviewed runoff studies on surface mined lands between 
2009 and 2020, most of which were conducted in China and 
the United States, with the hydrological impacts of mining 
not recorded on a local scale in scientific articles for most 
of the planet. In general, studies indicate that surface runoff 
is quite variable in surface mines, ranging from minimum 
annual values (2.25 mm) to very high values (488 mm). 
Research with field plots and watershed estimates suggest 
that surface runoff is not stable years after mining and 
reclamation are completed, with the main trend being a 
reduction relative to non-mined environments.

Surface runoff was measured in field and laboratory tests 
and estimated with models to assess the effects of mining. 
In the field, runoff was monitored in plots of different areas 
and shapes, from circular plots of 0.24 m2 to rectangular 
plots of 270 m2. The estimates encompassed several models, 
with the CN used for estimation and the Mann–Kendall test 

for time series analysis being predominant. The comparison 
methods in the studies can be divided into three classes: 
simple statistical comparison, application of regression 
models, and application of hydrological models.

There are several factors that influence surface runoff. 
Studies have shown that vegetative cover, bioengineering 
techniques (bamboo fences and ecobags), the presence of 
cracks on the surface, and the creation of valleys are factors 
that tend to reduce surface runoff. In contrast, the amount 
and intensity of rainfall, soil compaction, the presence 
of gravel, and increases in slope were the main causes of 
increased surface runoff in surface mining areas.

In general, mined sites with established vegetation, 
uncompacted well-structured soils, and good infiltration 
should reduce the level of hydrological impacts caused by 
mining compared to unmined conditions. These are aspects 
that must be highlighted when seeking to mitigate the effects 
of surface mining on local surface waters.

Machine learning is already being applied to estimate 
surface runoff, but no studies were found in mining areas 
with this focus, making the use of this method a possibility 
to better manage areas undergoing rehabilitation. Also, few 
studies have directly recorded mine reclamation practices 
conducted to restore pre-mining surface runoff or mitigate 
the hydrological impacts of surface mining. Among the 
practices with gaps are the construction of relief forms and 
reconstruction of the surface to allow infiltration, restrict 
the movement of surface water, and reestablish vegetation 
in mined soils.

The studies were carried out in just a few locations on 
Earth, mainly in China, the United States, Spain, and India. 
Countries like Chile did not have articles registered and in 
Australia and Brazil, only one study was found. Greater 
spatial scope of research is needed to determine whether the 
available results are valid for other locations. Furthermore, 
the effect of mining on surface runoff has been investigated 
directly in few studies, because most of the studies only 
used precipitation-runoff modeling without considering 
the effects of vegetation change and field-observed data on 
surface runoff. The effects of increased or decreased runoff 
from open pit mines on water quality and the environment 
in areas affected by mining are also opportunities for new 
research.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10230-​024-​01006-z.

Acknowledgements  Aline Goncalves Spletozer reports financial sup-
port was provided by Coordenação de Aperfeiçoamento de Pessoal de 
Nível Superior (Code 001).

Data Availability  The data that support the findings of this study are 
available on request from the corresponding author, AGS.

https://doi.org/10.1007/s10230-024-01006-z


416	 Mine Water and the Environment (2024) 43:402–417

References

Arnold JG, Srinivasan R, Muttiah RS, Williams JR (1998) Large area 
hydrologic modeling and assessment, part I: model development. 
J Am Water Resour Assoc 34:73–89. https://​doi.​org/​10.​1111/j.​
1752-​1688.​1998.​tb059​61.x

Awotwi A, Anornu GK, Quaye-Ballard J, Anorex T, Forkuo EK (2017) 
Analysis of climate and anthropogenic impacts on runoff in the 
Lower Pra River Basin of Ghana. Heliyon 3:e00477. https://​doi.​
org/​10.​1016/j.​heliy​on.​2017.​e00477

Awotwi A, Anornu GK, Quaye-Ballard JA, Anorexia T, Forkuo EK, 
Harris E, Agyekum J, Terlabie JL (2019) Water balance responses 
to land-use/land-cover changes in the Pra River Basin of Ghana, 
1986–2025. CATENA 182:104129. https://​doi.​org/​10.​1016/j.​cat-
ena.​2019.​104129

Biemelt D, Schapp A, Grünewald U (2011) Hydrological observa-
tion and modelling relationship for the determination of water 
budget in Lusatian post-mining landscape. Phys Chem Earth 
36:3–18. https://​doi.​org/​10.​1016/j.​pce.​2010.​07.​015

Daemen JJK (2004) Coal industry, history of. In: Cleveland CJ (ed) 
Encyclopedia of energy. Elsevier, pp 457–473

Espigares T, Moreno-de las HerasNicolau MJM (2011) Performance 
of vegetation in reclaimed slopes affected by soil erosion. Restor 
Ecol 19:35–44. https://​doi.​org/​10.​1111/j.​1526-​100X.​2009.​
00546.x

Espigares T, Merino-Martín L, Moreno-de las HerasNicolau MJ-M 
(2013) Intensity of ecohydrological interactions in reclaimed 
Mediterranean slopes: effects of run-off redistribution on plant 
performance. Ecohydrology 6:836–844. https://​doi.​org/​10.​1002/​
eco.​1307

Gabarrón M, Zornoza R, Acosta JA, Faz Á, Martínez-Martínez S 
(2019) Mining environments. In: Pereira P (ed) Advances in 
chemical pollution, environmental management and protection, 
4th edn. Elsevier, pp 157–205

Gomez-Gonzalez MA, Voegelin A, Garcia-Guiné J, Bolea E, 
Laborda F, Garrido F (2016) Colloidal mobilization of arse-
nic from mining-affected soils by surface runoff. Chemosphere 
144:1123–1131. https://​doi.​org/​10.​1016/j.​chemo​sphere.​2015.​
09.​090

Gorman MR, Dzombak DA (2018) A review of sustainable mining 
and resource management: transitioning from the life cycle of 
the mine to the life cycle of the mineral. Resour Conserv Recycl 
137:281–291. https://​doi.​org/​10.​1016/j.​resco​nrec.​2018.​06.​001

Green WH, Ampt GA (1911) Studies on soil phyics. J Agric Sci 4:1–
24. https://​doi.​org/​10.​1017/​S0021​85960​00014​41

Guo Q, Su N, Yang Y, Li J, Wang X (2017) Using hydrological simula-
tion to identify contribution of coal mining to runoff change in the 
Kuye River Basin, China. Water Resour 44:586–594. https://​doi.​
org/​10.​1134/​S0097​80781​70400​54

Guo Q, Han Y, Yang Y, Fu G, LI J (2019a) Quantifying the impacts 
of climate change, coal mining and soil and water conservation 
on streamflow in a coal mining concentrated watershed on the 
Loess Plateau. China Water 11:1054. https://​doi.​org/​10.​3390/​
w1105​1054

Guo Q, Yang Y, Su N, Li J, Wang X (2019b) Impact assessment of 
climate change and human activities on runoff variation in coal 
mining watershed, NW China. Water Resour 46:871–882. https://​
doi.​org/​10.​1134/​S0097​80781​90600​58

Guo M, Wang W, Li J, Bai Y, Kang H, Yang B (2020) Runoff char-
acteristics and soil erosion dynamic processes on four typical 
engineered landforms of coalfields: an in-situ simulated rainfall 
experimental study. Geomorphology 349:106896. https://​doi.​org/​
10.​1016/j.​geomo​rph.​2019.​106896

Hamed KH, Rao AR (1998) A modified Mann-Kendall trend test for 
autocorrelated data. J Hydrol 204:182–196. https://​doi.​org/​10.​
1016/​S0022-​1694(97)​00125-X

Hoomehr S, Schwartz JS, Yoder DC, Drumm EC, Wright W (2013) 
Curve numbers for low-compaction steep-sloped reclaimed mine 
lands in the southern Appalachians. J Hydrol Eng 18:1627–1638. 
https://​doi.​org/​10.​1061/​(ASCE)​HE.​1943-​5584.​00007​46

Huang M, Barbour SL, Carey SK (2015) The impact of reclamation 
cover depth on the performance of reclaimed shale overburden at 
an oil sands mine in northern Alberta, Canada. Hydrol Process 
29:2840–2854. https://​doi.​org/​10.​1002/​hyp.​10229

Isniarno NF, Aziz G, Iswandaru I (2020) Hydrological monitoring 
in open PIT mining areas using geodatabase attribute in Geo-
graphic Information Systems (GIS). IOP Conf Ser: Mater Sci Eng 
830:042043. https://​doi.​org/​10.​1088/​1757-​899X/​830/4/​042043

Jakeman AJ, Hornberger GM (1993) How much complexity is war-
ranted in a rainfall-runoff model? Water Resour Res 29:2637–
2649. https://​doi.​org/​10.​1029/​93WR0​0877

Jeber A, Profeta AL (2018) Meio Ambiente e Mineração – Recur-
sos Minerais de Minas Gerais. Belo Horizonte [in Portuguese]. 
http://​recur​somin​eralmg.​codem​ge.​com.​br/​meio-​ambie​nte-e-​
miner​acao/ Accessed 10 July 2024

Labonté-Raymond P-L, Pabst T, Bussière B, Bresson É (2020) 
Impact of climate change on extreme rainfall events and surface 
water management at mine waste storage facilities. J Hydrol 
590:125383. https://​doi.​org/​10.​1016/j.​jhydr​ol.​2020.​125383

Li XD, Yang H, Wang J, Guo LJ, Wang Z (2017) Characteristics 
of runoff coefficient of abandoned mine land using the storm 
water management model. In: Hu Z (Ed), Proc, 2nd Interna-
tional Symp on Land Reclamation and Ecological Restoration, 
Beijing, P.R. China, pp 369–372

Liang J, Wu K, Li Y, Wei Z, Zhuo P, Yan Q, Luo X (2019) Impacts 
of large-scale rare earth mining on surface runoff, groundwa-
ter, and evapotranspiration: a case study using SWAT for the 
Taojiang River Basin in southern China. Mine Water Environ 
38:268–280. https://​doi.​org/​10.​1007/​s10230-​018-​00587-w

Liu Y, Ding Q, Chen M, Zhong L, Labat D, Zhang M, Mao Y, Li 
Y (2020) Analyses of runoff and sediment transport and their 
drivers in a rare earth mine drainage basin of the Yangtze River. 
China Water 12:2283. https://​doi.​org/​10.​3390/​w1208​2283

Luan J, Zhang Y, Tian J, Meresa H, Liu D (2020) Coal mining 
impacts on catchment runoff. J Hydrol 589:125101. https://​doi.​
org/​10.​1016/j.​jhydr​ol.​2020.​125101

Lv C, Bi R, Guo X, Chen D, Guo Y, Xu Z (2020) Erosion character-
istics of different reclaimed substrates on iron tailings slopes 
under simulated rainfall. Sci Rep 10:4275. https://​doi.​org/​10.​
1038/​s41598-​020-​61121-z

Ma M, Wen L, Hao S, Zhao G, Zhou M, Liu C, Wang H, Wang Z 
(2020) A grid-based distributed hydrological model for coal 
mined-out area. J Hydrol 588:124990. https://​doi.​org/​10.​1016/j.​
jhydr​ol.​2020.​124990

Manna A, Maiti R (2016) Alteration of surface water hydrology 
by opencast mining in the Raniganj Coalfield area, India. 
Mine Water Environ 35:156–167. https://​doi.​org/​10.​1007/​
s10230-​015-​0342-8

Maus V, Giljum S, Gutschlhofer J, Silva DM, Probst M, Gass SLB, 
Luckeneder S, Lieber M, McCallum I (2020) A global-scale 
data set of mining areas. Sci Data 7:289. https://​doi.​org/​10.​1038/​
s41597-​020-​00624-w

McCabe GJ, Markstrom SL (2007) A Monthly Water-Balance Model 
Driven By a Graphical User Interface. U. S. Geological Survey, 
Open-File Report 2007–1088. https://​pubs.​usgs.​gov › of › 2007 › 
1088 › pdf › of07–1088_508.pdf

Merino-Martín L, Moreno-de las HerasPérez-DomingoEspigaresNico-
lau MSTJM (2012) Hydrological heterogeneity in Mediterranean 
reclaimed slopes: runoff and sediment yield at the patch and slope 

https://doi.org/10.1111/j.1752-1688.1998.tb05961.x
https://doi.org/10.1111/j.1752-1688.1998.tb05961.x
https://doi.org/10.1016/j.heliyon.2017.e00477
https://doi.org/10.1016/j.heliyon.2017.e00477
https://doi.org/10.1016/j.catena.2019.104129
https://doi.org/10.1016/j.catena.2019.104129
https://doi.org/10.1016/j.pce.2010.07.015
https://doi.org/10.1111/j.1526-100X.2009.00546.x
https://doi.org/10.1111/j.1526-100X.2009.00546.x
https://doi.org/10.1002/eco.1307
https://doi.org/10.1002/eco.1307
https://doi.org/10.1016/j.chemosphere.2015.09.090
https://doi.org/10.1016/j.chemosphere.2015.09.090
https://doi.org/10.1016/j.resconrec.2018.06.001
https://doi.org/10.1017/S0021859600001441
https://doi.org/10.1134/S0097807817040054
https://doi.org/10.1134/S0097807817040054
https://doi.org/10.3390/w11051054
https://doi.org/10.3390/w11051054
https://doi.org/10.1134/S0097807819060058
https://doi.org/10.1134/S0097807819060058
https://doi.org/10.1016/j.geomorph.2019.106896
https://doi.org/10.1016/j.geomorph.2019.106896
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1016/S0022-1694(97)00125-X
https://doi.org/10.1061/(ASCE)HE.1943-5584.0000746
https://doi.org/10.1002/hyp.10229
https://doi.org/10.1088/1757-899X/830/4/042043
https://doi.org/10.1029/93WR00877
http://recursomineralmg.codemge.com.br/meio-ambiente-e-mineracao/
http://recursomineralmg.codemge.com.br/meio-ambiente-e-mineracao/
https://doi.org/10.1016/j.jhydrol.2020.125383
https://doi.org/10.1007/s10230-018-00587-w
https://doi.org/10.3390/w12082283
https://doi.org/10.1016/j.jhydrol.2020.125101
https://doi.org/10.1016/j.jhydrol.2020.125101
https://doi.org/10.1038/s41598-020-61121-z
https://doi.org/10.1038/s41598-020-61121-z
https://doi.org/10.1016/j.jhydrol.2020.124990
https://doi.org/10.1016/j.jhydrol.2020.124990
https://doi.org/10.1007/s10230-015-0342-8
https://doi.org/10.1007/s10230-015-0342-8
https://doi.org/10.1038/s41597-020-00624-w
https://doi.org/10.1038/s41597-020-00624-w
https://pubs.usgs.gov


417Mine Water and the Environment (2024) 43:402–417	

scales along a gradient of overland flow. Hydrol Earth Syst Sci 
16:1305–1320. https://​doi.​org/​10.​5194/​hess-​16-​1305-​2012

Moher D, Liberati A, Tetzlaff J, Altman DG (2009) Preferred report-
ing items for systematic reviews and meta-analyses: the PRISMA 
statement. PLoS Med 6:e1000097. https://​doi.​org/​10.​1371/​journ​
al.​pmed.​10000​97

Moreno-de las HerasMerino-MartínNicolau MLJM (2009) Effect of 
vegetation cover on the hydrology of reclaimed mining soils under 
Mediterranean-continental climate. CATENA 77:39–47. https://​
doi.​org/​10.​1016/j.​catena.​2008.​12.​005

Moreno-de-las-Heras M, Merino-Martín L, Saco PM, Espigares T, 
Gallart F, Nicolau JM (2020) Structural and functional control 
of surface-patch to hillslope runoff and sediment connectivity in 
Mediterranean dry reclaimed slope systems. Hydrol Earth Syst 
Sci 24:2855–2872. https://​doi.​org/​10.​5194/​hess-​24-​2855-​2020

Nigam GK, Sahu RK, Sinha MK, Deng X, Singh RB, Kumar P (2017) 
Field assessment of surface runoff, sediment yield and soil ero-
sion in the opencast mines in Chirimiri area, Chhattisgarh, India. 
Phys Chem Earth 101:137–148. https://​doi.​org/​10.​1016/j.​pce.​
2017.​07.​001

Ping J, Yan S, Gu P, Wu Z, Hu C (2017) Application of MIKE SHE to 
study the impact of coal mining on river runoff in Gujiao mining 
area, Shanxi. China Plos ONE 12:e0188949. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01889​49

Rubio RF, Lazarim H, Lorca D, Ribeiro VV (2013) Surface water 
control in the bauxite mines of Porto Trombetas (Para, Brazil). 
In: Brown A, Figueroa L, Wolkersdorfer C (Eds), Reliable Mine 
Water Technology, Proc, International Mine Water Assoc Annual 
Conf, Int Mine Water Assoc, pp 837–842. https://​www.​imwa.​info/​
docs/​imwa_​2013/​IMWA2​013_​Ferna​ndezR​ubio_​480.​pdf

Shinde VT, Tiwari KN, Singh M, Uniyal B (2017) Impact of aban-
doned opencast mines on hydrological processes of the Olidih 
Watershed in Jharia Coalfield, India. Environ Process 4:697–710. 
https://​doi.​org/​10.​1007/​s40710-​017-​0258-3

Song X, Sun W, Zhang Y, Songbai C, Li J, Gao Y (2020) Using hydro-
logical modelling and data-driven approaches to quantify mining 
activities impacts on centennial streamflow. J Hydrol 585:124764. 
https://​doi.​org/​10.​1016/j.​jhydr​ol.​2020.​124764

Spletozer AG, Silveira LJ, Sato AY, Lorenzon AS, Zanuncio JC, Dias 
HCT (2021a) Surface runoff from an area undergoing soil rehabil-
itation after bauxite mining in southeastern Brazil. Land Degrad 
Dev. https://​doi.​org/​10.​1002/​ldr.​3948

Spletozer AG, da Silveira LJ, Lorenzon AS, Sato AY, Dias HCT 
(2021b) Surface runoff in two rehabilitation periods of a bauxite 
mine. Rev Árvore 45:e4505. https://​doi.​org/​10.​1590/​1806-​90882​
02100​00005

Suyono, Dewa SAM, Cahyadi TA, Setyowati I, Nurkhamim, Ridho 
AM, Arilia AM (2020) Effect of differences in runoff coefficient 
value on channel dimensions at open pit mines. In: Proc, AIP 
Conf, Yogyakarta, Indonesia, p 070019

Taylor TJ, Agouridis CT, Warner RC, Barton CD (2009) Runoff curve 
numbers for loose-dumped spoil in the Cumberland Plateau of 
eastern Kentucky. Int J Min Reclam Environ 23:103–120. https://​
doi.​org/​10.​1080/​17480​93080​21763​89

USDA (1972) Estimation of direct runoff from storm rainfall. Ch 10 
in National Engineering Handbook Hydrology Chapters, 5th edn. 
U.S. Department of Agriculture, Washington DC

Valente OF, Gomes MA (2005) Conservacao de nascentes: hidrologia 
e manejo de bacias hidrograficas de cabeceiras. Aprenda Fácil, 
Viçosa, MG

Vilas Boas HF, Almeida LFJ, Teixeira RS, Souza IF, Silva IR et al 
(2018) Soil organic carbon recovery and coffee bean yield fol-
lowing bauxite mining. Land Degrad Dev 29:1565–1573. https://​
doi.​org/​10.​1002/​ldr.​2949

Wang F, Wang J (2020) Effects of rainfall intensity and compaction on 
water transport from opencast coal mine soils: an experimental 
study. Hydrol Process 34:258–269. https://​doi.​org/​10.​1002/​hyp.​
13582

Wang K, Lin Z, Zhang R (2016) Impact of phosphate mining and sepa-
ration of mined materials on the hydrology and water environment 
of the Huangbai River basin, China. Sci Total Environ 543:347–
356. https://​doi.​org/​10.​1016/j.​scito​tenv.​2015.​11.​043

Warner RC, Agouridis CT, Vingralek PT, Fogle AW (2010) Reclaimed 
mineland curve number response to temporal distribution of rain-
fall. J Am Water Resour Assoc 46:724–732. https://​doi.​org/​10.​
1111/j.​1752-​1688.​2010.​00444.x

Weiler M, McGlynn BL, McGuire KJ, McDonnell JJ (2003) How does 
rainfall become runoff? A combined tracer and runoff transfer 
function approach. Water Resour Res 39:1–13. https://​doi.​org/​10.​
1029/​2003W​R0023​31

Wu X, Dong Y, Zhang Y, Liu J (2020a) River runoff influence factors 
recognition using stepwise regression analysis: the case of a north-
ern Chinese coal mining area. Pol J Environ Stud 29:893–900. 
https://​doi.​org/​10.​15244/​pjoes/​103360

Wu X, Lenon GP, Dong Y (2020b) The calculation of riverine ecologi-
cal instream flows and runoff profit-loss analysis in a coal mining 
area of northern China. River Res Applic 36:760–768. https://​doi.​
org/​10.​1002/​rra.​3594

Zégre NP, Maxwell A, Lamont S (2013) Characterizing streamflow 
response of a mountaintop-mined watershed to changing land use. 
Appl Geogr 39:5–15. https://​doi.​org/​10.​1016/j.​apgeog.​2012.​11.​
008

Zégre NP, Miller AJ, Maxwell A, Lamont SJ (2014) Multiscale Analy-
sis of hydrology in a mountaintop mine-impacted watershed. J 
Am Water Resour Assoc 50:1257–1272. https://​doi.​org/​10.​1111/​
jawr.​12184

Zhang L, Wang J, Bai Z, Lv C (2015) Effects of vegetation on runoff 
and soil erosion on reclaimed land in an opencast coal-mine dump 
in a loess area. CATENA 128:44–53. https://​doi.​org/​10.​1016/j.​
catena.​2015.​01.​016

Zhang Y, Feng M, Yang J, Zhao T, Wu H, Shi C, Yi S (2016) Effects of 
soil cover and protective measures on reducing runoff and soil loss 
under artificial rainfall. Soil Water Resour 10:198–205. https://​doi.​
org/​10.​17221/​137/​2014-​SWR

Zhang M, Wang J, Zhou R (2020) Sustainable effect of coal mining 
on hydrological drought risk: a case study on Kuye river basin, 
China. Nat Hazards. https://​doi.​org/​10.​1007/​s11069-​020-​04110-9

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.5194/hess-16-1305-2012
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1371/journal.pmed.1000097
https://doi.org/10.1016/j.catena.2008.12.005
https://doi.org/10.1016/j.catena.2008.12.005
https://doi.org/10.5194/hess-24-2855-2020
https://doi.org/10.1016/j.pce.2017.07.001
https://doi.org/10.1016/j.pce.2017.07.001
https://doi.org/10.1371/journal.pone.0188949
https://doi.org/10.1371/journal.pone.0188949
https://www.imwa.info/docs/imwa_2013/IMWA2013_FernandezRubio_480.pdf
https://www.imwa.info/docs/imwa_2013/IMWA2013_FernandezRubio_480.pdf
https://doi.org/10.1007/s40710-017-0258-3
https://doi.org/10.1016/j.jhydrol.2020.124764
https://doi.org/10.1002/ldr.3948
https://doi.org/10.1590/1806-908820210000005
https://doi.org/10.1590/1806-908820210000005
https://doi.org/10.1080/17480930802176389
https://doi.org/10.1080/17480930802176389
https://doi.org/10.1002/ldr.2949
https://doi.org/10.1002/ldr.2949
https://doi.org/10.1002/hyp.13582
https://doi.org/10.1002/hyp.13582
https://doi.org/10.1016/j.scitotenv.2015.11.043
https://doi.org/10.1111/j.1752-1688.2010.00444.x
https://doi.org/10.1111/j.1752-1688.2010.00444.x
https://doi.org/10.1029/2003WR002331
https://doi.org/10.1029/2003WR002331
https://doi.org/10.15244/pjoes/103360
https://doi.org/10.1002/rra.3594
https://doi.org/10.1002/rra.3594
https://doi.org/10.1016/j.apgeog.2012.11.008
https://doi.org/10.1016/j.apgeog.2012.11.008
https://doi.org/10.1111/jawr.12184
https://doi.org/10.1111/jawr.12184
https://doi.org/10.1016/j.catena.2015.01.016
https://doi.org/10.1016/j.catena.2015.01.016
https://doi.org/10.17221/137/2014-SWR
https://doi.org/10.17221/137/2014-SWR
https://doi.org/10.1007/s11069-020-04110-9

	Surface Runoff in Open Cast Mining Areas: Methods, Influential Factors, Quantifications, and Trends
	Abstract
	Introduction
	Materials and Methods
	Systematic Literature Search
	Database Construction
	Data Analysis

	Results and Discussion
	Literature on Surface Runoff in Surface Mining Areas
	Factors that Influence Surface Runoff
	Methods Used to Measure Surface Runoff
	Laboratory
	Field
	Estimates
	Trends
	Volume of surface Runoff
	Quantification in the Laboratory

	Surface Runoff Trends

	Conclusion
	Acknowledgements 
	References




