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Abstract:

Abandoned mines pose environmental risks due to the accumulation of sulfide-rich waste, which
generates acid mine drainage and and produces fine-grained, unconsolidated materials that,
when deposited on steep slopes, accelerate erosion and contaminant transport. This study
assesses the environmental impact of the Trimpancho mining complex by integrating UAV-
based photogrammetry, water analysis, and mine waste characterization. Aerial surveys
produced high-resolution orthomosaics and digital surface models, enabling the identification of
runoff patterns, erosion hotspots, and waste accumulation. The estimated waste volume is
approximately 253,377 m®.

Key findings highlight critical erosion areas on steep slopes (>30°) where waste mobilization
enhances metal and sulfate transport into the Trimpancho stream, affecting the Changa River.
Water samples have pH values ranging from 2.59 to 8.27, electrical conductivity peaking at
4,171 puS/cm, and elevated concentrations of iron (65.7 mg/L), aluminum (174 mg/L),
manganese (23.5 mg/L), and zinc (20.7 mg/L). Mine waste characterization revealed that
Nuestra Sefiora del Carmen dump exhibited higher leaching potential compared to Volta Falsa.

This study underscores the value of UAV technology for cost-eftective and high-resolution
environmental monitoring in abandoned mines. The results emphasize the need for targeted
remediation strategies and water quality improvement. This multi method approach can serve
as a model for assessing contamination risks and optimizing environmental monitoring
programs in other legacy mining sites.

Environmental implication:

This study highlights the severe environmental impacts of abandoned mine waste in the Iberian
Pyrite Belt. High sulfide content and steep slopes contribute to acid mine drainage,
contaminating downstream water bodies, including the Changa River. UAV-based
photogrammetry combined with hydrochemical data revealed critical hotspots for contaminant
mobilization. These insights are essential for prioritizing remediation strategies and guiding
sustainable management of legacy mining sites, especially in transboundary water systems at
risk.

Keywords: remote sensing, environmental monitoring, IPB, waste assessment, erosion
dynamics

Highlights:

e AMD confirmed, with pH as low as 2.59 and high metal concentrations and loads.

e Erosion hotspots on slopes >30° increase metal transport to water bodies.

e NSC dump shows higher leaching potential than VI, mainly slag and oxides.

e UAV Photogrammetry enables high-resolution mapping of waste and drainage patterns.
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e Multi-method approach enhances monitoring, highlighting priority areas for AMD
mitigation.
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1. Introduction

Abandoned mining sites pose severe environmental challenges, particularly in regions with a
long history of mining activity (Doumas et al., 2018). One such example is the Iberian Pyrite
Belt (IPB), one of the world’s largest volcanogenic massive sulfide (VMS) provinces, which has
been extensively mined from prehistoric times to the late 20th century (Tornos et al., 2000;
Nocete et al., 2005). As a result, more than 100 mines in the IPB have been abandoned (Leén et
al., 2021), leaving behind vast amounts of sulfide-rich waste. Historically, only a small fraction
of the extracted ore was recovered for valuable metals, with over 90% of the material discarded
as waste (Canovas et al., 2021). The absence of proper environmental regulations at the time
further exacerbated contamination risks, leading to widespread pollution and long-term
ecological damage.

A major environmental consequence of abandoned sulfide-rich waste is the formation of acid
mine drainage (AMD) (Helser et al., 2022). When exposed to oxygen and water, sulfide minerals
oxidize, producing highly acidic leachate enriched in dissolved metals and sulfate. This
acidification severely impacts surrounding surface waters, groundwater, and sediments,
degrading ecosystems and posing risks to human health (Hoffert, 1947; Nordstrom, 2011). The
prolonged environmental impact is compounded by ongoing oxidation and metal leaching,
which continue for decades after mining operations cease (Espafia et al., 2005; Gonzélez et al.,
2018; Olias et al., 2020; Canovas et al., 2023; Gomes & Valente, 2024).

In addition to AMD, erosion and waste dispersion further deteriorate abandoned mining
landscapes. Unregulated disposal of mine waste results in runoff-driven erosion, destabilizing
waste piles and transporting contaminated sediments into watercourses (Silva et al., 2005).
Erosion channels in steep terrains accelerate material loss, exacerbating AMD effects by
increasing sedimentation in nearby streams and rivers (Carabassa et al., 2021). Monitoring and
quantifying these processes are crucial for assessing contaminant mobility, hydrological
impacts, and long-term environmental risks.

Traditional monitoring methods in abandoned mining areas often face significant logistical,
financial, and safety constraints, particularly in regions with rugged terrain and limited
accessibility. These challenges are especially acute in the IPB, where steep slopes, unstable waste
deposits, and remote locations frequently hinder the implementation of conventional fieldwork.
In this context, Unmanned Aerial Vehicles (UAVs) have emerged as a transformative tool for
environmental monitoring, offering flexible and rapid data acquisition with high spatial
resolution (Jakob et al. 2017; Park & Choi, 2020; Dang & Nguyen, 2023), often surpassing the
capabilities of aircraft or satellite-based systems (Flores et al, 2021). UAV-based
photogrammetry enables detailed surface modelling with centimetric precision, supporting
accurate assessments of erosion patterns, waste volumes, and landscape changes (Padr¢ et al.,
2022; Alsayed & Nabawy, 2023; Nogueira et al., 2023).

In mining contexts, UAVs have been widely used for applications such as open-pit mapping,
tailings dam monitoring, post-mining rehabilitation assessment, and the mapping of AMD-
affected areas (Hammerle et al., 2016; Jackisch et al., 2018; Rauhala et al., 2017; Tong et al,,
2015; Keatley et al., 2018; Xiang et al., 2018; Cara et al., 2013). However, in the IPB, most UAV-
based studies to date have relied primarily on hyperspectral or multispectral sensors to identify
mineralogical indicators of contamination (Quental et al., 2020; Isgré et al., 2022b; Moreno
Gonzalez et al., 2024). By contrast, few works have integrated UAV-derived topographic data
with geochemical and hydrological analysis to investigate AMD processes and waste dispersion
in detail.

This study focuses on the Trimpancho mining complex, an abandoned site in the Spanish sector
of the IPB, a representative but under-studied site. The research integrates UAV
photogrammetry with water quality analysis and mine waste characterization to assess
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contamination dispersion, AMD formation, and erosion dynamics. The main objectives are to:
(1) evaluate contamination patterns by analyzing water quality along the Trimpancho stream
and its connection to the Changa River; (ii) characterize mine waste in terms of mineral
composition, reactivity, and leaching potential; (iii) assess erosion and sediment transport using
UAV-based topographic models; (iv) demonstrate UAV efficiency in environmental monitoring
and provide insights for sustainable management strategies. By addressing these objectives, this
study contributes to improving environmental monitoring techniques and developing more
effective remediation strategies for abandoned mining sites. Given the growing global concerns
over water resource contamination and sustainable land management, the methodology
presented here offers a scalable and field-validated approach applicable to other legacy mining
regions worldwide.

2. Study area

The IPB, which extends across southwestern Portugal and Spain, is one of the largest and most
significant VMS provinces worldwide (Isgré et al., 2022a; Gomes & Valente, 2024). Spanning
approximately 230 km in length and 50 km in width, the IPB contains over 1,700 million tons
of sulfide ore, including both mined and estimated reserves (Leistel et al., 1997). The region is
renowned for its rich mineralization, with pyrite (FeS;) being the dominant metallic mineral,
along with lower quantities of sphalerite (ZnS), galena (PbS), chalcopyrite (CuleS;) and
arsenopyrite (I'eAsS). The sulfide deposits are hosted within a sequence of volcano-sedimentary
rocks and are concentrated across three main lithological groups: the Phyllite-Quartzite Group
(PQ), the Volcano-Sedimentary Complex (VSC), and the Culm Group (Carvalho, 1979; Barriga,
1990; Tornos, 2006; Inverno et al., 2015) (Figure 1A).

Mining in the IPB area dates to the Chalcolithic era and has been extensively exploited
throughout history because of its rich mineral resources (Olias et al., 2016). However, the
depletion of near-surface ore bodies and decreased economic opportunities had led to the closure
of numerous mines. Nevertheless, the region continues to be a focal point for mineral
exploration, with current efforts directed at deeper ore bodies, especially those rich in copper
(Cu) and other metals, such as zinc (Zn), gold (Au), silver (Ag), and other strategic metals driven
by the growing global demand for these resources. Consequently, the IPB's historical and
current significance as a major VMS province makes it a critical area for geological, mining and
environmental studies (e.g. Olias et al., 2004; Canovas et al., 2016; Grande et al., 2017; Sdnchez-
Donoso et al., 2021; [sgré et al,, 2022; Barroso et al., 2023; Parviainen et al., 2024; Gomes &
Valente, 2024).

The Trimpancho mining complex (Figure 1B) is one of the abandoned areas in the IPB, located
in the Huelva province (western part of the Spanish sector of the IPB). Like other abandoned
mines, this site faces significant challenges related to AMD, primarily due to extensive waste
areas exposed to weathering processes. Therefore, this area serves as a critical case study for
environmental monitoring due to the lack of remediation following the cessation of mining
operations at the end of the 20th century. Without proper containment measures, mine waste
was indiscriminately dumped around the complex (Figure 1C), where it continues to release acid
leachates into the Trimpancho stream, a tributary of the Changa River. The Changa River, which
teeds the Changa reservoir, is a vital water source for both Portugal and Spain, supplying water
for human consumption and agriculture. The mining complex includes four main abandoned
mines: Nuestra Sefiora del Carmen (NSC), La Condesa (L.C), Trimpancho Group (TG), and Volta
Falsa (VF), (arranged from east to west; Figure 1B) (Grande et al., 2017). The area contains
three major acidic pit lakes and numerous waste piles dispersed throughout the four sites.

The terrain in the area is characterized by an undulating topography, with elevations ranging
from 115 m to 229 m. The Trimpancho stream, the primary drainage system, winds through
valleys and ridges before merging with the Changa River. Steep slopes accelerate runoft and



erosion, while flatter sections in the former mining areas act as natural deposition zones,
accumulating sediment and mine waste.

The climate in the area is classified as Csa according to the Képpen-Geiger system, with a hot-
summer Mediterranean climate and semi-arid characteristics due to low annual rainfall (Beck et
al., 2018). The region typically has an average annual rainfall of 630 mm and a mean annual
temperature of 17.5°C (AEMET, http://www.aemet.es). These climate conditions exacerbate
water scarcity, underscoring the necessity for the development of effective water management
strategies. This interplay of runoft dynamics and erosion patterns plays a crucial role in
stabilizing the mining landscape and preserving the region's water resources.
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Figure 1. (A) Simplified geological map of the Iberian Pyrite Belt (IPB), highlighting the study area
(adapted from Inverno et al., 2015); (B) Orthomosaic showing the water sampling locations (top) and
the digital surface model (bottom) of the Trimpancho mining complex; and (C) Orthomosaic illustrating
the sampling network for mine waste in the VI (left side) and NSC (right side) mine areas.
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3. Material and methodology

3.1 Sampling design and field preparation

A sampling campaign was conducted during the rainy period of March 2024, aiming to capture
peak leaching and contaminant transport conditions typically observed during high-flow events
in AMD-affected mining areas. Surface water and mine waste samples were collected in the
Trimpancho mining complex. The water samples were collected along the Trimpancho stream
(Figure 1B), which receives leachate from the different waste disposal sites. A total of 15
sampling points were selected. The criterium used was to select one sample at the beginning
and another at the end of each waste dump area of influence to assess the possible contribution
of mine waste dump to water stream quality. In addition, water samples were also collected
upstream (TS) and downstream (CR_PLUME, CR2 and CR4) of the mining complex. A water
sample collected upstream of these mines was selected to represent the hydrochemical
conditions without mine waste influence. Three points were selected downstream of the mines:
one at the confluence of the Trimpancho stream with the Changa River, and two points in the
Changa River, one before and one after the confluence area. The main objective of this sampling
network was to evaluate the spatial dispersion of acid drainage along the Trimpancho and the
impact of this mining system on the Changa river, since the river flows into the Changa reservoir,
which is used for human consumption and agricultural irrigation.

At each sampling point, 500 mL of water was collected and stored in a sterilized polyethylene
container. An aliquot of 50 mL of the sample was filtered through 0.45 pm membranes and
acidified with nitric acid to a pH below 2, preventing metal precipitation and bacterial growth.
All water samples were kept cool (at 4°C) and dark conditions until laboratory analysis.

Mine waste samples were also collected to assess its reactivity and potential environmental
impact. Two waste dumps were selected for analysis: NSC, located upstream of the mining
complex; and VI, downstream of the mining complex. A total of 18 sampling sites were defined
within each waste dump (Figure 1C), and approximately 5 kg of composite sample was collected
from each site. Three waste subsamples were extracted from a depth of 10-20 ¢cm, when feasible,
and combined to form the composite sample. Waste samples were collected with a stainless-steel
shovel, placed in polyethylene bags, and transported to the laboratory. The sampling network
was defined randomly, with the objective of covering the largest possible area and the diversity
of materials present in the highly heterogeneous waste dumps.

Furthermore, a UAV survey was conducted over the Trimpancho mining complex, utilizing a
high-resolution camera to capture detailed aerial imagery. These images were processed to
generate orthomosaics and digital surface models (DSMs), enabling precise mapping of waste
deposits, estimation of waste volumes, and identification of environmentally degraded areas
requiring closer monitoring.

3.2 Water analysis

Surface water samples were analyzed for physical and chemical properties. During the
sampling process, pH, electrical conductivity (EC), and temperature (T) were measured using a
multiparameter instrument (Thermo Scientific Model Orion Star A Series) with a pH electrode
(Orion 9107BNM) and a conductivity cell (Orion 01310MD). Oxidation-reduction potential
(ORP) was measured with an ORPTestr 10 and converted to redox potential (Eh) in accordance
with the electrode characteristics. Dissolved oxygen (DO) was also measured using the HACH
HQ30D portable multiparameter coupled with a dissolved oxygen probe (LDO101). Prior to
analysis, all instruments were calibrated with the respective standard solutions.

Laboratory analysis was conducted for additional parameters, including acidity, alkalinity,
sulfate, and metals concentrations. Acidity and alkalinity were determined by volumetric
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titration (standard method 2310 B), and sulfate concentration was obtained using turbidimetry
(standard method 4500-SO4*” E) (APHA, 2012) at the Department of Earth Sciences from the
University of Minho (Portugal). Water concentration of metals (e.g., Fe, Al, Cu, Zn, Mn, Cd,
Pb, Co, Ca, Mg, and K) were analyzed by inductively coupled plasma optical emission
spectrometry (ICP-OES) in filtered and acidified aliquots. Analyses were performed at
Activation Laboratory Ltd. (Actlabs, Ancaster, ON, Canada), an ISO 17025:2017 accredited and
ISO 9001:2015- certified laboratory. Quality control procedures include the use of duplicate
samples, blanks, and certified standards (IV-STOCK-1643) to assess analytical precision and
accuracy. Detection limits varied by element, ranging from 0.01 mg/L for Fe and Mn, 0.1 mg/L
for Al, K, Mg, Ca, Na, and Si, to between 2 and 10 pg/L for trace metals such as Cd, Cu, Co, Ni,
Pb, and Zn. Standards solutions were Merck AA certified and Milli-Q water was used in the
experiments.

3.3 Mine Waste characterization

The mine waste samples were subjected to a drying process at temperatures below 40°C,
followed by disaggregation with a hammer. The samples were then homogenized and divided
into quarters to obtain representative subsamples of the mine waste. Subsequently, the samples
were sieved through a 2 mm sieve to remove gravel particles and separated into distinct portions
for X-ray diffraction (XRD), grain size distribution, and pH/EC analysis.

A mineralogical analysis was conducted using XRD with a Philips PW 1710, APD X'pert
Pro-MPD diffractometer, operating with CuK radiation and equipped with an automatic
divergence slit and a graphite monochromator. Diffractograms were obtained from powders of
the 2 mm fraction, spanning the range of 3 to 65° 20, with a 20 step size of 0.02° and a counting
time of 1.25 s. The data was processed using X'pert Pro-MPD software to the identification of
mineralogical composition.

The granulometric analysis was performed using a laser diffraction particle size analyzer
(Malvern Mastersizer 3000, Malvern Panalytical, UR), equipped with the Hydro LV unit. A
suspension of 2 g of mine waste was prepared for analysis. Prior to analysis, three drops of
sodium hexametaphosphate were added to the suspension, which was subjected to ultrasonic
agitation for three minutes to ensure the disaggregation and separation of fine particles that
tend to agglomerate. According to I'AO (Jahn et al, 2006), the particle size was classified into
the following categories: <2 um for clay fraction, 2-50 pm for silt, and 50—-2000 pm for the sand
fraction.

The pH and EC of mine waste samples were determined by stirring 1 g of mine waste in 20
mL of deionized water for five minutes at 160 rpm and left still for 20-minutes to allow
deposition. The pH and EC values in water suspensions were determined using a
multiparameter instrument (Thermo Scientific Model Orion Star A Series), comprising a pH
electrode triode and a conductivity cell. The pH electrode and conductivity cell were calibrated
in accordance with the manufacturer's instructions using two buffer solutions at pH 4-and 7, and
standard solutions at 147 and 1413 pS/cm, respectively.

3.4 UAV data acquisition and processing

The survey was conducted using a Phantom 4 RTK by DJI™, based in Shenzhen,
Guangdong, China. The UAV covered an area approximately of 1.27 km?, with a maximum
width of 480 m and a maximum length of 2.77 km. To ensure full photogrammetric coverage of
the extensive study area while accounting for the limited battery life of the Phantom 4 RTK, a
total of four flights were conducted. Each flight was carried out at an altitude of 120 m, following
a parallel row pattern with a 70% front overlap and 70% side overlap to optimize image
alignment. MapPilot®, a flight planning application developed by Maps Made Easy™, was used
to plan the mission. This software incorporates NASA’s SRTM altitude models, maintaining a
consistent altitude relative to the terrain, which ensures uniform Ground Sampling Distance

8



(GSD) across the surveyed area. The resulting photogrammetric products included a DSM and
an orthomosaic, both with a GSD of 8.47 cm per pixel (Figure 1B).

Due to accessibility challenges in certain areas, only RTK (Real-Time Kinematic)
corrections were applied for the positional calibration of the final cartographic products. RTK
correction data was obtained in real-time from the Portuguese GNSS permanent stations
network (ReNEP), specifically using the Mértola station, located at 37° 38'47.53941"N, 7°
39'36.17880"W, with an ellipsoidal altitude of 79.616 m. To ensure positional accuracy, only
images with a successful real-time data flow and a positional error below 5 cm in the x, y, or z
coordinates were used. While high-precision data was not a primary requirement for this study,
the adopted workflow ensured survey quality equivalent to official cartographic data provided
by the Portuguese Dire¢io Geral do Territério (DGT), the national authority for cartographic
information. To further enhance sub-meter accuracy of the photogrammetric products, ground
control points (GCPs) were incorporated using survey-grade data.

The photogrammetric processing of UAV imagery, including image mosaicking,

georeferencing, orthomosaic generation, DSM creation, and 8D point cloud reconstruction, was
performed using Metashape® software from Agisoft™. Agisoft Metashape, developed by
Agisoft LLC (St. Petersburg, Russia), is a photogrammetry processing tool available in Standard
and Pro editions. In this study, the Pro edition was used to generate 3D models from 2D aerial
images and estimate mine waste volumes across the complex. The processing flow used
replicates the processing used by Gongalves & Henriques (2015), producing materials with high
geodetic accuracy. These materials always showed sub-decimetric deviations when compared to
the LIDAR surveys obtained from the download portal of Spain's National Cartographic
Information Centre at
http://centrodedescargas.cnig.es/CentroDescargas/buscadorCatalogo.do?codFamilia=LIDA
R.
The most effective approach for waste volume estimation typically involves comparing DSMs
before and after deposition or utilizing original topographic data (Martin-Velazquez, et al., 2022;
Padré et al., 2022; Davoise & Méndez, 2023). However, since original topographic data was
unavailable for this site, alternative volume estimation methods provided by Agisoft Metashape
were applied (summarized in Table 1).

To enhance volume estimation accuracy, the contributions of vegetation and old mining
structures within the waste dump were calculated separately and subtracted from the total
estimated waste volume.

A detailed morphological analysis of the study area was conducted using the open-source
GIS software, QGIS version 3.38.1. This analysis enabled a detailed analysis of the
geomorphological, hydrological, and geochemical characteristics of the area. A set of geospatial
processing tools was used to analyze the region’s physical features and their environmental
implications. Slope analysis was preformed using the “Slope raster tool”, which permitted the
identification of the areas with extreme gradients, which are naturally more susceptible to
erosion and soil instability. These areas are of particular concern as may exacerbate
environmental degradation processes. Additionally, a hydrological analysis was carried out
using the “r.terraflow” module, a component of the GRASS GIS complement that is included in
the processing toolbox of QGIS. This tool models the runoff patterns and the accumulation
areas, providing critical insights into the water dynamics within the study area. Furthermore, a
geochemical analysis was conducted through the generation of Voronoi polygons, utilizing a
segmentation approach based on the influence areas of each data point in the geochemical
dataset. This method facilitates the creation of geochemical maps that represent the spatial
distribution of water and waste chemical properties, which are critical for understanding soil
composition and potential contamination risks.



Table 1. Detailed description of volume calculation methods in AGISoft Metashape.

Option Description

‘When to Use

Best Fit Plane Adjusts an inclined plane
automatically to minimize error
in the lowest points, fitting the

plane to the area of interest.

When the area exhibits a
natural slope and an optimized
reference plane for the mesh is

required.

Mean Level Plane Computes a horizontal plane
based on the average elevation
of the selected points.

When a reference plane is
needed to represent the mean
elevation, without considering

extreme variations.

Custom Level Plane Allows manual specification of
the reference plane’s height
based on a predefined value or a
reference point.

When a known reference level
is available and should be
directly applied, without

automatic adjustments.

4. Results
4.1 Water properties

The statistical summary of the water physical-chemical properties is presented in Table 2.
The pH values ranged from 2.59 to 8.27, with a mean of 2.92 and a median of 2.86, reflecting
considerable variability and the presence of both acidic and near-neutral conditions. EC values
varied between 222 to 4171 pS/cm, while sulfate concentrations ranged from 9.8 to 3359 mg/L.
Eh varies between 429 to 746 mV characteristic of an oxidized environment. Among the metals
analyzed, Fe, Al, and Mg exhibited the highest concentrations, with maximum levels reaching

65.7 mg/L, 174 mg/L, and 329 mg/L, respectively.

Table 2. Statistical summary of water parameters.

Parameter Minimum Maximum Mean Median Standard-deviation

pH 2.59 8.27 2.92 2.86 2.18
EC @s/em 2929 4171 2254 2638 1510
DO @gny 7.01 9.81 8.53 8.43 0.65
Eh (v 429 746 653 706 107

T o 14.6 25.3 20.4 19.9 2.96
Sulfate e 9.8 3359 1548 1817 1168
Acidity e cacos) 718 1420 1065 1113 234

Alkalinity gmg/1. cacos) 52.7 81.0 68.9 77.6 12.8
Fe tua in) 0.02 65.7 19.6 21.7 18.0
Al ey 0.10 174 90.9 98.7 69.3
K gy 0.90 2.30 1.28 1.10 0.40
Mg gy 8.20 329 159 179 115

Mn (g 0.01 23.5 12.2 14.8 9.27
Si (mgy 3.90 44.7 25.4 31.7 16.4
Ca @y 11.8 98.8 54.9 70.8 32.8
Cd gsm 2.00 38.0 16.4 17.0 18.7
Co s 2.00 435 216 277 161

Cu s 2.00 9300 4084 5430 3116
Na g 18.3 37.0 28.7 32.7 7.22
Ni ey 5.00 307 162 200 114

Pb s 10.0 100 30.7 10.0 27.9
Zn g 5.00 20700 7455 4740 7777
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Spatial variations in the hydrochemical parameters were observed across the mining
complex (Figure 2). At the initial sampling sites (T'S and NCS1), pH values were neutral (7.04
and 6.95, respectively). However, pH declined downstream, reaching acidic values (3.05 to 2.59)
at AMD-influenced locations (NSC2 to VI'2; Figure 1B). At the confluence of the Trimpancho
and Changa rivers, the pH increased to 6.47, continuing to rise in the Changa River, reaching
near-neutral values (8.27 upstream and 7.82 downstream of the confluence). Eh exhibited an
inverse trend, with higher Eh values corresponding to lower pH. Similarly, sulfate concentration
and EC increased after NSCI1, varying along the stream until CR_PLUME, where both
parameters sharply declined.
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Figure 2. Spatial variation of selected water physicochemical properties.

Ficklin's diagram was used to classify water samples based on dissolved metal
concentrations and pH (Ficklin et al., 1992; Figure 3). Samples collected from the Trimpancho
stream, except for NSC1, were categorized as "high-acid with high metal concentrations." In
contrast, TS and CR2 were classified as “near-neutral with low metal concentrations”, as they
are unaffected sample points. Similarly, NCS1, CR4, and CR_PLUME fall into the same
classification, likely due to mixing or dilution effects.
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Figure 3. Projection of water samples in Ficklin diagram.
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4.2 Mine wastes properties characterization

The properties of mine waste from the two waste dumps (VF and NSC) are presented in
Table 8. The VI waste dump primarily consists of slag, iron oxides, and silicates, with minor
sulfides. The average pH is 8.35 (ranging from 2.77 to 5.05), while EC averaged 324 uS/cm,
ranging from 11.2 to 1,296 puS/cm. The waste is composed of 47% sand, 44% silt, and 9% clay,
with textures varying from loam to sandy loam. The NSC waste dump exhibits higher sulfide
concentrations, leading to greater acidity (mean pH = 2.69, range: 2.42 to 3.60). The mean EC
is 2,063 uS/cm, reaching up to 2,920 uS/cm. The particle size distribution is 54% sand, 36% silt,
and 10% clay, with similar textural classifications to the VI dump.

Table 3. Physical and chemical characteristics of mine waste from the VF (TR) and NSC (TR6) dumps.

EC Particle size Textural Main
H i Classification ..
P (uS/cm) Clay Silt Sand FAO Composition
(<2 pm) (2-50 pm) (50-2000 pm)  (FAO 2006)
Minimum 2.77 11.2 5 19 23 Quartz,
Maximum  5.05 1296 16 62 76 Alugle?s:ilil;ates’
. & Mean 3.35 394 9 44 27 QLLoRggndy Goethite,
= loam, Silty loam, Chalcopyrite
~ Median 3.64 T4 10 45 49 Loamy sand Sphalgilite ’
Standard- 0.68 409 3 12 14 Galena,
deviation
Minimum 2.42 699 3 14 26 Quartz,
Maximum  $.60 2920 14 61 83 Aluminosilicates,
—~ L Sand Chalcopyrite,
O & Mean 2.69 2063 10 36 pa. | 04T, DAY Pyrite
% Eﬂi loam, Silty loam, Conia it,e
= Median 2.7% 2179 11 33 57 Loamy sand Jali“ogte ’
Standard- 0.26 708 3 12 14 Goethite
deviation

4.3 Photogrammetric Analysis
The total estimated volume of dispersed mine waste in the Trimpancho complex is
253 377 m®, with approximately 80% concentrated in the NSC mine site (Table 4). The waste

covers a total area of 86 035 m? with NSC once again being the dominant contributor.

Table 4. Total areas and estimated volumes of mine waste for each mining area within the Trimpancho

Mining Complex.
Mining area Option used in Total area Volume of waste
AGISoft Metashape (m?) (m?)
Nuestra Sefiora del
Carmen mine Best fit plane 49 583 197 569
(NSC)
La Condesa mine Best fit plane 16 097 26 501
(LO)
Custom Level Plane (based on

Trimpancho group the average lower elevations
(TG) § along thg base of the waste 18 303 Zr o7

dump)
Volta Falsa mine Best fit plane and Mean Level 2 052 2 200
(VI) Plane
Total 86 035 258 3877
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The results obtained for the slope map of the Trimpancho mining complex, located in a
steep-sided valley, show a topography characterized by a variety of slopes ranging from 0° to up
to 89° (Figure 4A). The slope has a heterogeneous spatial distribution dominated by moderate
to high slopes, especially along the mine waste dumps.

A closer examination of each mining area shows that in the NSC mine area, which includes
two waste dumps separated by a pit lake, reveals that the outer boundaries of the waste dumps
have very high slopes, exceeding 35° (indicated in red). However, the tops of the waste dumps
are relatively flat. The pit lake is characterized by slopes greater than 35° (FFigure 4A — NSC
mine). The LC mine is characterized by high slopes (red tones, >35°), especially on the outer
edges of the waste dumps and on the slope of the pit lake. The areas with lower slopes (0° to 15°)
are usually located at the top of the waste dumps or in areas subject to erosion (Figure 4A — LC
mine). In the TG mine, there is also a wide variation in slopes, suggesting a more irregular
surface (Figure 4A — TG mine). High slopes are predominant at the edge of the waste dumps,
highlighted by orange and red tones (>30°), while the upper part has smooth slopes (bluish to
yellowish tones, 0°-15°). The pit lake area shows sharp slopes (>35°), marked in red tones.
Finally, the VF mine has a predominance of gentle slopes, with extensive areas between 0° and
15°, shown in blue and yellow colors on the map (Figure 4A — VI mine). However, there are
scattered areas of higher slopes (25° to >35°) associated with piles of loose mine waste.

In addition to slope analysis, surface runoff flows, and accumulation zones were modeled to
create the flow and accumulation spatial distribution (Figure 4B). Thin blue lines represent the
primary surface runoft, while dark blue zones indicate areas of water accumulation, highlighting
depression zones and flow convergence patterns.

In the NSC mining area, due to the flat morphology, surface runoff is characterized by
scarce accumulation zones at the top of the waste dumps. Drainage from the slopes of the waste
dumps forms several water flows that converge on the main watercourse, the Trimpancho
stream. The pit lake receives runoff from the waste dumps and the main escarpment, which
under certain meteorological conditions will allow a drainage increase into the Trimpancho
stream, as observed at the NSC3 site. Therefore, the sampling sites NSC1 to NSC4 were
strategically selected to monitor runoft patterns and to assess water quality draining from the
waste dumps (Figure 4B — NSC mine). The LC mining area features two primary drainage
systems (Figure 4B — LC mine). The first system channels runoff from the waste dumps directly
into the watercourse, transporting sediments and potential contaminants. The second system
directs the surface runoft toward the pit lake, following the inner edges of the waste dumps. This
runoft accumulates in a depression, ultimately feeding into the pit lake. Additionally, a small
lagoon, separated from the pit lake by mine waste, has formed. This lagoon receives water
inflows from the surrounding waste deposits, further contributing to localized contamination.
Thus, the LC1 and LC2 sampling points were placed at accumulation areas, to monitor the
transport of potential contaminants upstream and downstream of the mining area.

In the TG area, the surface runoff exhibits two primary drainage zones: one that discharges
directly into the Trimpancho stream and the other into the pit lake. Drainage to the Trimpancho
watercourse carries rainfall runoft and potential contaminants from the waste dumps, as
evidenced by drainage marks on the escarpments (IFigure 4B — TG mine). The pit lake receives
drainage from multiple sources: of surface runoft from a forested area, which has minimal
influence from mine waste, and flow from the reactive waste dump. As in the previous mines,
water sampling was carried out in accumulation zones (TG1 to TG3), which receive runoff from
the waste dump. Finally, in the VI area, the flow map displays a well-defined drainage pattern,
with multiple flow paths converging toward a primary direction that consistently drains into
the Trimpancho stream, with sampling at VI'1 and VI2 (Figure 4B — VI mine).
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A | Slope map

NSC mine

Classes:
© Water sampling points m <. =5

B | Flow accumulation map

NSC mine

Legend:
© Water sampling points @ Biue continuous 20nes are areas of Nlow accunmulation N Blue lines ase flow lines of surface runoff

Figure 4. The slope map (A) and surface flow accumulation map (B) are superimposed on the aerial
orthomosaic.

5. Discussion

The combined analysis of water and mine waste composition, integrated with data from
the photogrammetric survey, enables a detailed characterization of the interactions among
topography, leachate circulation, and the potential environmental impacts of unmanaged waste
deposits at the Trimpancho mining complex. The integration of UAV-derived spatial data with
chemical and physical measurements allows for a more comprehensive understanding of

contaminant dispersion dynamics.
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For instance, high-resolution DSMs generated from UAV imagery helped identify steep
slopes and surface drainage pathways—key geomorphological features that influence the
distribution patterns of pH, EC, and metal concentrations in surface waters. By spatially
correlating these measurements with mapped terrain features, it becomes possible to directly
associate contamination hotspots with erosion-prone zones, leachate flow paths, and dump
configurations.

This integrated approach provides two main advantages: (1) it offers clear visual evidence
of the spatial relationships between landscape and contamination, and (2) it establishes a
geospatial analytical framework that enhances the interpretation of point-based water quality
data within a broader environmental context.

The physical-chemical characterization of surface water collected in the Trimpancho
stream shows a typical pattern of waters affected by AMD, evidenced by low pH, high EC, and
relevant concentration of metals and sulfate (Nordstrom, 2011).Water samples from NSC1 to
VI'2 were collected in water accumulation areas that receive flow from the waste dumps (Figure
4), thereby reflecting the influence of mine waste leaching on the hydrochemical composition.
The geochemical reactivity of mine waste is reflected by its physical-chemical properties, such
as pH and EC. The spatial distribution of pH and EC of the NCS and VF and their consequent
reactivity are represented by Voronoi polygons on the orthomosaic Figure 5. The class intervals
for pH and EC were defined using the equal interval method, applied separately to the VI and
NSC datasets, to represent the full range of measured values in six evenly distributed classes.

Although direct measurements of surface runoff quality were not available for each mapped
polygon, pH and EC values obtained from mine waste sampling points provided valuable insight
into the potential for acid generation and contaminant mobilization. When combined with the
spatial distribution of water sampling points along the stream and surface flow patterns inferred
from flow accumulation models, these data support the identification of relationships between
waste type, geochemical reactivity, and the resulting impacts on water quality. The NSC dump,
rich in sulfides, exhibited high geochemical reactivity (Figure 5 A and B), favoring AMD. This
process enhances the mobilization of metals such as I'e, Al, Mn, and Zn, with relatively high
concentrations observed at sampling points NSC2 to VIF2. The data indicates very low pH
values along the Trimpancho stream (pH<38.0) and high sulfate concentrations, reaching up to
3,359 mg/L. The high water EC values support the assumption of intense leaching processes.
Additionally, the fine particle size of the NSC dump materials, composed of 10% clays and 36%
silt, further facilitates metal dissolution due to the increased surface contact with water,
promoting contaminant mobilization in the water system (Erguler et al., 2014; Lemos et al,,
2021; Cénovas et al., 2023).

In contrast, the VI waste dump, predominantly composed of slag and iron oxides, exhibits
lower reactivity, with an average pH of 3.35 and EC of 324 pS/cm (Figure 5 C and D). However,
despite its lower reactivity, the influence of mine waste remains evident in the water quality
samples collected along the mainstream, except at NSC1 and CR_PLUME, which are in mixing
zones and where dilution effects were observed. The Ficklin’s diagram’s classification of water
samples (Figure 3) further supports these observations. Samples collected from the Trimpancho
stream, except for NSC1, were classified as "high-acid with high metal concentration". In
contrast, NSC1, CR4, and CR_PLUME were classified as "near-neutral with low metal
concentration", likely due to mixing or dilution eftects. NSC1, located upstream of the first waste
dump (Figure 1B), has a relatively lower pH (6.95) than the unaffected sampling point T'S (pH
7.04), reflecting the effect of mixing fresh water with leachate from NSC waste. A similar process
is observed at CR_PLUME, located at the confluence of the Trimpancho stream with the Chanca
River, which results in a pH increase due to dilution effects.

In addition to the reactivity of the waste, the hydrochemical characteristics of the water
system are also influenced by regional geomorphology and weather conditions. These factors
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are key drivers of contaminant dispersion through both surface water and wind-driven pathways
(Sims et al., 2013; Doumas et al., 2018; Barroso et al., 2021), directly affecting the transport of
solid waste and the mobility of associated metals from the dumps into the hydrological network.
The UAV-based photogrammetric survey identified critical zones where slope gradients
frequently exceed 35° (Figure 4), a condition strongly associated with increased erosion risk
(Sénchez-Donoso et al., 2019; Martin-Veldzquez et al., 2022).

According to Sanchez-Donoso et al. (2019), steep and unconsolidated slopes are highly
susceptible to erosion features such as piping and gully formation, especially in areas with low
compaction. Although compacted tailings may initially appear stable, repeated wetting and
drying cycles common in semi-arid regions can gradually weaken their structure. This
vulnerability is exacerbated by intense rainfall and dry summers, which favour both water and
wind erosion (Doumas et al., 2018; Martin-Veldzquez et al., 2022). Older tailings, typically less
compact and more heterogeneous, are more prone to surface runoff, while finer and more
uniform modern tailings tend to be affected by wind erosion. The absence of vegetation and
protective surface layers, particularly on steep terrain, further increases erosion risk. This is
consistent with field observations, such as erosion channels and waste accumulation along the
watercourse, which confirm the high vulnerability of these materials to mobilization.

The spatial variation of pH, EC, Eh, and sulfate concentrations along the watercourse
(Figure 2) are in good agreement with the observed runoff patterns. Surface runoff
accumulations coincide with steep waste deposits, significantly contributing to contaminant
dispersion. The Trimpancho stream exhibits a progressive decrease in pH, increasing EC and
sulfate concentrations downstream, further enhancing the influence of mine waste leachates.
However, the sharp decrease in EC and sulfate concentrations at CR_PLUME suggests a
dilution eftect due to the confluence with the Changa River, referred earlier, demonstrating the
interplay between hydrology and contaminant transport.

The instability of waste dumps in these areas can also lead to landslides and partial
collapses, exacerbating metal mobilization into the water system. Additionally, the relationship
between steep slopes, erosion hotspots, and surface drainage intensity is critical in material
transport rates, accelerating the leaching of metals like I'e, Al, and Mn. The accumulation of
contaminated sediments along the watercourse, caused by surface runoft, contributes to the
enduring degradation of the Trimpancho stream and the contamination of the Changa River.
The extent of this impact was estimated by calculating the contaminant load carried into the
Changa River. This estimation was based on the concentration of dissolved metals in surface
water, the surface area of each waste dump, and the average annual precipitation in the region
(Ostalé, 20145 Fortes et al., 2021). By combining these variables, it is possible to obtain an
approximate value (in kg/year) for the contaminants in analysis, that could be mobilized
through rainfall-driven leaching processes (Figure 6). Although simplified, this method provides
a useful first-order indication of contaminant release potential, particularly in abandoned mine
sites where direct flow measurements are often unavailable.

The four mining areas contribute differently to the overall load to the mainstream, influenced
by factors such as waste volume, geochemical composition, and location within the hydrographic
network. The NSC mine, located upstream and containing the largest volume of waste (197 569
m?), is the primary source of contamination with the highest annual loads of sulfate (1.05x10°
kg), Al (5.40%x10° kg), and Fe (2.05x10° kg). Significant amounts of Mn (7.34x10? kg), Cu
(2.91x10% kg), Ni (9.59%10° kg), and Cd (6.87x10"' kg) are also detected, reflecting the high
sulfide content and reactivity of the waste. The LC mine (26 501 m®) has lower but important
contamination levels, contributing 2.22x 10% kg of sulfate, with Al (1.29x10° kg), FFe (2.60x10*
kg) and Mn (1.86x10? kg) as the dominant metals. Cu (7.64X10"' kg), Ni (2.30x10° kg) and Cd
(2.23x 10" kg) are also present. The T'G mine, with a similar waste volume (27 107 m®), presents
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comparable values: sulfate (2.99x10* kg), Al (2.01x10° kg), Fe (2.79x10? kg) and Mn (2.50x 10
kg) are most prominent, followed by Cu (6.57x 10" kg), Ni (8.12x10° kg) and Cd (4.27x 10" kg).

Finally, VF2, which is located downstream and has the smallest waste volume (2 200 m®), has
the lowest contamination load, with sulfate (3.17x10° kg), Al (1.90x10? kg), Fe (2.80x10" kg),
and Mn (2.51x10" kg) as the main contributors. Cu (7.37><100 kg), Ni (8.06x101 kg), and Cd
(4.27x 102 kg) are significantly lower. Despite its lower individual contribution, VI'2 still plays
a role in cumulative downstream contamination, with persistent metal and sulfate inputs to the
Changa River.

17



Figure 5. Spatial distribution of pH and EC parameters from mine wastes represented by Voronoi polygons on an orthomosaic, for two waste dumps: (A
and B) NSC, and (C and D) VF.
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Figure 6. Annual contribution of sulfate and metals (kg/year) from each mine to the
Trimpancho stream, which flows into Changa River.

6. Conclusion

This study provides a comprehensive assessment of the environmental effects of the Trimpancho
mining complex, integrating UAV photogrammetry, water quality analysis, and mine waste
characterization. The findings establish a clear connection between mine waste composition,
topography, and water contamination, offering valuable insights for future monitoring and
remediation efforts. Key findings and implications include:

e  Water quality analysis confirms severe AMD, with low pH (2.59—-8.27), high electrical
conductivity (up to 4,171 pS/cm), and elevated metal concentrations (e.g., Fe = 65.7
mg/L, Al = 174 mg/L, Mn = 23.5 mg/L, Zn = 20.7 mg/L);
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e Contaminant dispersion follows the Trimpancho stream, affecting the Changa River, a
critical water resource for Portugal and Spain;

e Dilution effects in the Changa River reduce AMD severity, but contaminants persist,
emphasizing the need for long-term water quality monitoring;

e  Waste characterization reveals substantial differences in geochemical behavior between
the NSC dump and the VF dump;

e The NSC dump (80% of total waste volume) contains highly reactive sulfides, leading
to strong acid generation and metal leaching;

e The VI dump, composed mainly of slag and iron oxides, exhibits lower reactivity,
contributing less to AMD formation;

e UAV-based slope analysis identifies highly erodible zones (>35° slopes), particularly
around the NSC and LC waste dumps, where erosion accelerates metal and sulfate
transport into water systems;

e Surface runoff modeling highlights key flow accumulation zones, reinforcing the link
between topography and contaminant dispersion;

e UAV-derived photogrammetric analysis estimates a total waste volume of 253,377 m®,
with the NSC mine alone contributing 197,569 m?

e Geospatial analysis confirms that steep waste piles and uncontrolled disposal practices
exacerbate erosion, AMD formation, and contaminant spread;

e UAV photogrammetry proves to be a cost-effective, high-resolution tool for waste
volume estimation, erosion tracking, and hydrological mapping;

e The integration of remote sensing and field data provides a detailed spatial
understanding of mine waste and flow dynamics, offering a scalable approach for
monitoring other abandoned mining sites,

The study demonstrates the need for immediate intervention to stabilize highly reactive waste
dumps (especially NSC) and prevent further AMD formation. Erosion control measures, such
as vegetation cover and engineered barriers, should be implemented in steep slope areas to
reduce contaminant transport. Long-term water quality monitoring along the Trimpancho and
Changa rivers is essential to assess contaminant persistence and seasonal variations. Future
research should focus on testing remediation strategies, such as passive AMD treatment
systems, and evaluating their effectiveness in mitigating pollution.

This study also demonstrates the critical role of UAV-based monitoring in abandoned mining
site management, providing detailed contamination assessment and practical insights for
remediation planning. The findings contribute to the development of sustainable mine waste
management strategies, ensuring better protection of water resources and ecosystems in
historically mined regions.
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Environmental implication (maximum of 100 words):

This study highlights the severe environmental impacts of abandoned mine waste in the Iberian
Pyrite Belt. High sulfide content and steep slopes contribute to acid mine drainage,
contaminating downstream water bodies, including the Changa River. UAV-based
photogrammetry combined with hydrochemical data revealed critical hotspots for contaminant
mobilization. These insights are essential for prioritizing remediation strategies and guiding
sustainable management of legacy mining sites, especially in transboundary water systems at
risk.

The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper

Slope map

"\rirl\;»! Flow patterns

Environmental Monitoring of Mine Waste and Contaminants

Highlights:

e AMD confirmed, with pH as low as 2.59 and high metal concentrations and loads.

e Erosion hotspots on slopes >30° increase metal transport to water bodies.

e NSC dump shows higher leaching potential than VI, mainly slag and oxides.

e UAV Photogrammetry enables high-resolution mapping of waste and drainage patterns.

e Multi-method approach enhances monitoring, highlighting priority areas for AMD
mitigation.
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