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Abstract 
The environmental impact of mining on landscape systems is well recognised. New technologies for landscape 

reconstruction have been developed and advanced in recent decades alongside the recognition of the 

environmental impact and resultant societal expectation of a restored and integrated post-mining system. 

A post-mining landscape requires physical stability (and, if present, chemical stability). Australia, the United 

States, Canada, Chile and the European Union, among others, have mine regulations requiring non-polluting 

post-mining landforms. We describe mine closure actions in Spain and Portugal (LIFE RIBERMINE project) that 

integrate two geomorphic landform design techniques: (a) GeoFluv–Natural Regrade, for unconsolidated sandy 

waste dumps in Spain and pyrite waste deposits in Portugal, and (b) Talus Royal, for hard-rock residual highwalls 

in Spain. SIBERIA landscape evolution modelling has been used to evaluate the erosional stability of post-mining 

geomorphic landform designs in Spain. Acid mine drainage (AMD) chemical stabilisation and remediation 

measures were combined with geomorphic landform designs in Portugal. Design procedures of LIFE RIBERMINE 

took place in the years 2019 and 2020, being constructed in 2020, 2021 and 2022. Design and construction 

phases were executed as planned, with minor deviations. The monitoring procedures (lasting until 2029) are 

intended to verify the real effectiveness of such solutions. The improvement of the water quality downstream in 

the demonstration site of Spain (Santa Engracia mine, Peñalén) will be quantified by measuring the sediment 

emission-immission to water bodies. Erosion rate (sediment yield) at the Santa Engracia mine previous to LIFE 

RIBERMINE was 353 t ha-1 yr-1. The target values after restoration should range between 4 and 15 t ha-1 yr-1, 

forecasted by the SIBERIA modelling and measured by monitoring similar geomorphic-based solutions at nearby 

mines. Regarding turbidity, suspended sediment concentrations (SSC) at a pre-rehabilitation phase were  

391 g l-1 and target values (baseline) are 24 g l-1. In Portugal (Lousal, Grândola), where AMD is the main problem, 

it is expected that the dissolved potentially toxic elements’ maximum concentration values of Pb (0.9 mg/L), Cd 

(0.5 mg/L), Zn (80 mg/L) and Cu (20 mg/L) are reduced to values at least closer to the values established by the 

Portuguese legislation for minimum water quality in surface waters (Pb – 0.05 mg/L, Cd – 0.01 mg/L, 

Zn – 0.5 mg/L, Cu – 0.1 mg/L). If the AMD treatment measures are effective, initial physicochemical values of 

pH (between 1.8 and 3.1) and conductivity (2.71–3.9 mS/cm) should also change to near common non-polluted 

water values (around pH – 7, conductivity – 0.75 mS/cm). LIFE RIBERMINE aims to significantly reduce mined 

land environmental contamination and to demonstrate the efficiency of a combination of some best available 

techniques for mine closure. The performance results can be used to consider applying the innovative 

rehabilitation and remediation designs to other mine locations, abandoned or active, elsewhere. These project 

remedies are expected to reduce post-closure expense and liabilities. 
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1 Introduction 

1.1 Physical and chemical stabilisation in mine rehabilitation 
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1.2 The LIFE RIBERMINE project 
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Figure 1 (a) Study area – location of the LIFE RIBERMINE sites in the Iberian Peninsula; (b) Intervention 

site at Lousal (Portugal), showing acid mine drainage downstream of pyrite wastes; (c to g) Santa 
Engracia mine (Spain); (c) Oblique aerial view of 1989 – a sidehill waste dump building process, 
close to completion; (d) Same site in 1990, rehabilitated with terraces (images by Paisajes 
Españoles); (e) Same site in 2020, showing 30 years of erosional evolution (image by DIEDRO). 
(f and g) Detailed comparison showing the severe gullying-badland erosion from 1990 to 2020. 
1990, image by Paisajes Españoles. 2020, image by DGDRONE; (h) Solid suspended sediments 
entering the fluvial network downstream of the Santa Engracia mine 

Plenary session one
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Figure 2 3D view of the Santa Engracia mine area in 1956, before the excavation and waste dumping 

transformation. Yellow dotted lines, areas transformed by mining. The small polygons are the 
waste rock dumps and the large polygon is the pit and in-pit waste rock dump. Blue lines, 
drainage network. Red line, divide, before the mine. From 1980 to 1990, both elements were 
obliterated by the mining activity. Finally, they are being restored within the geomorphic 
landform design of LIFE RIBERMINE (see Figure 3). Reconstruction from aerial photo restitution 
by JA Mezo Ortiz and I Zapico 
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Figure 3 (a) Reference area; (b) GeoFluv–Natural Regrade landform designs for Peñalén (Spain); 

(c) Reference area (photo by Alvaro Pinto); (d) GeoFluv–Natural Regrade landform designs for 
Lousal (Portugal) 
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Figure 4 (a) Typical hillslope profile of the surroundings of the Santa Engracia mine (Spain) at the Alto 

Tajo Natural Park; the limestone strata form ledges with vertical shape, whereas the marls and 
silica sand layers are shaped in a talus topography; (b) Proposed geomorphic landform design 
following the Talus Royal method, replicating the natural landforms of figure (a): (1) silica sand; 
(2) and (4) marls; (3) and (5) limestone; (c) Homogeneous-vertical pre-restoration profile of the 
upper part of the residual highwall of Santa Engracia mine, to be re-shaped as (a) following the 
(b) design. (a) and (c) images by DIEDRO 

�
Figure 5 Digital elevation model outcomes of the erosion modelling with SIBERIA of the external (west) 

waste rock dump at Peñalén (Spain) at 10 (top) and 100 years (bottom) 
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Figure 6 Chemical stabilisation measures at Lousal (Portugal). Notice how the soil cover amendment and 

the open limestone meandering channels are adapted to a ‘natural’ landform design, addressing 
only lateral subsurface, return and surficial flows. The limestone drapes both bankfull and flood 
prone channel sections. Figure redrawn by Javier Lillo, after a schematic diagram by Cristina 
Martín (Sánchez-Donoso et al. 2021) 

4 Implementation 
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Figure 7 Images of the construction phases: (a) Bulldozer and excavator sculpting a valley in Peñalén 

(Spain); (b) Bulldozer spreading topsoil (carbonatic colluvium) and regrading a zig-zag valley in 
Peñalén; (c) Meandering channel staked out for building in Lousal (Portugal); (d) Backhoe 
excavator spreading limestone gravel (soil cover) at Lousal; (e) Building process of an open 
limestone meandering channel at Lousal 
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Figure 10 Evolution of the external waste dumps of the Santa Engracia mine (Peñalén, Spain). (a) Scenario 

close to mine closure; (b) After initial rehabilitation (images by Paisaje Españoles); (c) After 
30 years of erosion (image by DIEDRO); (d) After geomorphic regrading and organic mat 
installation (image by MA Langa); (e) After 1.5 years of new geomorphic-based intervention, 
showing stability against erosion (image by DIEDRO) 

Geomorphic landform design, landscape evolution modelling and
geochemical stabilisation for mine closure at the LIFE RIBERMINE project, Spain and Portugal

JF Martín Duque et al.
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Figure 11 Evolution of the intervention area in Lousal (Portugal). The position of the rehabilitated area at 

the head of the artificial wetlands can be seen at the November 2021 photo. Photos by Bruno 
Gonçalves and Centro Ciência Viva do Lousal 

5 Indicators and monitoring 
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Figure 12 Monitoring procedures deployed to measure and quantify the improvement of water quality 

from the restored mined areas within LIFE RIBERMINE. (a) Check dams to measure total sediment 
yield (Peñalén, Spain); (b) Syphon bottles to sample SSC (Peñalén, Spain); (c) Installation of 
piezometer at Lousal (Portugal) to monitor water table and to take water samples; (d) Detail 

Geomorphic landform design, landscape evolution modelling and
geochemical stabilisation for mine closure at the LIFE RIBERMINE project, Spain and Portugal
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