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ABSTRACT 
Dynamics of mining sites are usually subjected to environmental and anthropogenic 
changes that translate into erosion in the long term and sudden changes in local 
topography at local and regional scales due to the setup of exploitation roads, dumpsites, 
backfilled or mined out zones. Assessing risks in relation to morphometric characteristics 
of mining sites is an important step in preventing site degradation or maintaining it under 
control during mining activities and after decommissioning. The study area is a former 
sulphur mine with an area of 4.76 km2, localized in the Căliman Mountains, Romania. 
The mine functioned between 1969 and 1997, reaching a peak in activity around 1980. 
The current study employs an integrative analysis of in-situ and radar satellite data with 
the goal of evaluating long-term (1953-2019) three-dimensional geospatial patterns in the 
morphology of the region associated with the impact of human and natural factors. In 
addition, the study aims to demonstrate the viability of using a satellite radar 
interferometry (InSAR) based DTM for monitoring the long-term response of the 
exploitation site to environmental changes after the mine was closed. For this purpose, a 
series of morphometric parameters such as hypsometry, relief energy, geodeclivity, 
length-slope (LS) factor, slope exposure and terrain fragmentation were derived from 
three digital terrain models of the study area using GIS techniques.  
Overall, the analysis of the topographic and satellite data confirmed changes in elevation 
in the area of study between 1953 and 2019 associated with human intervention and 
environmental factors such as erosion and landslides occurring especially in the post-
operatory phase. Also, the interferometric-based DTM proves to be a valuable tool for 
depicting changes in mining landscape topography at relatively high resolution, showing 
that for large and remote sites, the current satellite imagery easy accessibility and high 
availability can represent the most practical and least expensive solution for long-time 
monitoring.  
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INTRODUCTION 
Căliman Mountains are part of the western volcanic chain of the Eastern 

Carpathians, characterized by strong Neogene eruptions, currently with extinct craters, 
spread over a length of about 450 kilometres. The Căliman Mountains have a maximum 
altitude of 2100 meters, in Pietrosul Căliman Peak, a height that makes this massif 
dominate the entire region, as well as the group to which it belongs - the Central Group 
of the Eastern Carpathians. The area used to be an industrial hotspot due to sulphur mining 
activities in the sulphur quarry located on the northern slope of the massif, inside the 
caldera of the mountain. The mining activities took place between 1969 and 1997. At its 
peak activity, the mine employed 8000 people working over an area of 4.79 km2.  

Mining in general and especially open cast mining lead in most cases to severe 
environmental degradation. Sulphur extraction causes major landscape transformations, 
with several detrimental consequences such as soil erosion, landslides, acid drainage and 
high sediment loads as a result of abandonment (Demirel et al., 2011). The study area 
makes no exception from this scenario, suffering complex changes in the morphological 
features of the relief over time due to anthropogenic activity (Fig. 1).  Even after the 
cessation of mining activities, in 1997, the area was affected by repetitive landslides, land 
failures and soil erosion. In addition, solid waste piled in the form of huge overburden 
dumps are still present in the mining area in preserved forms (marked in red on Fig 1B). 

 

 
Figure 1 – Localization of the study area: the Sulphur mine in the Căliman Mountains, 
Romania. A. Căliman Mountains detailed representation. B. Suplhur quarry overburden 
dumps 

In general, mapping and evaluating the development of resource exploitation areas 
are difficult tasks because the areas affected are extensive and difficult to access. 
Monitoring exploitation area is a very important aspect in minimizing the negative impact 
industrialization can have on the surrounding environment. Moreover, a successful 
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approach requires frequent observations over long periods of time for differentiating 
human imprinted dynamics from natural ones. However, producing reliable up-to-date 
maps using classic monitoring techniques are time-consuming and costly. For instance, 
only two topographic surveys were conducted in the study area, in 1953 and in 1980, 
making regular periodic monitoring of the mine quarry evolution impossible.  

Nowadays, remote sensing data has become a preferred tool for monitoring 
extensive degraded areas thanks to its repetitive and multi-temporal characteristics. Used 
in association with Geographical Information Systems (GIS), the technique has proved 
versatile in assessing environmental and anthropic impacts in industrial degraded areas 
and their effect on the surroundings (Karan et al., 2016). Earlier works used remote 
sensing mainly for land use change detection (Prakash et al., 1998) and environmental 
impact in the mining areas (Charou et al., 2010). The current work presents a novel 
approach using remote sensing data for mining site monitoring. Instead of depicting 
traditional indicators of land degradation such as vegetation indices from optical satellite 
imagery, the current approach proposes the study of land morphology parameters using 
digital terrain models based on classic terrestrial surveys and remote sensing analysis of 
synthetic aperture radar data. Land morphology indicators such as slopes, orientation, 
exposure, drainage and elevation variations are reliable metrics for quantifying changes 
occurring in the landscape due to climate change and human intervention. Therefore, in 
the current study, we employ time-aware GIS analysis in order to track changes in 
morphometric indicators in three different time periods – before, during and after – the 
period during which the sulphur mine was operational.  
 

METHODS 

Over time, various topographic surveys of strategic/ military interests have been 
carried out on the Romanian territory at the national level. The products resulting from 
the surveys, maps and topographic plans are very important in the analysis of the 
geographical environment. The current study proposes the use of three-dimensional 
digital terrain models (DTM) for extraction of land morphology parameters at three 
different moments which are defining for the exploitation site life cycle: 1953 (in the pre-
operational phase), 1980 (fully operational phase) and 2019 (post-operational phase).  

 

     Figure 2 – Digital terrain models obtained from in-situ (1953 and 1980) and satellite 
remote sensing data (2019) 

 



 

 
Figure 3 – Morphometric parameters based on DTMs from 1953, 1980 and 2019 
(from left to right). A. Geodeclivity (Slope); B. Drainage map (Relief energy); 

C. Aspect; D. Radiation exposure. 
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The DTM from 1953 was extracted from topographic plans in the Lambert-
Cholensky projection, with a scale of 1:20000 m and a contour line equidistance that 
translated into a 20 m vertical resolution. The DTM from 1980 was based on the leveling 
network built and surveyed by the Military Topographic Direction of Romania in the 
Gauss-Kruger projection (Krasovski 1940 ellipsoid, Pulkovo datum). The DTM has a 10 
meters vertical resolution, equal to the contour line equidistance of the initial map.  

The most recent DTM, from 2019, was generated using interferometric Synthetic 
Aperture Radar (InSAR) techniques applied to Sentinel-1 radar imagery. Sentinel-1 
satellites are part of ESA’s Copernicus programme, through which the agency offers one 
of the most extensive radar imagery datasets in the world. The satellites acquire imagery 
on adjacent frames and paths with a temporal resolution of 5 days. Images acquired on 
adjacent paths cover to some extent the same area on the earth’s surface, offering the 
opportunity to exploit different geometry views for DTM generation (Marechal, 1995). 
Height estimation from pairs of SAR images is the expression of the phase difference 
between the scenes, expressed in altitude values. For this study, two images with a 
perpendicular baseline of 124 meters acquired 21 days apart (on 8 July 2019 and 1 August 
2019) were selected. The DTM extracted from satellite data has a resolution of 2.7x22m 
to 3.5x22m in range and azimuth respectively and a 5 m vertical resolution.  

 

 
Figure 4 – Length slope factor obtained from DTMs from 1953, 1980 and 2019 

 

RESULTS 
The three digital terrain models obtained out of in-situ and radar satellite data are 

presented below (Fig. 2). Based on the 3D models, a series of morphologic indicators 
were calculated using a GIS environment: geodeclivity or slope, relief energy or drainage, 
relief fragmentation, sun exposure and the Length – Slope (LS) factor (Fig 3, 4).  Out of 
the calculated morphologic parameters, geodeclivity represents one of the most important 
indicators for this study because it delineates areas prone to gravitational 
geomorphological processes due to steep slopes. In 1953, the land was uniform, with the 
steepest slope being around Negoiul Peak, since the mine was not present at the moment 
of the surveys. On the geodeclivity map made during the exploitation, it can be clearly 
observed the arrangement of the exploitation roads. In the DTM from 2019, the roads 
appear to have collapsed, and the base of the south-eastern slope was affected by 
denudation processes.  



 

Relief energy showed the most uniform dynamics of the landscape before the 
exploitation, but increased visibly during the operational phase in the area of the mine, 
reaching values of 375 m/km2. In 2019, the relief energy was maintained high, with some 
variations in values due to new erosion, landslide and collapse. Relief energy shows the 
same patterns with land fragmentation, which in the model from 1953 shows low values, 
while in 1980 and 2019 the mining area shows increased fragmentation.  

Sun exposure is also a predictor of erosion since high incoming radiation 
associated with steep slopes usually results in high erosion processes. In terms of radiation 
exposure, the south-eastern slope shows the highest radiation values and also the steepest 
slopes, which leads to very little vegetation being present. The LS factor is another 
indicator of areas most prone to erosion. In Fig. 4, it can be observed that the highest LS 
factor corresponds to slopes of the peak in 1953, exploitation roads inside the mine in 
1980 the base of the mountain in 2019. 

The changes in altitude between the DTMs are associated with erosion and are 
represented in Fig. 5. Because the datum of the Lambert-Cholensky projection used for 
the 1950 maps is unknown, a comparison between the DTM from 1950 and the other two 
models was possible only in terms of change patterns. Height variation rates between 
1980 and 2019 range between -8 m and 12 m, showing both erosion and accumulation 
processes 

 

Figure 5 – Height differences between 1980 and 2019 DTMs 

Throughout the exploitation period, the Nordic slope shows erosion enhanced by 
the development of exploitation roads. Their location on the slope triggered gravitational 
processes reaching towards a new equilibrium profile. These accelerated adjustment 
mechanisms also led to the altitudinal descent of the Negoiul Peak between 1953 and 
1980. In the post-exploitation period, this slope seems to have stabilized, only the glacis 
at the base of the 1600 m frame continuing the process of readjusting the equilibrium 
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profile also as an outcome of the absence of vegetation. Where present, vegetation is an 
important stabilizing factor with patches of forest and bushes. After the abandonment of 
the extraction quarry, accumulation processes of up to 10 m are visible at the base of the 
open slope.  

CONCLUSION  

The current study depicts three-dimensional geospatial patterns of a former important 
mining area in the Căliman Mountains, Romania. The process of deriving the dynamics 
of the regional landscape is based on building digital terrain models from in-situ 
measurements acquired before and during the operational phase and from satellite remote 
sensing data acquired after the exploitation phase. Although assessing morphometric 
parameters from DTMs is not a novel approach, the study not only proposes the use of 
satellite remote sensing data for generating the DTM, but also demonstrates the 
advantages of using Sentinel-1 data for this type of applications. Since Sentinel-1 imagery 
is covering the whole earth’s surface and is available for free, its exploitation shows high 
potential in monitoring remote areas such as open quarries located in the mountain.  
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