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ABSTRACT: Recently, the deposition of mine tailings as dewatered and thickened paste has gathered more popularity. However, 
limited research is available with regards to the effects of cold climate on paste tailings deposition. Remote sensing measurements 
were performed at a Finnish paste tailings impoundment with the aim to further our knowledge on paste behavior in cold climates and 
simultaneously explore the applicability of unmanned aerial vehicles for impoundment-scale monitoring. A vertical temperature 
profile of tailings throughout winter was also measured in situ and samples were collected for laboratory testing. Particle-size analysis 
and soil suction tests indicated that the studied tailings are highly frost-susceptible, which was confirmed with frost heave       
measurements. Remote sensing allowed generation of high resolution digital elevation models and mapping of the tailings  
displacement between September 2015 and August 2016. The general trend of the displacement indicates tailings settlement 
throughout the impoundment. However, the actual rate of settlement remains unclear due to data uncertainties, which has  
prompted further measurements to be performed during summer 2017. 

 

1  INTRODUCTION 

Mining produces vast amounts of waste. A large portion of the 
waste is composed of tailings, i.e., worthless mineral extraction 
by-products that mostly consist of ground rock and process 
effluents. The generated tailings are typically deposited into an 
impoundment within the mining site. Tailings have traditionally 
been discharged as a slurry, but more recently the deposition of 
tailings as a dewatered and thickened paste has gathered more 
interest.  

Regardless of the deposition method, the large volume of 
tailings produced and the ever-stringent regulations place high 
pressure on proper design and management of the disposal 
procedure. The behavior of tailings in itself is a very complex 
issue that can be affected by flocculation, sedimentation, 
consolidation, segregation, deposition, freeze-thaw, and 
desiccation phenomena (Ahmed and Siddiqua 2014). As such, 
the utilization of modern remote sensing techniques to support 
traditional geotechnical measurements in an impoundment-scale 
monitoring of tailings could benefit the management of tailings, 
and improve our knowledge on tailings behavior. 

2  BACKGROUND 

Compared to traditional slurry deposition, numerous advantages 
are claimed for paste technique such as increased deposition 
angle, decreased land footprint, less frequent need to raise 
embankments, less seepage and stability issues, and less 
segregated material (Tacey and Ruce 2006). However, limited 
research is available on the effects of cold climate conditions on 
paste tailings, although these conditions are expected to affect 
parameters such as deposition slopes and strength development 
(Alakangas et al. 2013). 

Freezing temperatures may raise issues such as formation of 
permafrost within the impoundment; permafrost can increase 
tailings strength while it remains frozen, but upon thawing (e.g., 
due to climate change or particularly warm summer) it can have 
severe consequences to the stability, especially in case of 
upstream embankment raising (Alakangas et al. 2013). 
Furthermore, repeated seasonal freeze-thaw cycles can also 
affect geotechnical properties of the paste. Freeze-thaw can 
improve tailings consolidation and strength if the excess water 

resulting from thawing is drained; however, if drainage capacity 
is low, the development of excess pore pressure may result in 
instabilities upon thawing (Knutsson et al. 2016). Tailings 
properties, such as water content and particle-size distribution, 
can vary significantly between mines and even within one mine, 
depending on e.g. ore type, and enrichment and thickening 
processes. All these factors have a considerable effect on the 
frost-susceptibility of the material. 

It is evident that the effects of cold climate should be 
considered already when selecting between different tailings 
deposition techniques (Knutsson et al. 2016). Impoundment 
management should also account for possible formation of 
frozen pockets when planning for tailings discharge locations 
and scheduling. The embankment design should accordingly 
provide enough storage capacity and freeboard to prepare for 
possible sliding masses in case of thaw-related instabilities 
(Knutsson et al. 2016). 

3  MEASUREMENTS 

As part of an ongoing research project concentrating on the use 
of remote sensing techniques to monitor mine environments, 
measurements were performed at a paste tailings impoundment 
of a Finnish gold mine site where the production had been 
halted due to a decrease in the gold price. Because of the 
location of the mine, a few hundred kilometers south of the 
Arctic Circle, and the production stoppage, we had the 
opportunity to monitor “undisturbed” paste tailings year-round 
in a region where the daily temperatures remain below 0 °C on 
average ~100 days per year. Since the mine is rather small and 
the production was short-lived, the studied impoundment only 
covers a small area of ~0.5 km2 with an average tailings 
thickness of 5 m. 

The purpose of the measurements was to demonstrate the 
use of unmanned aerial vehicles (UAVs) to monitor paste 
movements (e.g., settlement) and simultaneously further our 
knowledge on paste behavior in a cold climate. Digital images 
were collected using fixed-wing UAVs carrying a digital 
camera, and the Structure-from-Motion photogrammetric 
technique (Westoby et al. 2012) was utilized to produce 
orthomosaics and digital elevation models (DEMs) of the 
tailings surface during field campaigns in September 2015 and 



Proceedings of the 6th International Young Geotechnical Engineers’ Conference (iYGEC6) 

August 2016. Due to logistics and scheduling, the UAV 
operator and the utilized UAV, camera and flight altitude 
changed between the campaigns. 

In addition to remote sensing, temperature sensors were 
installed in situ (every ~15 cm to a depth of ~2 meters) to 
measure the vertical temperature profile in the paste. Also, 
samples were collected for particle-size analysis, soil suction 
tests, frost heave measurements, and rheological testing. The 
frost heave measurements were performed with custom-made 
equipment similar to the “LTU apparatus” described by Zeinali 
et al. (2016). 

4  RESULTS 

The tailings at the study site were classified as sandy clayey silt 
(EN ISO). Both particle-size analysis and soil suction tests 
indicated that the material is highly frost-susceptible. The high 
frost-susceptibility was also confirmed with frost heave 
measurements, which indicated heave rate of 16.4-16.7 mm/day 
during the first 8 hours of the freezing test. The frost heave ratio 
was 0.2 after 48 hours. The in situ temperature measurements 
indicated that the 0 °C isotherm reached a depth of 60-70 cm 
during the 2015-2016 winter, which is around 20-30 cm deeper 
than the measured frost depths for natural soils in the region as 
provided by the Finnish Environment Institute. On the other 
hand, the depth was much less than expected based on 
knowledge and calculations of similar situations (e.g., Knutsson 
et al. 2016).  

As a result of the 2015 UAV campaign, a DEM of the 
tailings surface with a ground resolution of 20 cm/pixel was 
produced. During the 2016 campaign, the flight altitude was 
decreased from 300 meters to 150 meters and a higher quality 
camera was used, resulting in a higher quality DEM with a 
resolution of 10 cm/pixel (see Figure 1). The acquired data 
clearly highlights the surface topography, which is formed 
when the discharge location is moved within the impoundment. 
The acquired data resolution can be considered as more than 
sufficient for volume calculations, slope measurements, and 
other impoundment management operations. 
 

 
Figure 1. Tailings surface elevation (relative to datum) as acquired from 
the UAV measurements during August 2016. The surrounding 
embankments have been clipped out to highlight the elevation 
variations on the actual tailings surface. 

 
Comparison between the generated DEMs allows the 

generation of a displacement map for the tailings surface 
(Figure 2). The general trend of the displacement shows tailings 
settlement throughout the impoundment, as expected, but there 
are few areas of apparent ~10-20 cm surface uplift. However, 
comparison of the data in areas outside the impoundment, 
where no displacements are expected, indicates that the vertical 
uncertainty can in some parts be up to ±20 to ±30 cm. Thus, the 
apparent uplift is within the expected uncertainty. 

Some areas of apparently large settlements can be explained 
by the lower resolution of the 2015 dataset. This is due to the 
fact that the 2015 data cannot resolve features (e.g., draining 

patterns, crowns of dead trees) as detailed as the 2016 data. 
Since the displacement is calculated from the difference 
between the elevations, these areas end up showing high values 
of displacement. Largest apparent displacements up to 90 cm 
are seen on the eastern side of the impoundment. However, 
these unexpectedly large values are most likely related to the 
lack of ground control points in the eastern area, which causes 
inaccuracies to the data processing. 

 

 
Figure 2. Tailings surface displacement between September 2015 and 
August 2016. Positive values indicate settlement. 

5  CONCLUSIONS 

The paste tailings at the study site were found to be highly 
frost-susceptible, which should be accounted for in the 
impoundment management (e.g., discharge locations and 
scheduling). The use of UAVs for elevation mapping proved to 
be a rather straightforward approach, which could be easily 
incorporated to impoundment management. With regards to 
displacement mapping, the acquired data accuracy was found to 
be less than desired. However, the accuracy could be greatly 
improved with more ground control points. The acquired 
experience has prompted us to modify measurement guidelines 
and schedule further UAV measurements at the site during 
summer 2017. Also, the displacement map acquired from the 
2015-2016 measurements is used in targeting geodetic 
measurements to areas where large settlements were seen in 
order to validate the results. The current goal is gathering 
further information and working towards eventually being able 
to model paste behavior. 
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