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Abstract 

Boliden Aitik mine in northern Sweden is one of the largest copper mines in Europe and the mining 

operations are planned to continue until reaching a depth of 645 meters. With increasing depth and 

open surface area, the amount of water managed constantly increases and the large amount of in-pit 

water has negative implications for mine operations. 

Due to the planned expansion of the mine, new economically and technically feasible solutions for 

water handling in the open pit are being studied. This MSc project is part of a larger conceptual study 

to develop a future water management system for Aitik mine and it is focused in the current 

situation of water in the open pit and its vincity.  

The objectives of the study involve the development of a hydrogeological model of the mine by using 

Leapfrog Geo software. The model needs to show the water table and the distribution of pressures, 

the characterization of the hydrogeology of the pit and the identification of the dry areas where 

ANFO explosive could be used instead of the currently applied emulsion potentially leading to a 

saving of mining costs. 

The pressures and data regarding the water position collected in the mine, the mapped seepages and 

the interpretation of the model provide an insight in the hydrogeology of the open pit. The 

conditions in the mine are characterized by a rock mass of low permeability where the groundwater 

current occurs under fracture flow conditions and the identified controlling components are the pit 

geometry, the geology, the presence of recharge sources and the most important parameter, the 

discontinuities, fractures and joint sets and their attributes. 

The main problem faced when developing the models was the shortage of information in some areas 

and the complete absence of data in other zones. Therefore, several recommendations are 

suggested in order to improve the model and obtain a more accurate and realistic representation of 

the water table and pressures.  

Finally, the use of the developed model is adequate in a short-term period due to the dynamic 

characteristic of the hydrogeological system. Consequently, as the exploitation continues and the 

open pit is expanded and deepened, the pressures and the water table will change accordingly, 

leading to the need of the updating of the model along the mine life. 
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1. Introduction 

The presence of water in open pit operations needs to be considered in mine design in excavations 

below the groundwater table. This involves hydrogeological characterization and the description and 

analysis of a complex system that is constantly changing throughout the mine life.  

Voluminous water inflow and seepages to active mine workings through the floors and along specific 

geological contacts and features causes accumulation of excessive water in the open pit. This in turns 

has negative implications like the reduction in the mining rate and in load and haul efficiency, the 

destabilization of excavation slopes and the need of using more expensive waterproof explosives. 

Moreover the presence of large water volumes requires the installation of advanced dewatering 

systems to allow the mining operations. 

Aitik is the biggest copper mine of Sweden and one of the largest hard rock open pits in Europe, 

being about 3 km long by 1 km wide and 450 meter deep. At present the production is of 38 Mton of 

ore and 32 Mton of waste per year. The plan is to continue mining down to depths 645m and thus 

increasing the mine with to almost 2 kilometers in length. With increasing depth and open surface 

area, the amount of in-pit water increases and the water-related problems are expected to magnify. 

The MSc thesis is part of a larger conceptual study to develop a future water-handling structure for 

Aitik mine. The purpose of the Water Management Program focus on the design and installation of 

an advanced dewatering system leading to improve the mining conditions, reduce pore pressures to 

achieve the slope designs and the reduction of recharge volumes. 

The main objective of the MSc study is the development of a model presenting the location of the 

water table and the distribution of pressures along the open pit. The software required by the 

company for the creation of this model was Leapfrog Geo software and the data used for its 

development was a compilation of historical data and the information collected by the 

measurements accomplished in the mine site.  

The analysis of the model leads to the second objective, the studying of the hydrogeological 

conditions at the open pit, the identification of the main determining factors for the current 

hydrogeological conditions in the mine and the study of further uses of the model and alternative 

methods in future operations.  

Finally, the presence of water makes difficult to improve production blasting practices and as a 

consequence emulsion has to be used in all blast holes drilled in Aitik. Therefore this study also 

analyses the possibility of using the model for predicting dry and wet zones in future operation areas. 

The determination of dry areas will potentially result in a saving of mining costs as ANFO could be 

used instead of the currently applied explosive.  
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1. Literature review 

This chapter provides a brief overview of the hydrogeological factors that determine the presence of 

water in the mine area and focuses in the case of crystalline rocks as Aitik mine is hosted by this type 

of bedrock. A section describing the main changes in the natural regional hydrology resulting from 

the surface mining activities is also included. Finally, a summary of the various and very damaging 

effects on surface mining operations is also covered, in particular the most significant groundwater-

related problem, the slope stability. 

1.1 Hydrogeological conditions in a surface mining operation 

The estimation of water inflow to a surface mining operation is one of the many components 

involved in mine design. The prediction of both surface and groundwater inflows can be developed 

by applying different analytical or empirical mathematical models (Singh & Reed 1988). However 

these mathematical methods are not a subject of this study.  

The parameters necessary to conduct an hydrogeological characterization on deep mining 

excavations below the groundwater table include the topography, the infiltration, the groundwater 

system and the precipitation and surface runoff that influence the groundwater recharge (Carroll & 

Badger 2013). These components form a complex system that is constantly changing throughout the 

mine life and the principal elements to be considered are given in Table 1 (summarized from Pells et 

al. 2007). 

Water sources Precipitation 
Runoff 
Groundwater inflow 

Catchments Surface water catchment 
Groundwater catchment 

Water extraction systems Sumps 
Wells 
Horizontal drains 
Drainage adits 

Temporary or permanent water storages Sumps 
Ponds 

Groundwater levels and pressures Groundwater table 
Interflow 
Transient pore pressures 
Partial pore pressures below the groundwater or level of saturation 

Hydraulically significant changes to the rock 
mass surrounding the open pit as a result of 
mining 

Fractured rock aquifer adjacent and sub-parallel to the pit walls 
(resulting from blasting) 
A movement zone surrounding the open pit with changed hydraulic 
conductivity and storage. 

Table 1- Principal elements considered in a hydrological cycle for an open pit mine (Pells et al. 2007) 

Moreover the flow regime depends on the type of conducting medium. In an unconsolidated 

sedimentary sequence where groundwater movement is through inter-granular pore spaces, flow is 

essentially linear. On the other hand, in a rock sequence in which it is the secondary processes like 

fracturing and faulting that provide the conducting medium, the flow is predominantly non-linear 

(Singh & Reed 1988).  

The main interest of the hydrological cycle in the context of water inflow to an open pit is on the 

distribution of precipitation as some of the water which reaches the land surface drains as surface 
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flow or runoff and some seeps down into the ground by infiltration. Part of the infiltrated water is 

added to the groundwater reservoir while part of the moisture from shallows depths returns to the 

atmosphere by the process of evapotranspiration (Singhal et al., 1999).  

The inflow of surface water to a mining excavation can be predicted by hydrological balance 

investigations of a mining catchment and can be reduced by the use of cut-off ditches running 

around the perimeter of the mine (Singh & Reed 1988). 

The groundwater inflow to the open pit is mainly a consequence of the interaction of groundwater 

system, hydrogeological characteristics of the rock mass and the mining geometry (Singh & Reed 

1988). The boundary between the saturated and unsaturated soil or rock, where the pressure in the 

pores is zero relative to atmospheric pressure, is the phreatic surface or water table. The shape and 

location of the water table will depend on the slope geometry, the permeability of the rock and the 

recharge from the surrounding rock mass (Sjöberg 1999).The point where it intersects the pit slope, 

which is also a pressure zero surface, is the top of the seepage face. The height of the seepage face is 

a function of the hydraulic conductivity and the horizontal-to-vertical anisotropy of the material 

comprising the slope (Hulstrulid et al., 2000). Figure 1 shows a flow net indicating the theoretical 

flow lines and the equipotential lines that describe the location where the hydraulic head (h) or 

phreatic surface is located.  

 

Figure 1- Groundwater flow system in a pit slope (modified from Pells et al. 2007). 
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The most significant property of a soil or rock with respect to groundwater flow is the hydraulic 

conductivity that in crystalline rocks, as they are generally fractured rock masses, heterogeneous and 

anisotropic, is almost entirely attributable to the fractures (Hulstrulid et al., 2000). Therefore, from 

the hydrogeological point of view, fractures and discontinuities are among the most important of 

geological structures as they create linear zones of higher secondary porosity that act as preferred 

channels of groundwater flow, facilitating the storage and movement of fluids through them.  

In the case of crystalline rocks, they are characterized by very low primary porosity and permeability. 

The typical porosity values are in the range of 0.1-1%, hydraulic conductivity varies between 10-6 and 

10-3 m/s and transmissivity with values within 0.1 to 100 m2/d (Singhal et al., 1999). Considering that 

transmissivity values are very similar in hard rock environments throughout the world and that 

weathering and fracturing can impart significant secondary porosity and permeability, natural 

groundwater typically depend on the prevailing climatic conditions and the geological setting (Krasny 

2002). Therefore in the case of arctic climatic conditions, the weathering profile present an negligible 

thickness determining that the occurrence and movement of groundwater is mainly controlled by 

fractures and other discontinuities (Singhal et al., 1999). Moreover, ice during winter can prevent 

groundwater from flowing into the open pit resulting in an increase of water pressures in the slope of 

the excavation (Sjöberg 1999). 

Various studies have shown that typically a rock mass contains a small number of highly transmissive 

fracture networks within a much larger network of lower permeability structures. Their hydraulic 

conductivity is more pronounced in the upper 200 or 300 m due to the near surface stress relief, 

rebound after glaciation and erosion and the nonlinear stress dependency of fracture apertures. 

Therefore, below a certain depth it is likely that most fractures are closed to their residual hydraulic 

conductivity, and that precipitation and dissolutions of minerals at depth can increase or decrease 

the hydraulic conductivity (Pells et al. 2007). 

Moreover no significant transmissivity differences on a regional scale have been demonstrated 

between most granites and the majority of metamorphic rock types, even though the former have 

often been considered more permeable. Therefore, possible small differences in transmissivity 

caused by their distinctive petrography (i.e. mineralogy and rock texture) are evidently masked by 

the more important influence of fracturing (Krasny 2002). Furthermore although crystalline rocks 

extend over large areas and to greater depths, due to structural controls it is unlikely that the flow 

system extends over long distances.  

The commonly developed landforms in crystalline rock terrains are, in increasing order of 

groundwater potential, structural hills, inselbergs, erosional valleys, pediments, buried pediments 

and valley fills (Figure 2) (Singhal et al., 1999). The main characteristic of the structural hills is 

presenting hard and compact rock units and just a limited infiltration can take place along weak 

planes like faults, fractures and joints and the groundwater may discharge as springs or seepages 

along the narrow valley portions. The condition of the inselberg is similar and with a small recharge 

area, steep slopes and the rock mass presents a lower permeability. Erosional valleys present also an 

insufficient groundwater potential as they are characterized by presenting unconsolidated material. 

The groundwater potential of pediments is limited due to the thin depth of weathered material and 

greater water-table fluctuation while buried pediments form potential zones for groundwater 

development. Finally, the valley fills are the most important landforms for groundwater development 

in a crystalline rock terrain (Singhal et al., 1999). 
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Figure 2- Schematic profile of landforms in a crystalline rock terrain (Singhal et al., 1999). 

The characterization of the fracture system is important in order to have a proper understanding of 

fluid flow and distribution of permeability through crystalline rocks (Singhal et al., 1999). The factors 

that control the groundwater flow through fractures are the orientation (strike and dip), frequency, 

aperture, roughness, fracture geometry, intersection, nature of filling, continuity, stresses and 

temperature. Fracture aperture and flow rate are directly interrelated and hydraulic conductivity 

through fractures is inversely related to normal stresses and depth due to the fact that normal 

stresses tend to close the fractures and, as a consequence, reduce the hydraulic conductivity (Singhal 

et al., 1999). Moreover, fracture permeability reduces with increasing temperature and it is also 

affected by age of exhumation and weathering. Parallel fractures provide a strong anisotropy to the 

rock mass while a greater number of more interconnected fractures tends to reduce anisotropy. 

Furthermore, larger fracture lengths, greater fracture density and larger apertures increase hydraulic 

conductivity (Singhal et al., 1999). Open joints and fractures which are not filled with weathered or 

broken rock material form potential passages of groundwater movement but their permeability is 

greatly reduced when filled with clayey material. The extent of alteration and type of clay minerals 

which are formed depend on the original lithology and composition of the parent rock, the tectonic 

history and the composition of the circulating water (Singhal et al., 1999). Therefore the 

hydrogeological bodies in crystalline rocks are strongly dependent on the age and character of the 

last important orogenesis and on the general geological development during the post-orogenic 

period as the permeability of fractures typically decreases through geological time due to different 

geological processes such as hydrothermal alteration, mineral precipitation and mechanical clogging 

(Krasny 2002). 

1.2 Changes in the hydrogeology due to surface mining 

Surface mining continually gains the advantage over underground mining due to its safer working 

conditions, greater mechanization possibilities and lower exploitation costs. However, open pit 

operations generate undesirable effects on the environment in general and groundwater in 

particular.  

The changes in the hydrogeology of the mining area occur during the life of the mining operation and 

after its closure. The long-term hydrological behavior of closed mine sites involves physical and 

chemical changes arising from mine abandonment and include the changes in the dynamic of pit 

lakes, the hydrogeological behavior of back-filled, former surface mine voids and flooded deep mine 
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voids, the discharges from flooded deep mines, the migration of contaminants in aquifers and 

streams and their environmental impacts, the longevity of pollution from abandoned mines and the 

changes on the hydrology of mine water wetlands (natural, volunteer and constructed)(Younger et 

al. 2002).  

This section describes the main changes in the natural hydrology caused by operative surface mining 

activities. In a regional scale, the dewatering techniques applied on the open pit activities conducted 

below the phreatic surface often result in impacts that could be divided in terms of quality and 

quantity (Younger et al. 2002). Therefore in the first case, the mine dewatering in general affects the 

quality of the water discharged from the mines to the surface reservoirs and the main quantitative 

impact involves the horizontal and vertical development of the groundwater table drawdown over 

large areas forming a widely developed depression cone that affects and changes the natural 

regional hydrological balance. Investigations of hydrological balance have indicated that within the 

range of the depression cone the surface runoff decreases by about 30%, groundwater evaporation 

by 100%, evaporation from the land surface by about 15%, while infiltration of precipitation 

increases by 70% and the underground runoff increases by 100% (Libicki 1982). Moreover, large-

scale surface mining can remove geomorphological features which previously played important roles 

as source areas for surface runoff resulting in an alteration of downstream watercourses (Younger et 

al. 2002). 

The effects of open pit extraction in a more limited scale involve the impacts on groundwater and 

surface water systems. In the first case, as surface mining excavates and manipulates previously 

intact rock, it induces considerable increases in permeability immediately around the void due to the 

stress release in response to bench extraction, which usually induces extensional fracturing in a 

circumferential belt of strata immediately surrounding an open pit. Moreover there is a loss of 

unsaturated zone storage due to the removal of intact rock (Younger et al. 2002). 

There are two major alterations of surface water systems, the interception of natural streams by 

open pits and the loss of natural runoff source areas. Therefore, it is good practice to divert streams 

that cross the site of an open pit around its perimeter during mining for several reasons even if the 

diversion of streams inevitably involves trauma for the aquatic life-forms inhabiting the affected 

reaches (Younger et al. 2002). First, if the stream is not diverted, it will be added to the pit 

dewatering burden increasing the dewatering costs; therefore it makes sound economic sense to 

prevent surface water flowing into open pit. Furthermore, when surface water flow through the 

open pit it will become contaminated, at least with silt and other suspended solids, if not with 

ecotoxic metals. Therefore it will be necessary to treat such waters to comply with the 

environmental regulatory emission standards. Moreover, if streams are allowed to fall into a pit only 

to be pumped out again, the natural continuity of the original stream will be lost creating potentially 

grave consequences for the natural migration of pelagic and benthic fauna and flora (Younger et al. 

2002). 

Finally the great economic and environment significance of all the impacts in the surface water 

system and in the groundwater table drawdown over large areas require a proper forecasting and a 

control plan. The current monitoring control in the mine sites includes the regular measurement of 

the groundwater table in a network of piezometers and the planning of damages removal according 

to the data collected (Libicki 1982).  
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1.3 Water related problems in surface mining 

Underground mining can be developed below substantial water bodies without inducing them to 

enter the workings. However it is not possible for a surface mine to excavate through a water-

bearing horizon without draining it, therefore open pit mines often have higher water content per 

ton of run-of-mine product than underground mines in the same sequence (Younger et al. 2002).   

Some of the main problems commonly associated with the presence of excessive quantities of water 

in surface mines are the water inflows to active workings like seepages, areas of diffuse ingress 

through the floors of mine voids or along specific geological contacts (Younger et al. 2002). Ingress by 

seepage at any point within a seepage zone may be imperceptibly slow, even though the overall 

quantity of water coming from the seepage zone as a whole may be very large in total. 

Other problems related to water are the extra costs of transporting loose wet rock which is heavy, 

slippery and prone to freezing and the resulting increase in equipment maintenance costs. 

Additionally problems include the discomfort of miners working in wet areas, the difficulties of 

operating automated extraction equipment where the floor has been softened by water and the 

periodic slowdowns due to pump failures or winter freeze up (Figure 3) (Younger et al. 2002).  

Moreover there is a need to use more expensive waterproof explosives and there is an occurrence of 

problems associated with processing wet ore like the material bind-up in crushers or excessive 

moisture content. The expense and inconvenience of water management in the mine site including 

drainages, sumps, pumping stations and the costs associated with gathering water to principal 

drainage sumps have to be considered. Furthermore, there are extra engineering costs, as there is a 

need for a specialized staff or consultants. 

Finally, the most significant groundwater-related problem is the destabilization of excavation slopes 

and the effect that water pressure has on the slope so it deserves some further discussion here. First, 

the factors governing large scale slope stability are the stress conditions in the pit slopes, the 

geological structure, the pit geometry and the rock mass strength. Therefore the effects of 

groundwater and the presence of large scale features (like fractures) are part of the complex 

mechanisms that govern failure both along discontinuities and through intact rock (Sjöberg 1999). 

The observed failure modes are plane, shear and wedge failures on a bench scale while circular shear 

failures and toppling failures dominate when increasing the observation scale (Sjöberg 1996). 

   

Figure 3- Slope failure modes (left) (modified from Sjöberg 1999)  and sunk truck into saturated haul roads at 
Foxleigh coal mine, Australia (right) (Dailymercury.com 2010). 
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The water present in the rock mass alters some minerals reducing the material strength of a filled 

discontinuity or the rock mass and erosion could also be observed. However these are secondary 

effects and the main consequence is that the rock mass located below the water table is subjected to 

groundwater pressure that reduces the effective stress at a given point leading to the reduction of 

the available shear strength (Figure 4). Pit slope failures pass through four stages of movement, 

viscoelastic response, creep, cracking and dislocation and collapse. These movements can result from 

multiple phenomena and these deformations of the pit slopes should be controlled. Moreover these 

initial stages of movement have great significance for the effective management of the slope and are 

very important for the hydrology of the rock mass. Therefore it is now common for many large open 

pits to undertake the monitoring of the slope deformation as an input to determine dewatering and 

depressurization measures (Pells et al. 2007). 

Water pressures in the discontinuities in a rock mass can act as additional driving forces reducing the 

effective stresses on such potential failure surfaces with a consequent reduction in shear strength 

(Younger et al. 2002). Moreover there is a coupled behavior between stresses and groundwater 

flows as the joint apertures depend on the normal stresses acting on the fracture surfaces. Therefore 

a slope that is being distressed close to the face will allow a higher flow of water in this area resulting 

in a change in the location of the phreatic surface whose consequence is a variation in the effective 

stress. On the other hand, an area with high compressive stress will present regions with lower 

permeability like at the toe of the slope (Sjöberg 1996). 

 

Figure 4- Typical drawdown due to mining of an open pit and  the effective stress state in a partly saturated 
slope (Sjöberg 1999). 

1.4 Leapfrog Geo software  

This section provides an introduction to the software applied for the creation of the hydrogeological 

model and its interpolation technology. Leapfrog Geo modelling software, developed by SRK 

Consulting and Applied Research Associated of New Zealand (ARANZ) was chosen for this purpose as 

it is the software currently used for the developing of models in Aitik mine. It is a user friendly tool 

for 3D modelling data and for the construction of boundary models that allows the development of 

conceptual models directly from drillhole, GIS and other historical data without the need for manual 

digitization. Moreover its new interpolation and modelling techniques allow the use of large datasets 
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and the rapid construction of models that are easy to update so multiple interpretations can be 

modelled and tested. 

Dynamic implicit models are developed by Leapfrog software when applying its 3D interpolation 

technology, FastRBF™(Leapfrog webpage, 2015). Implicit modeling is a method of mathematically 

fitting a surface to a series of known data points and the fitting process involves the interpolation of 

that surface between the known data points. Therefore the surfaces to be modelled are not 

constructed directly by creating and manipulating polylines and polygons as done in the traditional 

explicit method, but instead there are finite approximations of surfaces with infinite detail (Cowan et 

al. 2003). 

Interpolation is a method that produces an estimate or “interpolated value” of a quantity which is 

unknown at a point by combining the known values of the surrounding area. The simplest approach 

is to take the average value of all the known grades and then use this average value for the estimate. 

However this procedure is not ideal as generally speaking the estimated value should be more 

heavily influenced by values from samples that are closer than by those that are further away (cf. 

geostatistics). Therefore Leapfrog uses interpolant functions that define the importance of each 

sample based on its distance to the estimated point. There are two interpolants present in this 

software, linear and spheroidal and are similar to the variograms models used to perform Kriging 

(Leapfrog webpage, 2015). The linear interpolant assumes that data closer to the point to estimate is 

more important than data that is far away and the importance is inversely proportional to the 

distance from the estimation point so it is useful for sparsely and/or irregularly sampled data (inverse 

distance method). On the other hand, the spheroidal interpolant is slightly different as it flattens out 

when the distance from the point to estimate is greater than a defined distance called range. 

Therefore the data that is within the range is assigned with an importance based on the distance 

from the point to be estimated in the same way than in the linear method while the data that is 

further from X than the range is assigned roughly the same importance, i.e. these points will have 

roughly the same influence on the estimate no matter how far away they are (Leapfrog webpage, 

2015). In common cases, including when modelling most metallic ores, there is a finite range beyond 

which the influence of the data should fall to zero so the spheroidal interpolant function can be used 

when modelling in these cases (Leapfrog webpage, 2015).  

Scattered multidimensional interpolation is one of the most important and hard to solve practical 

problems as the opportunity of having a regular grid when sampling geospatial data is not very 

common (ALGIB webpage, 2015). Leapfrog interpolation tool FastRBF™ permits a 3D display of 

hydrogeological data using polyharmonic Radial Basis Functions (RBF) to create smooth surfaces 

from scattered data points, such as isolated samples collected from piezometers, drainages, 

production holes or seepages. This method was first introduced in the geological literature by Hardy 

in 1971 being one of the primary tools for interpolating multidimensional scattered data; and its 

ability to handle arbitrarily scattered data, to easily generalize to several space dimensions and to 

provide spectral accuracy have made it particularly popular (Wright 2003). Moreover, RBFs are well 

established set of methods used in scattered data interpolation, signal processing and artificial 

intelligence methods (D.Krom & Lane 2009). They are real valued functions involving that for a given 

set of data points and corresponding data values, a set of basic functions is chosen such that a linear 

combination of these functions satisfies the interpolation conditions (Wright 2003). To be more 

specific, the function is defined as:  
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Where, c is the i th center, x is locations in space (or space-time), w is a weight and function φ can be 

any one of a number of functions but typically is either, Gaussian, quadratic, or a type of spline 

function. Polyharmonic (thin-plate) splines function for φ are applied. The key factor in the 

application of a RBF is the determining the weights wi associated with centers ci, which is a straight 

forward optimization problem (D.Krom & Lane 2009). 

As a result, RBF interpolation represents the function as a sum of so-called basic functions, with 

linear weights in exactly the same way as the dual formulation of Kriging. The difference between 

them is that Kriging uses the covariance function obtained from the data in the form of variogram 

and RBF uses a basic function that is chosen from a standard set that includes a function 

corresponding to a linear variogram without a sill, the biharmonic function (Cowan et al. 2003). 

Therefore it is a valuable technique when the variogram cannot be obtained or where the 

assumptions of stationarity are not necessarily valid like when interpolating across different domains 

or in situations of sparse sampling (Cowan et al. 2003). 

To conclude with this introduction to Leapfrog software, some advantages offered by its implicit 

modelling and RBR approach over the traditional manual digitization include: 

 Being able to process sparse to very large datasets on a personal computer (Cowan et al. 

2003). 

 The ability to model complex geological objects of any shape and model wireframes rapidly 

directly from drillhole data without the need of time-consuming domaining or variography 

(Cowan et al. 2003). Moreover the rapid speed in which the modelling can be accomplished 

involves one to three orders of magnitude in time savings over manual digitization. 

 The models can be influenced by both the choice of high level parameters such as anisotropy 

while maintaining consistency with the data (D.Krom & Lane 2009).  

 Being able to identify grade trends that aid the identification of drillhole targets, directly 

from processing on non-gridded data (Cowan et al. 2003). 

 The models are consistent with the known data and can be automatically updated when new 

data comes to hand (D.Krom & Lane 2009). Implicit models can be rapidly updated as new 

drillhole data becomes available keeping the geological models dynamic, as the modelling 

methodology can now keep up with speed of data acquisition (Cowan et al. 2003). 

 The user can add manual interpretations (trends or a priori information) that are maintained 

separately from measurements, but are then merged in the model building process to 

produce a model consistent with both measured and interpreted data (D.Krom & Lane 2009). 

 Unlike manual digitization, implicit modelling allows the separation of interpretation from 

the process of surface generation. The ability to separate geological intuition from the 

modelling process allows multiple models to be constructed that are all conditional to the 

drillhole data (Cowan et al. 2003). 
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2. Aitik mine 

The aim of this chapter is to provide an insight of the history of the mine, its geology, the mining 

operations, the production and the current water management plan in order to have a global 

understanding of the hydrogeological conditions present in the open pit and mine site. 

2.1 Location and site description 

Aitik mine is the largest sulphide mine of Sweden, one of Europe’s largest producers of copper, gold 

and silver, and the biggest open pit operation in northern Europe (Wanhainen 2005). It is located in 

the southern part of the Northern Norrbotten ore district, about 60 km north of the Arctic Circle at 

latitude 67°07´N and 15km away from the town of Gällivare (Figure 5) (Marklund et al. 2007).  

The deposit was discovered in 1930 and the main ore minerals are chalcopyrite and electrum yielding 

copper, gold and silver and pyrite is the main gangue sulphide mineral present (Petropoulos et al. 

2013). The electromagnetic survey and the diamond drilling campaign carried out in 1933 indicated 

zones of low-grade mineralization but its exploitation became possible in the 1960’s thanks to the 

advances in mining equipment and technology. Therefore the production at Aitik started in 1968 at a 

rate of 2 million tons per year (Wanhainen 2005). 

The mine site covers an area of 15km long by 5 km wide with the tailings facility as the largest 

component with 13 km2 and the waste rock dumps occupy about 4 km2 (Lindvall 2005). The open pit 

is currently 3 km long, 1.1 km wide and 450 meters deep and about 600m south a satellite pit, 

Salmijärvi, of 1km long, 800 meters wide and 270 meters deep is located (Marklund et al. 2007). The 

ore zone presents an extension of 2500 x 300 m, strikes approximately N20°W and dips about 45° to 

the west (Petropoulos et al. 2013). 

The ore is characterized by presenting low-grade copper mineralization containing 0.22 percent 

copper, 0.15 g/t gold and 1.5 g/t silver (Macleod et al. 2012). Favorable waste rock conditions 

combined with the by-product metals ensure that in spite of the ore’s low copper, gold and silver 

grades, the mine’s cost position is healthy and capacity expansions have been carried out several 

times since the mine opened in 1968 and the production for 2014 was 39 million tons of ore, 67.7 

tons of copper, 54.8 kg of silver an 1.76 kg of gold (Boliden website, 2015). All of the copper 

concentrate produced at the mine is delivered to the Rönnskär smelter (Macleod et al. 2012).  

 
Figure 5- Map of Scandinavia showing the location of the Aitik mine. (Sjöberg 1999). 
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2.2 Geology 

The Aitik mine is located in one of the three major ore provinces in Sweden, the Northern Norrbotten 

Fe-Cu-Au ore province, a region that extends 200km in an east-west and 120km in a north-south 

direction (Figure 6) (Wanhainen 2005). The deposit is placed along the Kiruna-Ladoga shear zone, a 

major structure that marks the boundary between the Karelian and Svecofennian plates. The area 

around the deposit consists of Svecofennian intermediate metavolcanic rocks and clastic 

metasedimentary rocks. Relatively large intrusions of gabbroic bodies occur farther to the west while 

granitic rocks dominate to the east (Sjöberg 1999).  

The Aitik deposit is of mixed origin and could be described as a strongly deformed and 

metamorphosed porphyry copper-gold deposit related to a 1.9 Ga quartz monzodiorite, with at least 

160 Ma of post-ore modification, including an overprinting mineralizing event of IOCG-type at ca. 1.8 

Ga. Both the deposit and its host rocks were formed in a volcanic arc environment related to 

subduction of oceanic crust beneath the Archaean craton at 1.9 Ga (Wanhainen 2005). 

The ore grades less than 0.26% Cu and the main copper mineral in Aitik is chalcopyrite while bornite 

and chalcocite are present in trace amounts and the highest copper grades occur in the potassic 

altered biotite schist in the ore zone. Other ore sulphide and oxide minerals include pyrite, 

magnetite, pyrrhotite, ilmenite and molybdenite, where pyrite is by far the dominant sulphide 

(Petropoulos et al. 2013).  

The local structure is characterized by a syncline in the eastern part and an anticline in the western 

part with the deposit located in the western flank of the anticline and the mineralized zone is 

therefore dipping towards west (Sjöberg 1999).  

The primary porphyry copper mineralization is best preserved in the footwall and is characterized by 

the close association of disseminated sulphides and magnetite with early biotitization and K-

feldspatization resulting from the high salinity fluids released contemporaneously with the 

emplacement of the quartz monzodiorite and the quartz stockwork formation and that were 

responsible for the chalcopyrite-pyrite mineralization (Wanhainen 2005). 

The Aitik Na-Ca alteration and the IOCG-mineralizing event that involved the addition of copper and 

gold occurred about 100 Ma later, when eastward subduction resulted in compression, monzonitic-

granitic magmatism, ductile deformation, and tectonic block movements in northern Sweden that 

also affected the Aitik deposit (Wanhainen 2005). 

The deposit was poly-deformed by folding and ductile shearing, thrusting and brittle faulting 

resulting in four generations of deformation. Moreover the rock types within the deposit are strongly 

altered and the supracrustal and intrusive rocks have been metamorphosed at amphibolite facies 

conditions with the formation of andalusite and locally sillimanite in mica schist (Wanhainen 2005). 

Strong alteration in Aitik includes extensive biotitization and sericitization in the ore zone, 

accompanied by garnet porphyroblasts, quartz and pyrite (Petropoulos et al. 2013).   

The mining area is divided into footwall, ore zone and hanging wall, based on structural boundaries 

and copper grades (Petropoulos et al. 2013). The footwall mainly consists of quartz monzodiorite and 

feldspar-biotite-amphibole gneiss and the contact with the mineralization is not distinct, it is based 

on cutoff grade and it generally dips steeper on the footwall side and cuts through the stratigraphy 
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(Sjöberg 1999)(Figure 7). Stockwork veining occurs in the south-eastern part of the open pit, near the 

contact between the footwall and the ore zone (Wanhainen 2005, Figure 8). 

 

 

Figure 6- General geology of northern Sweden and the location of the Northern Norrbotten ore province. 

Archaean-Proterozoic boundary zone and failed rift are also shown (Wanhainen 2005). 

 

 

Figure 7- Geology of the Aitik Cu-Au-Ag deposit and its close surroundings. Local coordinates in meter 

(Wanhainen 2005). 
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The ore zone is 3km long and 500m wide, trends approximately north-south, dips 50° to the west, 

plunges to the north and extends to a depth of 800m in the northern part (Wanhainen 2005). It 

comprises fine grained garnet-bearing biotite schist towards the footwall, and quartz-muscovite-

sericite schist towards the hanging wall. Lenses of muscovite schists can sometimes be found closer 

to the footwall and up to 50 cm wide barite veins containing varying amounts of magnetite, 

actinolite, quartz, epidote, chalcopyrite and pyrite are spatially associated with the ore zone 

(Petropoulos et al. 2013). This rock unit presents significantly lower strength than the hanging wall 

unit, particularly in the contact between both zones (Sjöberg 1999).  

The hanging wall is dominated by fine-grained, banded feldspar-biotite-amphibole gneiss, ranging in 

composition from hornblende-banded gneiss to quartz-biotite gneiss farther out from the ore 

contact (Sjöberg 1999). The boundary with the ore zone is a major fault, a thrust contact subjected to 

intense shearing where a high alteration to k-feldspar and epidote could be observed in the rocks 

present at this distinctive economic ore boundary (Wanhainen 2005).  

Finally, pegmatite dykes are also observed in this deposit and are more frequent in the hanging wall 

and ore zone, where they occur both along strike (north-south) and cross-cutting the foliation. They 

often carry chalcopyrite and pyrite, and occasional molybdenite and range in thickness from 0.5 to 20 

meters (Petropoulos et al. 2013).  

 

Figure 8- Schematic cross section of the Aitik deposit area showing its present location in relation to the 

open pit. (Wanhainen 2005) 

2.3 Structures and joints 

According to Sjöberg (1999), the structural features at Aitik can be divided in discontinuities and 

joints. The former are large scale with a dimension similar to the pit and the latter are smaller forms 

that essentially affect the stability of individual benches.   

Several studies have been developed in order to determine the large scale discontinuities and, even 

if the exact location of potential large structures cutting across the pit and possible conductive zones 

have not been determined, a distinct anomaly striking NNW-SSE coincident with the Kiruna-Ladoga 

shear zone is found on the mine surroundings and major lineaments with strike directions ranging 

from N-S to N60°W have been identified in the area (Sjöberg 1999). Moreover, the results from 

mapping and drill core logging studies determined that there are E-W faults in the central and south 
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parts of the pit.  Therefore, the most dominant visible structure in the pit is the hanging wall thrust 

contact where the fault zone is fractured and sometimes presents clayey material as joint infillings 

(Sjöberg 1999). 

In the case of joints, the large number of such discontinuities in the rock mass makes it necessary to 

treat these in a statistical manner. Therefore different sets of joints were grouped according to 

similarities in geometrical and mechanical characteristics. An example of the major joints identified is 

shown in Figure 9. Sjöberg (1999) concluded that the most dominant foliation strikes nearly parallel 

to the orebody and dips towards the west. Moreover some joints present a larger length and the 

dominant one is striking perpendicular to the orebody and is steeply-deeping. Csicsek (2015) 

collected all the discontinuities mapped through all the mapping campaigns realized and determined 

that the more numerous joint sets present N-S direction and have a strong correlation with the large 

scale structures of the area. Sub-vertical joint sets were noted to be continuous over a scale of 10-

20m, cross-jointing occurs and five to six major joint orientations were observed in most slope 

sectors and many of the joint sets appear to be open with a minimal filling (Schlumberger Water 

services 2011). 

 

Figure 9- Principal joint sets mapped by Beyglou for Boliden in 2014, classified in primary and secondary 
families. 

2.4 Mining and production 

Mining in Aitik is done using traditional open pit mining with pushbacks where the ore is removed in 

form of horizontal slices. According to mining plan different pushbacks will be operated until 2043 

when the final open pit will reach to a depth of 645m in the north area, 540m in the south pit and 

270m in the Salmijärvi pit. Figure 10 shows the future pushbacks and some currently operating 

pushbacks like pushback 6, PB6 that will be mined until 2035 and pushback S1 that will be finished in 

2016. Pushback 7 and S2 are also shown and will be operated until 2036 and 2041, respectively. 
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Finally the last pushbacks, S3 and PB8, will be operated in the north west of Aitik reaching the 

bottom of the north pit by 2039. 

The slope design criteria applied in the mine is characterized by an overall slope angle for the 

footwall and hangingwall slopes of approximately 45°, a double bench geometry involving two 15 

meter high benches between each catch bench and a small drilling offset left between the upper and 

lower single bench (Figure 11) (Marklund et al. 2007). 

Production blasting is carried out with 311 mm diameter blast holes that have a depth up to 19 

meters and are drilled by five Atlas Copco pit viper PV 351 drill rigs and a smooth blasting is 

developed near final benches with 127 and 152mm contour holes (Marklund et al. 2007). The typical 

drill plan used in Aitik involves a spacing of 9m and a burden of 7m for production holes and a 

distance of 6m with the first contour row (Beyglou 2012). The contour holes are drilled with 4 and 5 

meters spacing and with a distance of 4,5m between rows as shown in Figure 12. Emulsion explosives 

and Nonel SL system, a nonelectric detonator, are used for blasting. Special trucks carry the emulsion 

matrix, ammonium nitrate, diesel and water to the benches and mix them beforehand charging. The 

general specific charge of production blasting is 1,02 kg/m3 (Beyglou 2012).  

 
Figure 10- Planned mine pushbacks 

 

Figure 11- Recommended catch bench design and currently used bench geometry for the northern footwall 

ot the Aitik mine (not to scale) (Sjöberg 1999) 
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Four shovels and 30 trucks are used to load and haul the blasted rock and transport the ore to the 

crusher and the waste rock to a waste rock dumpsite located to the north-west of the pit. The 

machinery is equipped with the positioning system Minestar (Macleod et al. 2012). 

There are three crushers, two in the open pit and one at the surface level and each of them have a 

capacity of up to 8000 t/h. The crushed rock is transported 7 km by a conveyor belt through an 

underground drift in the southern footwall to two stockpiles that feed the grinding mills (Macleod et 

al. 2012). The grinding process is operated through two grinding lines and each line consists of a 

primary autogenous mill and a secondary pebble mill in a close circuit where a screw classifier feeds 

the coarse material back to the primary mill (Beyglou 2012). After grinding the ore goes through 

flotation circuit. The copper concentrate grading about 28% Cu and trace quantities of gold and 

silver, is thickened, filtered and finally dried before transported by railway to Rönnskär smelter 

(Figure 13) (Macleod et al. 2012). The waste is pumped after thickening as suspension to the tailing 

pond. 

 

Figure 12- Current design of bench drilling in Aitik. (Beyglou 2012) 

 

Figure 13- Schematic ore flow from mine to smelter (Petropoulos et al. 2013). 
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2.5 Hydrogeological settings and water handling  

This section gives a description of the hydrogeological conditions present in the open pit and the 

surrounding areas and the current water management system applied in the mine site.  

2.5.1 Hydrogeological conditions 

The general conditions at a regional scale are defined by a sub-arctic climate characterized by cool 

summers, the predominance of precipitations from April to October and a snow storage prevailing 

from October to May with a short and intense snowmelt period starting on late April or early May 

(Hagedorn 2015). These factors define a landscape of boreal type with conifer forest where the soil 

consists of glacial till of significant depth predominantly heavily compacted and with low 

permeability (Lindvall 2005). Figure 14 shows the groundwater capacity of the bedrock and the soil 

strata and it demonstrates that the capacity varies widely within the region and in the mine area the 

groundwater capacities are very low as the bedrock is covered by 10 to 20 meters of moraine and 

peat. The alluvial deposit remains saturated through the year and seems to be decoupled from the 

bedrock groundwater system. The nature of this alluvium and a relatively flat topography determine 

that a big amount of precipitation is estimated to be lost by surface runoff and this loss is increased 

in summer due to the evapotranspiration (Schlumberger Water services 2011). Therefore the 

recharge of the groundwater is expected to be low and a 10-20% of the surface runoff is estimated to 

flow into the open pit (Hagedorn 2015).  

At excessive precipitation and snowmelt, water is discharged from the mine facilities to the receiving 

streams, the Leipojoki Creek, the Vassara River, the Lina River, the Ängesån River and finally, before 

reaching the Bay of Bothnia, the Kalix River. Discharge of water is possible, when necessary, also 

from the recycling water channel, to the Sakajoki River, which is reaching the Lina River a few 

kilometers downstream (Leupold et al. 2005). Figure 15 shows the location of the different facilities 

of the mine and the position of some of the natural water currents and lakes of the area.  

The latest studies reveal that most of the groundwater flow around Aitik is derived from local 

recharge; thus, the groundwater is likely to be localized close to the mining areas and that there is a 

lack of any significant regional-scale groundwater flow. Moreover, even if there is an interconnected 

site-scale flow along the main shear zone, a continuous flow will not occur along it for more than 

about 2 km away from the pit (Beale 2015). 

 
Figure 14- SGU regional groundwater map (SGU, 2015) 
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Figure 15- Schematic overview of the Aitik site showing the natural water currents (Lindvall 2005). 

The hydrogeological conditions at Aitik are fairly poorly known, complex and characterized by the 

groundwater flowing under fracture flow conditions. The first studies conducted by VIAK on the 

1980’s and 1990’s concluded that the south portion of the footwall is relatively impermeable while 

the northern area is considered more permeable and that the groundwater flow is controlled by 

large scale conductive zones around the pit (Sjöberg 1999). A structural analysis was also carried out 

in order to identify potential conductive structures. The orientation of the most conductive zones 

was estimated to be subparallel to the orebody and dipping 55° to 60° toward the west with an 

estimated spacing of around 100 meters. However the exact location of each conductive zone was 

not determined and no signs of such zones were found in the pit ends, where it was predicted to be 

exposed. Even if these findings were not verified (as the existing resources were used to implement a 

mine drainage program), they cannot be discarded as conductive zones were confirmed during the 

construction of the conveyor belt tunnel in the southern portion of the footwall; also, the drilling of 

three long core holes at a distance of around 200 meters from the slope face in the northern footwall 

allowed the testing of this hypothesis. The results showed that the depths were water was 

encountered in the different holes could be joined by a plane whose orientation agrees very well 

with the major hydraulically conductive orientations suggested (Figure 16, Sjöberg 1999).  

The lithology in the open pit is characterized by presenting a well jointed and generally permeable 

granitic rock where most of the joints are oriented sub-parallel to the orebody and are open and 

clean (Sjöberg 1999). Therefore, the permeability of the rock mass could be estimated around 10-

7m/s with larger discrete fracture zones associated with faults or geological contacts that show local 

permeability values several orders of magnitude higher than the specified. Although the dominant 

permeability envelope may be along the strike of the orebody, the groundwater flow system in the 

granite is likely to be compartmentalized by the dikes and cross faults. Generally, the rock mass 

exhibits relatively good drainage characteristics and low storage potential with an overall drainable 

porosity lower than 0.01 % (Beale 2015).  
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Figure 16- Interpreted conductive structure from drilling into the northern footwall in 1996 compared with 

conductive zones according to VIAK (1981, 1990, 1991) (Sjöberg 1999). 

The study of the data provided by the vibrating wire piezometers installed around the crest and in 

the upper slopes of the pit is increasing the understanding of the pit hydrogeology. The piezometers 

placed in the North and Northeast wall or Footwall area show a downward hydraulic gradient that 

implies sub-hydrostatic conditions in this area (Beale 2015). The pore pressure dissipation  observed 

in the footwall is generally good and there is no observable seepage except for the northeast corner 

where two fracture zones intersect and where on-going recharge is clearly occurring (Sjöberg 1999). 

Fully saturated conditions can be assumed for the northern hangingwall as the piezometers show 

much higher pore pressures in the hanging wall (West wall) and although some piezometer 

responses to horizontal drain holes, it is generally difficult to achieve depressurization and the 

responses are mostly subdued because of the on-going recharge. The pore pressure was estimated 

to be 700-900 KPa behind the lower PB6 and about 400-450 KPa pore pressure in the wall behind the 

toe of the slope above the PB6 operating bench (Beale 2015). Moreover, the water levels measured 

in the production holes on the hangingwall side varied from being close to the borehole collar near 

the unblasted rock to almost dry holes near the new bench face. This together with the fact that face 

seepage is observable on many levels and over almost the entire pit wall indicates that the water 

level within the pit hangingwall is fairly high (Sjöberg 1999).  

During a study conducted in 1994 by VIAK, the water levels from the production boreholes were 

measured and seepages were included in three cross-sections in order to construct the drawdown 

curve and the resulting interpreted location of the water table is presented in Figure 17. The general 

conclusion was that the water table is located close to the slope face on the hangingwall side and on 

the footwall, the lack of seepage and the water location observed in the drainage holes suggest that 

there is a drained zone of approximately 100 to 120 meters (horizontal distance) close to the slope 

face (Sjöberg 1999). 

To conclude with a general idea of the hydrogeological conditions of the pit, there is a high seepage 

in the West and North walls, an anomalously large amount of in-pit water and the available data and 

field observations indicate that groundwater levels and pore pressures are being sustained by on-

going recharge, particularly in the hangingwall and in the North wall (Beale 2015). Furthermore 

measurements at the pit bottom of the southern section of the mine showed consistently high water 

levels (Sjöberg 1999), around 3 meters below the pit floor of pushback S1.  



27 
 

 
Figure 17- Vertical cross sections (looking north) at different coordinates, showing constructed water table 

(dashed line) based on observed face seepage and measured water levels in production holes. (Sjöberg 1999) 

2.5.2 Current water management in the mine site 

When building the water management plan of a mine site, a large amount of factors have to be 

considered. Some of the main factors are to determine the water storage capacity, the optimization 

of mine water uses, the consideration of the new demands and regulations for the discharge water, 

the design of the pumping system and the adaptation of all the systems to future expansions or 

changes (Mueller & Ab 2013). Therefore in order to define the water handling system, the site water 

flows have to be characterized; fir Aitik these are presented in Error! Not a valid bookmark self-

reference.. 

The current water management plan of the mine site is represented in the Aitik Mine Water Balance 

Conceptual Model shown in Error! Not a valid bookmark self-reference. and is characterized by 

presenting a tailings pond (TMF) that occupies an area of 13 km2 and that is limited by the 

topography and four dams (Leupold et al. 2005). The tailings are discharged at four points as a slurry 

in order to maintain the tailings surface saturated to prevent dusting (Lindvall 2005). In connection to 

the tailings pond, a clarification or settling pond is located west of the tailings pond and has an area 

of 4 km2. This ensures an efficient sedimentation of the ultrafine particles and constitutes the final 

treatment step for the water and, at the same time, it is a reservoir for mill process water and it is 

used to buffer water from spring snowmelt and precipitation events (Leupold et al. 2005). From the 

settling pond, process water is diverted back to the mill through a spillway and a channel system and 

only about 20 % of the water passing the tailings pond system is discharged into the Lina River per 

year. Moreover, cut-off ditches have been constructed surrounding the dumps to collect the water 

that infiltrates through them as toe drainage water and use it as process water in the mill (Lindvall 

2005).  
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Figure 18- Water sources and water outflows observed in the mine area (left) and Aitik Mine Water Balance Conceptual Model (right) (Mueller & Ab 2013). 
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The water collected at the open pits is also considered and included in the water management plan. 

First, the water handling system in Aitik involves the groundwater inflow, the precipitation runoff 

and the water flowing through the horizontal drains present in the open pit. This water coming from 

different origins is collected in small ditches next to the roads and flows to the sump located in the 

northern area, at 450m below the surface. However, under determined conditions like intense rain 

events, the capacity of the ditches is not enough to contain the volume of water and they overflow. 

This causes flooded roads that generate hauling delays and increase the tear and wear on the 

machinery which in turn reduces the hauling efficiency. Therefore the sump collects water that flow 

down through the ditches and slopes and across the roads along the whole open pit and water 

pumped from the ramp located at the southern area. 

Submersible pumps placed on the sump transport the water to the main pump station where five 

centrifugal pumps elevate the water from this level to the sedimentation basins on the surface. The 

first sedimentation basin is a 60m long drift characterized by presenting a damn at its end, the point 

where the water flows down to a second sedimentation basin of 40m long. Finally the water is 

pumped from there to the tailings pond or is discharged into the river. The water from the waste 

rock dumps and tailing pond area is collected in a ditch that surrounds the open pit and the water 

collected from the office area is also conducted to another ditch; both of them end in these 

sedimentation basins (Figure 19). 

The situation at Salmijärvi open pit is slightly different. In this case the water just flows down to the 

bottom of the pit where it is collected and pumped by a pumping station to the cleaning pond. 

Groundwater pressure is one of the important factors affecting the stability of a slope that can be 

controlled to some extent as, even if regional groundwater levels and annual precipitation cannot be 

altered, the local groundwater pressure distribution can be changed by draining the slope (Sjöberg 

1999). Therefore, the water management plan also involves drainage programs and different 

draining campaigns have been implemented over the years to dewater some areas of the open pit. 

Both vertical and horizontal drains are used and are drilled in a shotgun pattern. The horizontal 

drains are placed in different levels, the first one could be observed at 30m below the surface, the 

next drain levels are located at 90 m, 150m and 210m below the surface. Finally, the water collected 

in these drains flows through the ditches and ends in the sump at the bottom of the open pit. 

 

Figure 19- General view of the water management system at the mine site (Mueller & Ab 2013). 
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3. Data collection  

In order to develop a model in Leapfrog Geo, several databases are needed to be set. The nature of 

the information to be used for the creation of the model is very broad and the treatment of the data 

to be adequate for its introduction into the software is required. A brief description of the data 

collection from the different sources and the historical records and the modification and filtering 

implemented on this data are presented in this chapter. 

The model includes the topography of the mine site corresponding to the geometry of the open pit 

on 5th February 2015, obtained from the Boliden AB database as a Deswik file. Moreover, the base 

model includes the geological model of the deposit developed by Boliden AB showing the different 

bodies, intrusions, dykes and lithologies. 

The information in the database created for developing the model is stored as a point data (.csv) file 

including first three columns for location: East (X), North (Y) and Elevation (Z) in meters. The 

elevation assumes the Z0 to be on the surface of the open pit excavation so all the data regarding 

elevation is considered negative. The fourth column gives the presence or absence of water in that 

location in the case of the data for the water table model or indicates the pressure value for the 

water pressure model. 

The data required for the determination of the position of the water table and the location of wet 

and dry areas in the open pit differs from the data needed for the modelling of the water pressures 

in the pit and the surrounding area. The information provided by the production holes and the 

seepage map is used in both cases but with different approaches and the following sections illustrate 

the data collection procedures applied for each of the models. 

3.1 Water table model data 

The model presenting the position of the water table and the dry and wet areas in the open pit was 

developed from a database that compiles the historical data from drainages, open wells, the 

measurement of the water level in production holes and the data provided by the seepages map. The 

last two were accomplished under winter conditions so, in order to have a consistent model, one of 

the conditions when extracting the data from the historical was that the data considered was 

measured during winter time if possible. 

3.1.1 Open wells 

For the creation of the model, 19 open wells were considered from a total of 39 as some of the 

historical records show old data, lack of update or were changed for piezometers. The measurement 

of the position of the water table is performed every month using a Water Level Meter.  

From the open wells considered, the historical shows the monthly measurements for every year so it 

was determined to use the last data measured, corresponding to January 2014 as it was assumed to 

be representative for the water level during the winter season and the production holes and seepage 

map were also produced in January (2015).  

The data introduced in the final database used for model the water table surface consists on the East 

(X), North (Y) and position of the water table resulting from the average of the measurements of the 

water level corresponding to December from 2012 to present for each open well. 
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3.1.2 Drainages 

The data record available corresponds to the draining campaigns of 2013 and 2014 and the 

measurement of the water occurrences was registered from May to September. It involves 70 

drainages including vertical and horizontal drains with different distributions and characteristics. The 

first ones present a 101.6mm diameter and a length of 204 or 220m while the horizontal drains 

present a diameter of 127mm and a length from 180 to 200m and were drilled at two different levels 

in the open pit, at -150 on the 2013 campaign and at -200 meters depth during 2014. 

In both cases the contact between dry and wet zones was considered to be placed at the depth 

where the first water occurrence was observed in the drain.  

In order to obtain the point data file required for developing the model, the drainages were 

introduced as drillholes presenting two lithologies, dry and wet (Figure 20). Leapfrog software 

requires the following three files to import drillhole data: 

 Collar file: it provides the East (X), North (Y), Elevation (Z) and Hole ID. 

 Survey file: it defines the orientation of the drillholes at a given depths as it comprises the 

columns for Hole ID, Depth, Dip and Azimuth. 

 Interval file: it specifies segments down the drillhole with associated values; in this case, the 

lithology code corresponding to the presence or absence of water. Therefore this Interval 

table file presents columns for the Hole ID, From and To depth and the last column belongs 

to the dry/wet lithology. 

Once the drillholes were introduced in the software, the contact point between the dry and wet 

zones was extracted as it represents the position of the water table. All the points extracted were 

added to the final database.  

 

Figure 20- Drainages and open well present in a sector of the open pit. 

3.1.3 Production holes 

The depth of the water level in the production holes was measured with a Water Level Meter model 

010. This device gives a visual and acoustic signal when its measuring probe of 155mm diameter and 

195mm length gets in contact with the water. Therefore the water depth could be read in the tape 

that presents 500m length (Figure 21). 326 production holes were measured and it was observed that 

127 of them were dry while the remaining 199 were used to determine the water table position. The 

measurements were taken in production holes at different benches and depths in pushback 6 and S1 

and are shown in Table 2.  
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The data considered in the final database include the coordinates of each production hole and the 

position of the water table. In order to obtain the last one, the depth at what the water table was 

measured was subtracted to the original elevation of the production hole as shows Figure 21. 

    

Figure 21- Water Level Meter 010 used for water level measurements (http://www.ht-

hydrotechnik.com)(left) and parameters and expression to calculate the depth of the water table (right). 

 

 Pushback 
Production 

bench 
Depth 

Number of production holes 
measured 

 Dry hole Water 

 

N6 

N6_255_1_2 

 

-255m 

0 12 

N6_255_5 22 21 

N6_255_6 2 22 

N6_255_6_2 9 17 

N6_255_8 9 2 

N6_255_10 19 2 

N6_255_11 57 0 

N6_255_13 0 46 

N6_270_1 

-270m 

1 18 

N6_270_2 0 9 

N6_270_3 8 18 

S1 S1_315_10 -315m 0 32 

Table 2- Measurements taken in the production holes. 

 

Data quality and calibration 

When focusing on the data availability and quality of the measurements several factors have to be 

considered. To begin with, it has to be kept in mind that the water measurements were realized in 

benches under 24 hours production with a tight mining operation schedule determining a very short 

time between the drilling of the hole and its charging with explosives. Therefore it was not possible 

http://www.ht-hydrotechnik.com)(left)/
http://www.ht-hydrotechnik.com)(left)/
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to have access to all the production holes and in several occasions the sector to be measured had 

already being charged so the water table was unachievable. Moreover, the charging of the holes 

prevent from a second measurement of the water table so the validation of the quality of the 

measurements was only possible in a small number of occasions. However it was possible to 

determine that the water level varies from a maximum of 7cm to a minimum of 2cm from one day to 

the next so it could be assumed that the water level is steady and all the measurements taken are 

reliable. 

The calibration of the measuring tool involves a very fast procedure as the Water Level Meters are 

very reliable, accurate and easy to operate devices. Therefore, before starting the measurements, 

the probe was immerse in water to verify that the acoustic signal and the visual LED signal were 

working when the water gets in contact with the probe. An additional preventive measure was taken 

when introducing the probe into the production hole. It was confirmed that the probe did not get in 

contact with snow as its melting could cause the activation of the visual and acoustic signals 

indicating an erroneous position of the water level. 

3.1.4 Seepages map 

Seepages could be observed at different levels in almost all the hanging wall of the open pit and in 

the north east corner of the footwall while in the rest of this pit wall there was no perceptible 

occurrence. They provide an indication of the possible location of the water table assuming that the 

slope face intersects the water table at the points of observed seepage. Therefore a total of 81 

seepages were mapped and Figure 22 shows the main seepage areas observed.  

The information provided by this map was included in the final database as points representing each 

seepage mapped. To obtain the different points, the seepages were introduced in Deswik.CAD 4.3 

software by locating them in the map and developing an extraction of the points corresponding to 

the seepages. Finally, in order to obtain a more complete dataset when developing the water table 

surface, the stream that surrounds the open pit was also considered. Therefore the point set 

corresponding to the stream was obtained from the Boliden AB database by doing a point extraction 

from a Deswik file. 

 

 

Figure 22- Map of the observed seepage areas (marked in red). 
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3.2 Pressures model data 

The determination of the water pressure is accomplished using the information provided by the 

piezometers, the production holes and the seepages. Moreover a theoretical calculation of the 

pressures was performed to obtain the water pressures until a depth of -650m, the final open pit 

depth. 

3.2.1 Production holes and seepages 

For the development of this model the information provided by the production holes and seepages 

was applied with a different procedure. The phreatic surface or water table is the boundary where 

the pressure in the pores is zero so the water depth measured in the production holes and the point 

of seepages were considered as zero pressure points. As a result, the data introduced in the final 

database used for model the pressures consists on the East (X), North (Y), elevation and pressure 

value that in this case was zero for all the points corresponding to the wet production holes and all 

the seepages. 

3.2.2 Piezometers  

The main data for developing the pressures model was provided by the piezometers, a geotechnical 

instrument used for measuring the pore pressure in a soil or rock stratum. This device has three main 

components, a conductor cable, a readout box and a piezometer that presents a vibrating wire that 

converts the fluid pressures into equivalent frequency signals. The working principle of the vibrating 

wire piezometer is explained below and Figure 23 shows its principal components. 

One end of the vibrating wire of the piezometer is connected to a sensitive stainless steel diaphragm, 

and the other end is connected to an internal block. Therefore, when there is a change of water 

pressure on the diaphragm, it deflects (Technical Service Center Denver 2015). The deflection of the 

diaphragm changes the tension and also the frequency of vibration of the vibrating wire element. 

The square of the frequency of vibration is directly proportional to the pressure applied to the 

diaphragm. A coil and magnet assembly, located close to the vibrating wire is used to both pluck the 

wire and sense the resultant vibration frequency that is transmitted in the form of an induced signal 

to the read-out box (Technical Service Center Denver 2015). 

As the pore water pressure is proportional to diaphragm deflection, the relationship between the 

pore water pressure and the reading at the read out unit could be determined applying the following 

expression, where the temperature correction factor is also included. 
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Figure 23- Components of a vibrating wire piezometer (Technical Service Center Denver & Colorado 2015) 

For the development of the pressures model, the measurements of 29 piezometers corresponding to 

December 2014 were considered and each of them present three piezometers at different depths, at 

100, 150 and 200m. However, piezometer 98 shows sensors at 23m, 73m and 123m and piezometers 

7, 23 and 61 have just two sensors at 80 m and 130 m depth, 100m and 150m and 50m and 100m 

respectively. The final database presents three points for each piezometer showing the East (X), 

North (Y), depth and pressure value at 100, 150 and 200 meters. 

3.2.3 Theoretical pressures calculation 

The pressure model was required to present values until -650m, the final depth of the open pit. 

Therefore in order to obtain this information, a theoretical calculation of the pressures was 

performed by applying the static fluid pressure formula. 

P = ρ g h 

Where P is hydrostatic pressure, ρ is the fluid density, g is the gravity acceleration and h the depth of 

fluid. The h considered for the estimations were 300, 450 and 650 meters and the pressures were 

calculated for 24 of the 29 piezometers present at the mine site. The five piezometers left were not 

considered as the comparison between the calculated and measured pressures indicate a significant 

difference of values as could be observed in the correlation shown in Figure 24Error! Reference source 

not found.. Therefore in these cases, the hydrostatic conditions could not be assumed so the 

theoretical calculation could not be performed.  

 

Figure 24- Correlation plot between calculated and observed pressures. Diagonal line, y=x is given for 
reference. 

-0,20

0,00

0,20

0,40

0,60

0,80

1,00

1,20

1,40

1,60

1,80

-0,20 0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40 1,60 1,80

P
re

ss
u

re
 c

al
cu

la
te

d
 (

M
P

a)
 

Pressure measured (MPa) 



36 
 

4. Development of the model using Leapfrog Geo software 

The 3D models were developed using the Leapfrog Geo software, which permits to create smooth 

surfaces from the scattered data points available and the interpolation of likely pressures between 

the existing piezometers. Due to the different nature of the required models, diverse modeling tools 

and approaches were used for each of the models. However, both the water table and the pressure 

models share the 3D geological model of the deposit developed by Boliden AB and the topography 

that will be used as the upper boundary for the models generated.  

The first step in building the model involves the creation of the topography by producing a mesh 

from a point data file. The information used in this file belongs to the hard surface of the open pit on 

the last week of January 2015 and was extracted from the Deswik.CAD 4.3 Boliden database. 

The second step is the simple viewing of the present data in 3D (Figure 25). As described in the 

previous chapter, the data employed in the water table model shows a spread distribution of points 

representing the position of the water level in production holes, drainages, open wells and seepages 

and the value of pressures measured by the piezometers. Different areas could be noticed according 

to the density of data for the water table model, with the highest amount of information on the 

north and decreasing towards south. The data distribution observed in the pressures model also 

exhibit scattered data with areas of different information density. However in this case the data 

provided by the piezometers, production holes and seepages could be grouped in three sections; two 

of high piezometric data density and one in between with low amount of information.  

The last stage in building the model is to interpolate likely values between known data points. As a 

consequence different methodologies were chosen for each of the models and are explained in the 

following sections. 

 
Figure 25- 3D view of the data used for the development of both models. 
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4.1 Development of the water table model 

Before the different interpolations were performed, several obstacles concerning the nature of the 

available data and the limitations of Leapfrog Geo software were considered. As stated in the 

literature review, the groundwater flow in crystalline rock masses is determined by its permeability 

and the interconnected fractures. Therefore, as the permeability could be considered comparable for 

the whole rock mass, in order to effectively model the position of the phreatic surface, the geometry 

and connectivity of the joints and fractures must be properly modelled.  

The first issue arises due to the characterization of both the fault network geometry and the complex 

connectivity of discontinuities in depth in such an extensive area. Dip, dip direction, strike and 

regional location were the only data available concerning joints and fractures. As a result, the study 

of the flow through the network could not be solved by computer simulation due to the lack of 

information. The second complication is a consequence of the applicability of Leapfrog Geo as this 

software was not designed to treat hydrogeological parameters as permeability, hydraulic 

conductivity, storage coefficient or model groundwater flow through fractures. Therefore, even if the 

characterization of the discontinuities were available, this software would not be able to generate a 

rational and correct model. 

In order to achieve the creation of the water table model using Leapfrog Geo, an assumption was 

conceived. The rock mass was considered as a lithology with homogeneous permeability due to the 

scale effects in fluid flow through fractured rock. This hypothesis is known as the continuum 

approach and does not consider flow through every fracture, allowing the development of the model 

in this software (Hsieh 1998). 

The scale effect implies that what is observed on one scale might be different from what is observed 

on another scale. An example could be observed in  

Figure 26, which shows that at the scale of centimeters, a fractured medium appear as intact rock 

and, as the scale of observation increases, the different features begin to lose their importance and 

significant fractures turn out to be conventional at the kilometer scale (Hsieh 1998). In the case of 

Aitik the scale effect assumption was suitable as the discontinuities present are of limited length (less 

than 10 meters). Therefore, for a high slope, the rock mass will appear to be very fractured when 

comparing to the dimensions of the slope (Sjöberg 1999). Moreover the implication for the 

permeability is consistent as the average values compiled from various studies in fractured geologic 

media show a general increasing trend of permeability from the laboratory to the regional scale and 

its stabilization at larger scales (Chowdhury et al. 2012). This is the result of the fact that most of 

small-scale samples present a permeability controlled mainly by the matrix permeability as there are 

no connected fractures, while large-scale experiments sample a much larger volume of rock whose 

permeability is fracture-controlled (Bour & Davy 1998). 

 
Figure 26- Scale effect in a rock mass (modified from Vallejo et al. 2004). 
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As a result, once assumed that due to the well jointed nature of the rock, the groundwater flow 

system behaves as an equivalent porous medium on any practical scale of modeling, the creation of 

the water table model could be accomplished using Leapfrog software. 

In order to develop the model, diverse approaches were tested. For each of these procedures to 

model the water table surface, the information required was different, resulting in the creation of 

several databases1.  Moreover, the surfaces obtained by each scenario were treated by changing the 

interpolation parameters, the surface resolution and the adaptive settings until finding the more 

accurate result. Table 3 presents these methodologies and their characteristics. After the comparison 

between the resulting surfaces, the most adequate was chosen as the method for performing the 

final model of the surface and the subsequent generation of the dry and wet volumes. 

 

 Procedure Description Database Advantages Disadvantages 

Vein 

A geological model was 
created with the 
topography as the top 
boundary. The water 
table was originated as a 
lithological unit (vein) 
when using the surface 
chronology tool, which 
creates the contact 
surface between dry and 
wet zones. 

-Data treated as 
lithology 

-Information introduced 
as drillholes (three .csv 
files: collar, survey and 
interval) 

- Very good 
determination of 
wet and dry 
zones. 

-The interpolation 
at deep levels is 
accurate, giving a 
realistic position 
of the water 
table. 

- Not a continuous 
water table 
surface. 

-At superficial 
levels the 
interpolation is not 
good, the water 
table location is 
not realistic. 

Mesh from 
values 

A surface was created 
using the tool “create 
mesh from values”. This 
tool presents an option 
to develop an 
interpolated mesh that 
considers the points with 
value 1 and avoids the 0 
values. 

-Data treated as binary 
values (0 for dry point 
and 1 for wet point) 

-Information introduced 
as point data (one .csv 
file with four columns: 
East, North, Depth and 
binary value) 

- Very good 
determination of 
wet and dry 
zones. 

-Adequate 
morphology of 
the water table 
surface. 

- Not a continuous 
water table 
surface. 

-Artificial artifacts 
created when 
interpolation due 
to the presence of 
the dry values. 

Mesh from 
points 

A surface was created 
using the tool “create 
mesh from points”. This 
tool produces an 
interpolated mesh that 
includes all the points of 
the database. Therefore, 
in order to develop the 
WT, the points 
introduced correspond 
only to the points where 
water was observed or 
measured. 

-Data treated as points.  

-The information 
considered is the points 
corresponding to water, 
the dry points were not 
included (one .csv file 
with four columns: East, 
North, Depth and water)  

-Continuous 
water table 
surface. 

-Adequate 
morphology of 
the water table 
surface. 

-Sufficient 
accuracy in the 
determination of 
the wet and dry 
areas. 

-The 
determination of 
dry zones is not as 
good as in the 
other two 
approaches. 

-Some areas need 
a slight correction 
on the morphology 
of the surface. 

Table 3- Different procedures performed for the creation of the water table surface. 

                                                           
1 The information presented in Chapter 3 of this thesis described the development of the database used for the final model. 
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From the procedures described above, the mesh created from points were selected. The main reason 

was that this was the only option giving a continuous surface with an appropriate morphology. 

Moreover, it was able to separate dry from wet areas and no artifacts were observed within the 

resulting mesh.  

The next step was correcting the mesh created by this method to obtain the most accurate surface 

possible. Therefore it was modified with polylines and by testing variations on the interpolation 

parameters in order to achieve a surface containing the more number of points possible and that, at 

the same time, provide a realistic representation of the water table. The interpolation method 

chosen was the linear interpolant function as it is the most adequate for sparsely or irregularly 

sampled data. Moreover, the estimates produced using this procedure strongly reflect the values at 

nearby points because this interpolant assumes that known values closer to the point to estimate 

have a proportionally greater influence than points that are further away. Table 4 gives the 

parameters used for the chosen interpolation to obtain the final water table surface model. 

General 
Surface resolution 

No adaptive 

51,5 

Maximum snap distance 35,4 

Trend Global trend 
Directions (0,0,0) 

Ellipsoid ratios (1,1,1) 

Interpolant 

Sill 8000 

Nugget 600 

Base Range 420 

Drift Linear 

Accuracy 0,60 

Table 4- Interpolation parameters 

The last stage of the modeling process was the setting of the topography as the top boundary and 

the creation of the output volumes. In this case there will be two, the volume over the water table or 

dry material and the mass under the phreatic surface or wet volume. 

A second water table model was developed using the data from the seepages, stream, drainages and 

the measurement of the water table in April 2014 in order to have a rough approximation of the 

location of the phreatic surface during spring. The methodology and parameters used for the 

creation of this mesh were the same as for the winter model but with a smaller amount of 

information available as the production holes were not considered in this case. 

4.2 Development of the pressures model  

The process of developing the pressures model was obstructed by a very important obstacle, the 

completely lack of data in some areas. As shown in Figure 25 the information available consists on 

pressure values from piezometers, production holes and seepages and the spatial distribution of 

these is characterized by presenting three differentiated areas according to the density of 

information. Therefore the north area of the open pit and the Salmijärvi pit did not present any 

difficulty when running the interpolations as these areas present high data density. However, there is 
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no data available corresponding to Sector S, the area including the southern zone of the open pit and 

the zone between both open pits, so this region was conflictive during the creation of the model. 

When developing the first interpolation using the raw data, it was observed that the accuracy of the 

model was not as satisfactory as expected so an analysis of the data was accomplished. The 

histogram observed in Figure 27 presents a markedly skew distribution that could distort the spatial 

pressure interpolation so, in order to avoid or minimize this effect, a correction of the data was done 

by carrying out a logarithm transformation bringing it close to normally distributed and thus 

justifying geostatistical modelling. The resulting model after the data conversion shows accurate 

results in the areas of high data density. However there are no results in Sector S as the interpolation 

algorithms of implicit modelling software as Leapfrog Geo are not able to interpolate in areas with a 

shortage of data. 

It was decided to develop two different models, a pressure model for the whole area using raw data 

in order to obtain a general idea of the pressures distribution around the open pits and a second 

model focusing on the areas of high density of data where the logarithmic correction was applied. In 

both cases an isotropic interpolation with linear interpolant was used as it is the most adequate for 

sparsely and irregularly data distribution. Moreover when, apart from having an irregular sampling, 

the range is also unknown the linear variogram produces a better result. The value considered for 

the nugget was zero in both models in order to assure that the value of an isosurface remains in 

touch with a data of that value as if the nugget is non-zero, the surface will deviate. Figure 27 gives 

the parameters using for the interpolation of both models. 

 
Figure 27- Pressures histogram. 

Table 5-Interpolation parameters. 
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General model Raw data 250 8.0014 0 5000 0.0003 Constant 

Model 
of high 
density 

data 
areas 

North 
Area 

Open Pit 

Log correction 

(Pre-log shift: 0.043) 
120 3.0015 0 1200 0.0002 Constant 

Salmijärvi 
Open Pit 

Log correction 

(Pre-log shift: 0.001) 
100 2.1000 0 1450 0.0004 Constant 
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5. Results and discussion  

This section presents the interpretation of the obtained models and the hydrogeological information 

that could be extracted from their observation and analysis. Figure 28 shows the final model of the 

water table. A cross section with the dry areas, the phreatic surface and the wet areas can be seen in 

Figure 29. More cross sections across the whole open pit and the Salmijärvi pit are presented in 

APPENDIX I. Figure 30 shows the two final models of water pressure, 1) the general model with less 

accuracy that gives an idea of the pressure distribution along the whole open pit and 2) the local 

models with better accuracy and the ones that will be used for the hydrogeological interpretation. 

Previously to the description of the hydrogeology of the open pit, several modeling aspects have to 

be discussed. The most important obstacle when developing the models was the insufficient number 

of data and their irregular and scattered distribution along the open pit. Therefore this shortage of 

information affects the reliability of both models which has to be kept in mind when interpreting and 

applying them.   

The second difficulty when modeling the water table was the result of the fracture flow conditions of 

the groundwater in the mine area and the inability of the Leapfrog software to model it. The solution 

to this obstacle was explained in the previous section but the development of the water table model 

also presents another error associated with the data used. Due to the lack of data, in order to obtain 

a representative model, the values corresponding to the drainages were included. This induced an 

error in the model as the data provided by the drainages correspond to the water table at summer 

conditions, which has a different location that the phreatic surface during winter. 

The principal obstacle when modeling the pressures was the result of the scarcity of data as 

explained in Section 4.2. As previously indicated Figure 30 shows the model of the whole mine area 

(General model) in order to have a general idea of the pressures distribution. However, the reliability 

of the model is lower than aimed due to the following two facts; the considerable uncertainty in 

Sector S resulting from the great distance from this area to any piezometer that could provide 

interpolation values, and the low accuracy of the two representative areas where there is a high data 

density. Therefore this model has to be used as a first approach and further investigations should be 

developed to generate a solid pressure model of the whole open pit. 

The second pressure model shown in Figure 30 (Local model) is a reliable representation of the 

pressures distribution along the northern part of the open pit and around the area of Salmijärvi open 

pit due to the large amount of data available, even if the location of the piezometers is very irregular 

and scattered. Therefore the result obtained from this accurate model was used for the 

hydrogeological analysis of the open pit area. 

There is an uncertainty in both pressure models regarding the theoretical calculation of the pressures 

at higher depths than 200m. This calculation was necessary as the pressure model was required to 

present up to depth of -650m. Therefore, hydrostatic conditions were assumed at depth in the 

piezometers that shown a good correlation between measured and calculated pressures. However it 

has to be kept in mind that the calculated pressures are based in an assumption and that there is an 

important uncertainty of the conditions at such depths so there is a possibility that the real situation 

at those depths are not the presumed. 
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Figure 28- General view of the model below the topography where dry (orange) Figure 29-Cross section of the model showing the dry areas (orange) and the 
and wet (blue) areas could be observed. volume under the water table (blue). Some values measured in the production 

holes can be seen (left) I using the same color coding. 

 

 

Figure 30- General and local water pressure models. 
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The combination of the previous two modelling obstacles was observed in Sector S. The General 

model shows the expected distribution of pressures at the north pit. However when leaving the open 

pit and going southern, there is an artificial pressure distribution at great depths created by the 

interpolation in the area between the two open pits and in the Salmijärvi pit. This unrealistic pattern 

shows a lateral variation of the pressures at depth with zones with higher or lower pressures than 

the expected values (Figure 31). Moreover this effect is also observed in the Local model of Sakijarvi 

pit, where there is a zone with higher pressure values than expected in the north area of this pit. 

When analyzing the multi-level piezometer hydrographs, a strong downward gradient can be 

observed, indicating good drainage conditions on the wall rocks. Figure 32 shows the records for 

piezometer 46, located in the hanging wall as an example of this downward gradient and a 

piezometer measuring hydrostatic conditions.  

Finally, it was observed that five piezometers, numbers 16, 61 and 99, did not present a correlation 

between calculated and measured pressures so the hydrostatic conditions were not assumed in 

these cases and these measurements were excluded in the modelling. There are different possible 

causes to these non-correlations like the presence of fractures at depth, a calibration problem or the 

occurrence of a manual error. However, when examining the location of two of these piezometers, it 

could be observed that both are placed far to the border of the crest of the open pit. Moreover 

piezometer 16 is installed in the northernmost position, at the end of a valley between the waste 

rock dumps and piezometer 61 is found in the area between Aitik and Salmijärvi and is the 

piezometer installed at a shallower depth. Therefore these distinctions in the location could be the 

cause of a different hydraulic environment. 

 
Figure 31- Interpolation error observed in Sector S. 

 
Figure 32- Data measured by the multi-level piezometer 46. 
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The general hydrogeology of the open pit is characterized by a rock mass of low permeability that 

exhibit considerable foliation and the pit walls are strongly jointed so the groundwater flow at Aitik 

occurs under fracture flow conditions. The rocks show generally good drainage characteristics and 

there are zones of more severe fracturing implying a higher local permeability.  

Four areas of visible seepage could be identified along the open pit and are shown in Figure 33. No 

seepage is observed in the upper benches of the north pit due to the presence of drainages at -150m 

level. The wet part in the north sector (S1) presents a higher seepage in the hanging wall side of the 

main shear zone that on the footwall. The recharge in this zone appears to be provided by water 

from the lake Sakajärvi, the ponds and the ditch that surrounds the perimeter of the pit. There is a 

considerable seepage area located on the west side of the north pit (S2) and the ditch is most likely 

providing recharge in this zone. The third area of seepages (S3) is observed in the west wall of the 

south pit, in the shear zone (O2). However there is no continuity between the two seepage areas in 

the west wall of the pit and the origin of recharge is not the ditch in this case. The last seepage zone 

(S4) corresponds to the east side of the south pit with a highest abundance of water occurrences in 

the southeastern corner.  

Seepage S1 appears to be recharged through discontinuities in the bedrock associated with the shear 

zone while S4 seems to be recharge through the primary nearly vertical joints observed in this area. 

The first occurrence of S2 coincides with the zone where two areas with different joint sets overlap 

(O1). Therefore there is no visible seepage in the area with the joint set subparalell to the orebody 

and, after the first occurrence in the overlapping zone, the seepages are present through the west 

slope until reaching the convex corner of the wall. Finally, S3 are located in the shear zone where 

different joint sets overlap so the recharge occurs through this considerable fractured sector. 

 
Figure 33- Distribution of the seepage areas and joint set sectors in the open pit. 
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The location of the groundwater table can be observed in the final model and several cross sections 

are shown in APPENDIX I. It is characterized for being within a few meters below the surface and with 

dry zones that extent to 100-300 m back from the slope in the footwall and 100-150 m in the hanging 

wall. Therefore, in general, the water table is closer to the surface and the pressures are higher in the 

hanging wall so it could be assumed that the recharge of the groundwater system here is higher. 

Moreover, when observing the topography, it could be determined that the runoff catchment area is 

located in the west and north of the mine, on the waste rock dumps and tailing pond. Therefore the 

presence of higher pressure and water levels in the hanging wall could be presumed as the result of 

the water flowing from this catchment area. 

The theoretical shape of the water table is supposed to follow the slope geometry. However, even if 

the form observed in the model is satisfactory with this assumption, there are several differences 

with the theoretical configuration. First, the water table in the north pit is modified due to the 

presence of the horizontal drainages that drawn back the phreatic surface to a distance of about 150 

m behind the wall faces. As a result there is no seepage observed in the upper benches. 

The water table geometry in the hanging wall presents an adequate similarity with the theoretical 

idea in the benches not affected by the drainage campaign and in the southern pit. It also shows a 

higher water level and, in an important extension of the hanging wall, the phreatic surface is found in 

contact with the pit walls. The water table in the footwall also follows the slope geometry in the 

north and south area but it appears that the rocks are better drained in the footwall as the most of 

this wall present a different configuration with the water surface at a greater depth than expected. 

The difference in the location of the water table on the hanging and footwall is shown in a cross 

section in Figure 34 together with the area where the water table is lower in the footwall (Sector S10-

S25). There are several causes that could be the origin of the different water table geometry in this 

area that are discussed later. 

The information provided by the pressure models also indicates this distribution with piezometers 

showing lower pressure measurements in the footwall and much higher pore pressures in the 

hanging wall. However the piezometer showing the lowest pressures is located in the hanging wall, 

piezometer 7, which is an exception due to its location. It is placed in the crest of the open pit, in the 

area where the current pushback is being mined; therefore the water level drops previously to reach 

the location of this piezometer.  

When observing the water table model, the situation at Salmijärvi is characterized by a water level in 

contact with the pit walls resulting in observable seepage along the whole pit while several dry areas 

are detected in Aitik.  

 

Figure 34- Water table model showing the location of Sector S10-S25 and cross section showing the different 
phreatic surface distribution in the hanging wall and footwall. 
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The distribution of the dry areas in Aitik is complex. Several dry zones are observed in this pit and the 

main ones are found in two areas; the biggest one in the footwall and the second one can be found 

in Pushback 6, the region currently under exploitation, located in the hanging wall of the northern 

pit.  

The biggest dry area at the footwall presents the phreatic surface at 100 m from the face of the 

slope. However the dry area increases its thickness in Sector S10-S25, reaching over 300m due to the 

drawdown of the water table in this area. 

The first cause of the different location of the water table in Sector S10-S25 is the influence of the pit 

geometry. In general for an elongated pit, in the concave regions, an added confinement by the 

intermediate principal stress results in less distressing of the pit walls resulting in all principal stresses 

being compressive (Sjöberg 1999). The permeability of discontinuities is very sensitive to changes in 

the fracture aperture which depends upon the normal stress acting on the joint surfaces. 

Consequently, as concave shapes induce compressive stresses, a decrease in the overall permeability 

can be expected in these zones. An example of this effect of stresses distributions are the north and 

south ends of the open pit, where there is a scarce in seepages. However, Sector S10-S25 is located 

in a convex slope. This shape tends to assist relaxation of normal stresses with consequent decrease 

of shear strength and opening of joints and fissures in some cases, improving drainage conditions 

(Chowdhury et al. 2012). Moreover, with orientated joints, extension strains are likely to manifest 

themselves in the opening up of such fractures and hence affecting the groundwater table (Stacey et 

al. 2003). Therefore, a slope that is being distressed together with the orientated joints will permit a 

higher flow of water in this Sector S10-S25 and the lowering of the location of the phreatic surface. 

Apart from the effect of the stresses, the geology of this sector of the footwall also influences the 

drawdown of the water table in the footwall (Figure 35). The southern part of this zone coincides with 

the stockwork system created in the contact area of the diorite and in the north area several diorite 

dikes are present. Therefore in this sector there is an important fracture of the rock mass caused by 

the intrusion of the diorite body and dikes that enhances the infiltration of the water to lower 

depths. 

  
Figure 35- Geological map showing the location of Sector S10-S25. 
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In the case of Pushback 6, an alternation between wet and dry zones could be observed in the 

hanging wall (Figure 36). The northernmost wet area (W1) coincides with the location of seepages S1 

and with the situation of a production bench where all the drill holes measured were wet. Therefore 

it could be assumed that this zone is recharged from lake Sakajärvi and the ditch through the 

fractures associated with the shear zone. Moreover the location of the phreatic surface observed in 

this area results in the obligation of using emulsion in all the production holes as the occurrence of 

water is expected. 

There is a dry zone (D1) between this first wet area and the second wet zone and it is located in the 

concave north-west end of the north pit. This area is characterized by the absence of seepages and 

the depth of the water table is less than 50m from the surface of bench -255m. However this 

absence of seepages in the upper levels seems to be the result of the effect of the horizontal 

drainages due to the altered geometry that the water table presents at such depths. The production 

holes at this area could be charged with ANFO as the occurrence of water at the depth of the holes is 

not expected. However the water level varies from being close to the borehole collar near the 

unblasted rock to 50m depth near the new bench face so, previously to the use of other explosive 

instead of emulsion in production holes far from the bench face, the occurrence of water should be 

controlled previously to the explosive charging. 

The end of this dry sector coincide more or less with the first occurrence of seepages S2 and the 

beginning of a small transition area (T). This zone is characterized by presenting few seepages and 

with the location of the water table very close to the face of the upper benches. The phreatic surface 

is very close to the surface in the production areas located close to the unblasted rock and it presents 

a drawdown as it gets closer to the bench face. As a result, these production benches present both 

wet and dry holes but the areas near the bench face could be assumed as dry zones and the use of 

ANFO is possible as the water depth here is of around 40m. 

The last wet sector (W2) presents two different zones and it is located after this transition area. The 

first zone (W2-A) presents similarities with the transition area as almost no seepages are observed 

and the water table presents the same configuration. However, even if the water level lowers when 

approaching the bench face, all the production holes measured in this area were wet. Therefore this 

area is considered as wet and the zones close to the bench face could be assumed as dry but the 

measurement of the occurrence of water in the production holes is recommended to assure this 

condition before the charging. 

 
Figure 36- Dry and wet areas in Pushback 6, hanging wall of the north pit. 
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The second zone of Sector W2 is characterized by presenting the phreatic surface very close or in 

contact to the whole of the wall face. Therefore important seepages could be observed and the 

production holes measured present wet conditions. Moreover the water table in the areas close to 

the bench face is also near the surface so in this sector (W2-B), dry areas could not be assumed and 

the use of emulsion will be necessary for all the production holes. 

To finish with the description of the dry areas, the south pit presents dry walls in the upper benches 

but under level -200m the slopes of the hanging wall present seepages. Moreover, in the footwall of 

the south pit the water table is at a higher position closer to the concave end of the pit and there is a 

lowering of the phreatic surface when going northern along this wall. The result of the distribution of 

the water table in this area is that all the production benches in this area are under the phreatic 

surface so emulsion will be needed for the charging of every production hole. 

To end with the discussion, two remarks should be included. First, the resulting water table model 

considers the thickness of the groundwater body as endless in depth. This assumption was accepted 

as there is no available data that provide information at such depths larger than the 220m depth that 

have the open wells. However it is not realistic as when increasing depth, the pressures found are 

higher producing the closing of the fractures. Therefore, at certain depth, the discontinuities will be 

closed and the infiltration of water through fractures will be not possible, defining the bottom of the 

groundwater body. However this depth could not be determined with the data available.  

Finally, the description and analysis of the hydrogeology was accomplished using the water table 

model created with the data corresponding to January-March 2015. However it has to be reminded 

that the system is dynamic in nature so, apart from the seasonal variations, as the exploitation 

continues and the open pit is expanded and deepened, the phreatic surface geometry and depth will 

change accordingly. Therefore, the hydrogeological conditions in the open pit will change so the 

models should be updated as the production continues in Aitik. 

6. Future work 

The main problem faced when developing the models was the shortage of information in some areas 

and the complete absence of data in other zones. Therefore, the first recommendation is the 

installation of more open wells around the open pit and mainly in the south pit and the area between 

the open pit and Salmijärvi pit. The monitoring of the water table level is a priority for the mine 

operations and the current situation of the mine. Consequently, the consideration of this suggestion 

is of great importance as the accuracy of the water table modeled with the available data is adequate 

as a first approach but there is a big uncertainty in some areas. 

The second recommendation is also related with the deficit of data. As stated in the previous 

chapters, the pressure models for the north pit and Salmijärvi are solid but the model of the zone in 

between could not be considered representative as there is no data available in this area and the 

results could not be validated. Therefore the installation of several multi-level piezometers around 

this area is recommended in order to obtain information concerning the pressure distribution in this 

zone. 



49 
 

The third suggestion is related with the thickness of the groundwater body. At present, there is no 

information related to this parameter and the models were developed assuming a water table that 

presents an endless thickness. However the reality is that the groundwater body extends until a 

determined depth but there is no data available that provides information about this depth. As a 

result, the use of geophysical methods is proposed to determine the thickness of the water body. 

Of all surface geophysical methods, electric resistivity has been applied most widely for groundwater 

investigations (Todd 2005). Jinadasa & de Silva (2009); Robert (2012); Gannon et al. (2012) and 

Kumar et al. (2014) are several examples of research projects where the combination of resistivity 

and self-potential techniques has been used to determine the groundwater positions in hard 

crystalline rocks. Therefore these electrical techniques could determine the exact position of the 

water table and the thickness of the groundwater body resulting in a good alternative method. 

Moreover, this indirect technique could also indicate the presence of potentially unstable ground 

conditions (Keller 1986) and distinguish between fractured, weathered and solid rock. However, as 

hydrogeology is a dynamic system, the results obtained with the electrical resistivity method will only 

be suitable for a short period of time and the geophysical survey should be repeated. Consequently 

the geophysical survey could not be considered suitable method for a monitoring the variation in the 

groundwater system through a long period of time like the mine life. Nevertheless, it will provide 

very important information for the current situation of the mine like the exact location of the 

phreatic surface and knowledge that could be useful for future hydrogeological analysis and 

interpretations like the thickness of the water body. 

It was assumed that the water recharge occurs through the north and west area as a result of the 

situation of the catchment area, located in the waste rock dumps. Therefore, in order to develop a 

successful water management plan, the study of the catchment areas is recommended to control 

and reduce the recharge and water inflows in the open pit. 

Finally, Leapfrog Geo software was not designed to deal with hydrogeological parameters. Therefore 

the use of hydrological software as MODFLOW is suggested as these finite difference groundwater 

flow model (Carroll & Badger 2013) can deal with the hydrogeological parameters and provide 

adequate and accurate results. Moreover the results obtained with both MODFLOW and FEEFLOW 

software could be imported to Leapfrog Hydro software. 

7. Conclusion 

The results in this study show that the water table and pressures model developed with Leapfrog 

Geo software could be used to achieve a first approach to the hydrogeology of Aitik mine, 

characterized by a rock mass of low permeability that exhibit considerable foliation and joints so the 

groundwater current occurs under fracture flow conditions. 

The position of the phreatic surface together with the information provided by the pressure model 

were used for the analysis of the hydrogeology in both footwall and hanging wall and several factors 

that determine the characteristics of this complex system were identified. The main controlling 

components are the pit geometry, the geology, the presence of recharge sources and the most 

important parameter, the discontinuities, fractures and joint sets and their attributes. 
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The water table model also defines the position of the dry and wet areas through the open pit. 

However, the most important obstacle when developing the model was the insufficient number of 

data and their irregular and scattered distribution along the open pit. As a result, the identification of 

the dry and wet zones was developed but the measurement of the occurrence of water in the 

production holes in some areas previously to the explosive charge is recommended due to the 

uncertainty of the model associated with the shortage of data. Moreover before approving the use of 

ANFO in the dry areas, studies should be accomplished in order to determine if the blasting practice 

with this explosive presents considerable advantages when comparing with the current blasting with 

emulsion. 

As the shortage of information affects the reliability of the interpretation and application of the 

model and the realistic determination of the position of the water table is of great importance for 

the mine operation, the installation of more piezometers and open wells was suggested. It is also 

recommended the use of the electrical resistivity method in order to obtain the actual location of the 

phreatic surface and the thickness of the groundwater body. 

Finally, it has to be reminded that the hydrogeological system is dynamic; so, apart from the seasonal 

variations, as the exploitation continues and the open pit is expanded and deepened, the pressures 

and the phreatic surface geometry and depth will change accordingly. Therefore, the hydrogeological 

conditions in the open pit will change so the model should be updated as the production continues in 

Aitik. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

8. References 

ALGIB webpage (accessed in May 2015) http://www.alglib.net/interpolation/fastrbf.php  

Leapfrog webpage 2015 (accessed in May 2015) http://blog.leapfrog3d.com/2013/05/08/leapfrog-

interpolation-basics/  

Beale, G., 2011. Technical Memorandum. Review of the pit hydrology and dewatering plan for the Aitik Mine., 
Schlumberger Water services (December 2011), p. 20. 

Beale, G., 2015. Aitik main pit: Review of hydrogeology and work plan for mine water management. (January 
2015). 

Beyglou, A.H., 2012. MASTER ’ S THESIS Improvement of blast-induced fragmentation and crusher efficiency by 
means of optimized drilling and blasting in Aitik. Lulea University of technology, (September 2012), p.73. 

Bour, O. & Davy, P., 1998. On the connectivity of three-dimensional fault networks. Water Resources Research, 
34(10), p.2611. 

Carroll, R.W.H. & Badger, T., 2013. Design Guidelines for Horizontal Drains used for Slope Stabilization. , 
WSDOT Research report, (March 2013), p. 377. 

Cowan, E. et al., 2003. Practical implicit geological modelling. 5th International Mining Geology Conference, (8), 
pp.89–99. (Accessed in May 2015) Available at: 
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:Practical+Implicit+Geological+Modellin
g#0. 

D.Krom, T. & Lane, R., 2009. Development, A novel approach to groundwater model. World Environmental and 
Water Resources Congress 2009, pp.1–9. 

Gannon, J.P. et al., 2012. Geophysical and geochemical characterization of the groundwater system and the 
role of Chatham Fault in groundwater movement at the Coles Hill uranium deposit, Virginia, USA. 
Hydrogeology Journal, 20, pp.45–60. 

Hagedorn, D., 2015. MASTER THESIS Water handling in Aitik mine. ,University of Freiberg (April 2015), p. 99. 

Jinadasa, S.U.P. & de Silva, R.P., 2009. Resistivity imaging and self-potential applications in groundwater 
investigations in hard crystalline rocks. Journal of the National Science Foundation of Sri Lanka, 37(1), 
pp.23–32. 

Keller, G. V., Brooks, M. & Hill, I.1986. An Introduction to Geophysical Exploration., Blackwell Science (2002), p. 
257. 

Krasny, J., 2002. Quantitative hardrock hydrogeology in a regional scale. Norgesgeologiske undersekelse 
Bulletin 439,7-14., p. 8. 

Kumar, D., Rao, V.A. & Sarma, V.S., 2014. Hydrogeological and geophysical study for deeper groundwater 
resource in quartzitic hard rock ridge region from 2D resistivity data. Journal of Earth System Science, 
123, pp.531–543. 

Leupold, J. et al., 2005. Dam failure at the Aitik mine: Investigations, conclusions and measures taken. , Boliden 
Mineral AB (2005), p. 13. 

http://www.alglib.net/interpolation/fastrbf.php
http://blog.leapfrog3d.com/2013/05/08/leapfrog-interpolation-basics/
http://blog.leapfrog3d.com/2013/05/08/leapfrog-interpolation-basics/


52 
 

Libicki, J., 1982. Changes in the groundwater due to surface mining. International Journal of Mine Water, 1, 
pp.45 – 52. 

Lindvall, M., 2005. LICENCIATE THESIS Strategies for remediation of very large deposits of mine waste; the Aitik 
mine, Northern Sweden. Lulea University of Technology (2005), p.586 . 

Macleod, N., Santos, A. & Tutors, D.L., 2012. Welcome to Boliden Aitik, Boliden Minerals AB(2012), p. 8 

Marklund, P. et al., 2007. Improved blasting and bench slope design at the Aitik mine. Slope Stability 2007: 
Proceedings of the International Symposium on Rock Slope Stability in Open Pit Mining and Civil 
Engineering, p.14. (Accessed in January 2015) Available at: 
http://swepub.kb.se/bib/swepub:oai:ltu01:1033303?tab2=abs&amp;language=en. 

Mueller, S. & Ab, B.M., 2013. Mine Water Management -From Pre-feasibility to Closure. ,Boliden Mineral AB 
(September 2013), pp.1–39. 

Pells, T.D.S., Meynink, S. & Wales, S., 2007. Hydromechanical Coupling and Pit Slope Movements, Australian 
Centre for Geomechanics, Perth (2007), p. 43. 

Petropoulos, N. et al., 2013. Improved blasting results through precise initiation – results from field trials at the 
Aitik open pit mine. SWEBREC  Swedish Blasting Research Centre and Lulea University of Technology 
(2013), p. 104.  

Robert, T.J.S., 2012. DOCTORAL THESIS: Geophysical identification , characterization , and monitoring of 
preferential groundwater flow paths in fractured media., University of Liege (March 2012), p. 183. 

Singh, R.N. & Reed, S.M., 1988. Mathematical modelling for estimation of minewater inflow to a surface mining 
operation. International Journal of Mine Water, 7(3), pp.1–33. 

Sjöberg, J., 1999. DOCTORAL THESIS Analysis of large scale rock slopes. Luleå University of Technology (1999), p. 
788. Accessed in January 2015. Available at: https://pure.ltu.se/ws/files/156970/LTU-DT-9901-SE.pdf. 

Sjöberg, J., 1996. Large scale slope instability in open pit minig - A review. Tekniska Hogskolan i Lulea (1996), 
p.229. 

Stacey, T.R. et al., 2003. New slope stability considerations for deep open pit mines. , The Journal of The South 
African Institute of Mining and Metallurgy  (August 2003), pp.373–390. 

SWECO VIAK AB, 2005. Boliden Aitikgruvan hydrauliska tester 2004. SWECO VIAK (May 2005), p. 32. 

Technical Service Center Denver & Colorado., 2015. Procedure For Using Piezometers to Monitor Water 
Pressure in a Rock Mass. Materials Engineering and Research Laboratory Denver, Colorado, p. 14. 

Todd, D. & Mays, L.W., 2005. Groundwater hydrology., John Wiley & Sons, Inc.(2005), p.636. 

Wanhainen, C., 2005. DOCTORAL THESIS On the origin and evolution of the Palaeoproterozoic Aitik Cu-Au-Ag 
deposit, Northern Sweden., Luleå University of Technology, Sweden.  (Accessed February 2015) Available 
at: 
http://scholar.google.com/scholar?hl=en&btnG=Search&q=intitle:On+the+Origin+and+Evolution+of+the
+Palaeoproterozoic+Aitik+Cu-Au-Ag+Deposit+,+Northern+Sweden#1. 

Wright, G.B., 2003. Radial Basis Function Interpolation: Numerical and Analytical Developments., University of 
Colorado (2003), p.147. 



53 
 

 

APPENDIX I-  
 

This APPENDIX presents several cross sections across the whole open pit and the Salmijärvi pit. The 

distance between cross sections is of 100m except for sections S9 and S10 that present a separation 

of 50 m and sections S32 and S33, whose separation is 200m. 

The information shown in the cross sections are the position of the water table in blue and the 

different lithologies present in the open pit. Several open wells, production holes and seepages could 

also be observed in some of the sections. 

The legend for the lithologies could be observed below together with the general lithological map of 

Aitik mine. 
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