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Abstract. A strategy for a safe slope design is needed to mitigate the risk of a significant landslide initiation 
in the Elatsite open-pit mine in Central Bulgaria. This strategy should be based on detailed information about 
the water dynamics and the interplay of hydrology with various factors, such as the mountain geomorphol-
ogy, engineering infrastructure, rock types and the distribution of rock anisotropies, which conspire for the 
overall degradation of the pit walls. In this work, an integrated risk-assessment approach is demonstrated that 
combines various layers of information superimposed in such a way as to delineate domains of the pit’s sur-
face that are most vulnerable to mechanical degradation due to surface or percolating waters. The main result 
of the study is a map of the water-initiated risk that combines 12 separate maps for 12 studied classification 
parameters. For each domain, the risk is expressed by numerical values. This map is used for decision-making 
about the choice of the slope angle, position of engineering facilities in the pit and location of the waste rock 
depots etch.
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IntroductIon

In the Elatsite open pit, porphyry copper ore is mined. 
This pit is the largest excavation project in Bulgaria. 
It is located in the Srednogorie metalogenic zone, in 
the mountainous terrain of the Central Balkan. The 
ore texture is of stockwork or porphyritic type, and the 
main mineral is chalcopyrite. The mine operation be-
gan in 1981 and is planned to continue to at least 2022. 
At present, the pit is about 600 m deep, relative to the 
local terrain, and occupies an area of 2,000,000 m2. 
Around the pit, waste rock piles of significant propor-
tions have been accumulated, which have modified the 
indigenous mountain topography and affected the lo-
cal river discharge. The general slope of the pit walls 
is in the range of 34–40°, although in some localities 
it is even steeper. In the near future, deepening of 
the pit to about 660 m is planned, which will result 

in expanding both the pit and the areas of the waste 
rock piles. The expansion will be less significant if the 
slope angles are maintained in the range of 46–48°, 
which, if achieved, will rank Elatsite among the deep-
est and mechanically most complex open pits in the 
world, located in unstable mountainous region with 
active tectonics.

Because of the foreseen problems with mine sta-
bility, a study on the factors controlling the structural 
integrity of the pit has been undertaken. It has been 
recognized that the surface and underground waters 
contribute to the weakening of the rock massif and 
introduce an uncertainty, which prohibits accurate cal-
culation of the slope angle’s safety factors. Especially 
adverse is the possibility for accumulation of water 
with anomalously high fluid pressure in proximity to 
the benches, where rock discontinuities may coalesce 
into a single sliding surface of a catastrophic landslide.



66

This paper summarizes the hydrogeological con-
ditions in and around the pit and presents a geologi-
cal approach for hydrogeological risk assessment and 
classification of different domains in the pit. The risk 
assessment is aimed at prediction of slope instability 
initiated by the percolating water.

GeomorpholoGIcAl, clImAtIc And 
GeoloGIcAl settInG of the mIne’s 
surroundInGs

The copper mine pit is located 14 km to the south of 
the town of Etropole in the main northern ridge of the 
Stara Planina Mountain (Fig. 1), commonly known as 
the Balkan Mountains. The deposit’s altitude is be-
tween 1100 m and 1450 m above sea level (a.s.l.). The 
hydrogeological conditions in this area were examined 
by Antonov and Danchev (1980), and the pit’s hydro-
geology has been subjected to numerous studies sum-
marized in unpublished reports. Before the significant 
geomorphic changes caused by the mining, the north-
ern ridge was carved naturally by three rivers, namely 
Negarshtitsa, Elashka and Ravna (Fig. 1). They are 
subsidiaries of the river Malak Iskar and drain an area 
of ~18 km2. These rivers’ sources have elevation of 
about 950 m a.s.l.

The valley of the Elashka River and most of its 
drainage area are already consumed by the mining ac-
tivity and its space is occupied by the open pit. The 
watersheds of the Negarshtitsa and Ravna rivers are 
filled with waste rock piles.

The climate in the region is continental, but the 
main climatic parameters vary throughout the year. 

The average annual temperature is 9–10 °С, with low-
est temperatures in January and February and highest 
in July and August. The average relative humidity is 
between 79% and 82%, and the atmospheric pressure 
is 950±5 hPa. The most important contributor to the 
surface and underground waters in the pit are rain 
and snowfall. The average annual rainfall is between  
816 mm and 1100 mm. The maximum rainfall is in 
June and July, and the minimum in February and 
March. The snow cover reaches 1.5 m in thickness and 
remains for 80–100 days per year.

The main rock varieties in the deposit are grano-
diorites (Fig. 2) of late Paleozoic age, comprising the 
Vezhen pluton, and early Paleozoic or Precambrian 
phyllites (Popov et al., 2000, 2001; Augé et al., 2005), 
which are thermally altered in the contact area of the 
pluton. Both varieties are injected by small intrusions 
of Upper Cretaceous monzonites, sienodiorites and 
granodiorite porphyries (Fig. 2). Contact metamorphic 
minerals overprint an early Paleozoic regional meta-
morphic fabric in the phyllites, creating a distinct zone 
of spotted schists and hornfelses in the thermal aureole 
of the granites.

All these rock varieties are excavated in the pit, 
and they show different hydrogeological properties. 
The Paleozoic granodiorites are exposed in the north-
ern, northwestern and central parts of the mine. Their 
contact with the spotted schists and the phyllites to the 
south is marked by a wide zone of brittle and ductile 
deformation fabrics. It strikes 125–135°, dips 80° to 
the southwest and is called “Fault – Elatsi 1”. The 
Paleozoic spotted schists and the phyllites are exposed 
in the southern and southwestern parts of the pit, 
mainly in the higher parts of the terrain (Fig. 2). The 

fig. 1. Detailed DEM of the open pit area.
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thermal aureole of the pluton rarely exceeds 100–120 
m in thickness. The Upper Cretaceous subvolcanic 
intrusions found in the granites and in the schists are 
intensely altered by hydrothermal activity.

The underground waters in the region are gener-
ally fracture-controlled and unpressurized (Hristov, 
2010). At some localities, however, water at high 
pressure leaves the fractures (Fig. 3), which suggests 
a hydraulic connectivity of at least part of the frac-
tures. Drilling confirmed the possibility for anoma-
lously high water pressure behind the benches. This, 
given the height of the slopes, indicates that anoma-

lously high fluid pressure, accumulated behind the 
benches, may cause slope instability. The fractures 
in the pit area have varying hydrogeological and ge-
omechanic significance according to their orienta-
tion, spacing, surface roughness and overall kinemat-
ics (Dimitrov and Vasilev, 2010a, b; Dimitrov and 
Vasilev, 2011). Because of the irregularity of fault-
ing and fracturing, the waters do not form one sin-
gle internally connected aquifer. The hydrodynamic 
pressure head is such that the waters are transferred 
radially from the peripheries, towards the central part 
of the open pit. Because of the steep slopes, the main 

fig. 2. Geological map of the open pit and its surroundings. 1 – Lithological boundary; 2 – Fault; 3 – Phyllites and phyllitoid 
schists; 4 – Banded and mottled schists and hornfelses; 5 – Granodiorite; 6 – Granodiorite, diorite, monzodiorite porphyry and 
gabro-diorite porphyry; 7 – Red sandstone and conglomerate; 8 – Pale coarse-grained sandstone; 9 – Technogenic dumps.
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amount of water is discharged towards the benches 
and forms a surface runoff.

study methods

A procedure for subdividing the open pit into domains 
of different hydrogeological properties has evolved 
during a variety of studies performed in the recent 
years. These studies include: lithological mapping; 
structural geological analysis; hydrogeological map-
ping; well suction and injection tests; continuous re-
cord of water level in wells; record of water discharge 
in drainage galleries; calculations of the general water 
balance in the area; and hydrochemical sampling etch.

The main difficulty of the hydrogeological study is 
related to the discrete and discontinuous nature of the 
rocks, which are permeable mainly along fractures. 
Because of this discrete nature, a significant number 
of observation drill holes are required, as well as very 
detailed data on the local rainfall distribution in the 
watershed of the mine. In general, any subdivision 
would only aspire to be quantitative because of the 
insecurities introduced by the indirect nature of the 
geological observations.

Since the purpose of subdividing the pit is risk as-
sessment, some elements of the methodic used in this 
study are adopted from other risk assessment studies 
such as: assessment of risk for groundwater pollution; 
mapping of landslide affected terrains; and structural 
geological mapping of rock anisotropies etch (Yong 
et al., 1977; Bonnard and Noverraz, 1984; Einstein, 

1988; Hölting et al., 1995; Leroi, 1996; Gogu and 
Dassargues, 2000; Zwahlen, 2003; Bell and Glade, 
2004; Neukum et al., 2008).

Since all data are relevant to the geographic place 
at which they were collected, a special geographic 
layer was created for each data set. All layers were 
superimposed, using ArcGIS software, but the Auto-
CAD Civil 3D package was also used, because some 
primary geologic and topographic data for the mine 
are kept in AutoCAD’s format. The processing of the 
geo-referenced data by GIS software appears to be a 
very powerful strategy, which has been described in 
other works (i.e., Huabin et al., 2005; Chacon et al., 
2006).

The main stages of the study are as follows:
• selection of assessment parameters (e.g., rock 

lithology, water saturation, fracture intensity 
etch) relevant to the risk assessment study;

• definition of the variation range for every geo-
logical parameter and subdivision of this range 
into subranges (classes);

• ascribing of numerical values (weight coeffi-
cients) for each class of a given parameter that 
reflect the impact of the parameters on the risk 
aggravation;

• creation of maps on which classes of the param-
eters are drawn as polygons;

• subdividing of the entire study area into cells;
• summing the weight of the classes and the 

weight of the parameters that are found in each 
cell of the study area.

fig. 3. Stream of pressurized water leaving fracture in the granodiorite. The plate of the geological compass is 10 cm wide.
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The numerical weight for each cell is found by the 
formula:

where І represents overall weight of impact; Xi is 
weight for each parameter; and Yj is weight of the vari-
ation class for a given parameter.

By assembling the class weights for each cell, a 
map of the compound weight for each domain of the 
study area is compiled. The map of compound weights, 
or the risk map, encompasses the pit and those water-
sheds that contribute water to the pit. The entire area is 
around 10 km2. To the north, it reaches the confluence 
of the Elashka and Negarshtitsa rivers.

defInItIon of pArAmeters And 
clAsses for the purpose of the 
hydroGeoloGIcAl zonAtIon

The ground water discharge is impact by a variety of 
factors such as: geologic; hydrologic; hydrogeologic; 
geomorphologic; and anthropogenic etch.

Geological parameters

These parameters determine the physical properties of 
the medium in which the waters move and accumu-
late. For the purpose of the domain subdivision in this 
work, the following parameters were considered.
Host rocks. The rocks in the area are divided accord-
ing to their ability to transmit and retain waters, which 
depends on their macro-, meso- and microstructure; 
mineralogical composition; and physical properties, 
such as porosity and mechanical strength etch. The 
rocks are studied in and around the pit. Their reservoir 
properties are classified as porosity-controlled, frac-
ture-controlled and combined porosity-and-fracture-
controlled.
Density and orientation of the rock anisotropies. The 
fracture openings in the rocks tend to accumulate and/
or transfer water. The water retained in the rock mas-
sif exerts hydrostatic pressure on the pit walls (Muller, 
1964). For the purpose of classifying, the fractures’ 
orientation and density were measured in the entire 
area and statistically studied by stereographic soft-
ware. A weight value is ascribed for each of the statis-
tically determined orientation groups. This reflects the 
spatial separation between the fractures of the group 
and their orientation with respect to the pit walls. The 
fracture (joint) groups with different orientation in 
space have different number of intersections (Fig. 4) 
with the variously oriented parts of the curved pit wall.

For the purpose of the analysis, it is assumed that:
• fractures oriented nearly perpendicular to the 

pit wall contribute less to the risk. In this case, 
the fractures have a maximum number of in-
tersections with the pit wall, so water from the 

massif is easily transported to the surface and 
conditions for anomalously high water pressure 
are not fulfilled. In addition, these fractures are 
less likely to coalesce into a single rock sliding 
surface.

• fractures oriented nearly parallel to the pit wall 
aggravate the risk the most, because they have 
the smallest number of intersections with the pit 
wall and tend to retain water. The retained water 
may be pressurized, given the significant pres-
sure heads caused by the high rock slopes. In 
addition, because of their parallelism with the 
pit walls, they tend to coalesce into a single slid-
ing surface, facilitating rock slides towards the 
open space of the pit.

The quantification of the fractures’ impact is based 
on a simple mathematical equation, by which the so 
called intersection density is defined (Dimitrov and 
Vasilev, 2010a, b):

Е = (sinα)T

where E is intersection intensity; a is the angle between 
the generalized orientation of each fracture group and 
the rock slope; and Т represents statistical weight of 
the studied fracture group.

The total intersection intensity for each pit wall is 
formed as a sum of the intersection intensities of all 
fracture groups measured in the pit. Since for evalu-
ation of this parameter only data from the pit were 
taken (fractures’ densities and orientations and pit 
wall’s orientations), the hydrogeological significance 
of the fracture intersections’ intensity is spread on the 
pit only.

 jiYXI  

fig. 4. Two-dimensional sketch illustrating the spacing of the 
fracture - pit wall intersections, which depend on the orienta-
tion of the fracture sets and the orientation of the pit’s bench 
surface. It is seen that fractures with separation of 10 m have 
smaller number of intersections compared with the fractures 
with separation 20 m.
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Large faults. The faults transfer waters along their de-
formation zones, but serve as screens that do not allow 
waters to pass through (Fig. 5). Because of these, the 
fault network separates domains of different hydroge-
ological properties. Some faults play a significant role 
in creating anomalously high water pressure (Gud-
mansson, 2001) behind the benches. Similar to the 
faults, the lithological boundaries also tend to conduct 
water along strike, but inhibit its penetration across 
strike. Most of the lithological contacts in Elatsite are 
faulted, so they act as faults to a greater extent.

hydrogeological parameters

Water-retaining properties of the rocks. The retaining 
of water in fractures and pores is directly related to the 
degradation of the rocks’ slopes. This rock property 
alone is taken for the purpose of classification without 
regard to other factors, such as existence of screens or 
overall water abundance, which are evaluated through 
other classification parameters.

Fissure water seepage. Here are included springs on 
the surface of the pit. These springs reflect the overall 
water abundance, but also the existence of water con-
ducting structures, such as large fracture intersections 
or faults. For classification purpose, the total number 
of these springs and their total debit were taken into 
account for unit areas or cells, into which the pit sur-
face was subdivided.

Geomorphological parameters

These factors (Reichenbach et al., 2005) impact the 
accumulation and drainage of underground water, as 
well as the transformation of the transient surface wa-
ter into transient underground water and vice versa.
Slope surface direction. It determines the flow direc-
tion of the surface water. Here the slopes of the moun-
tain gorges are taken into account, including slopes of 
gorges that are now buried under piles of waste rock.
Steepness of the pit walls. It affects the drainage of the 
underground waters and directly controls the amount 
of water that surfaces or disappears from the pit.
Height of the pit walls. It reflects the number of bench-
es in each pit wall and the height of each bench. Its 
significance is similar to that of the previous factor.

hydrological parameters

Impact of the river discharge. Here most important is 
the position of the pit bottom with respect to the val-
leys of the Ravna, Negarshtitsa and Malak Iskar rivers. 
Depending on it, these rivers can supply waters for the 
pit or, reverse, the waters from the pit can migrate to-
wards them.
Water-collecting area. The area that supplies the pit 
with water is quantitatively assessed. The local water 
divides are taken into account, so the supply of rain-
water to each part of the pit is evaluated as precisely 
as possible.

Anthropogenic factors

Only part of the human activity is considered for this 
classification procedure. For example, the excavation 
is not taken directly into account. It is assessed indi-
rectly by the other evaluation factors, which are re-
lated to this act.
Artificial rock accumulations. The waste rock piles 
play substantial role in retention and redistribution of 
rainwater. The zones of impact of the depots are evalu-
ated with having in mind the indigenous mountainous 
topography under the depots and the direction of water 
flow. At present, under the rock piles, water-dividing 
ridges are buried and some of these ridges direct water 
towards the pit. It is also accounted that part of the 
internal volume, especially at the base of the depots, 
is clogged with clay, washed from the crushed rock 
of the rock piles themselves or from the steep terrain 
above the piles.

fig. 5. Idealized section through a fault zone. Subdomains with 
different hydrogeological properties are indicated with arrows.
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Table 1
Evaluation of parameters and classes of hydrogeological impact. 1 – Zone with insignificant hydrogeological impact; 2 – Zone 
with intermediate hydrogeological impact; 3 – Zone with significant hydrogeological impact; 4 – Zones with very significant hy-
drogeological impact

Factors
Parameters Classes

Description Symbol Weight 
coefficient Characteristics Symbol Values

Geological

Host rocks
(Fig. 6.1) R ρ = 3

Granodiorite, diorites, gabbro-diorites, 
quartz-monzonitic porphyries, hornfelses R1 1

Spotted schists R2 2
Phyllites, slates, black slates R3 3

Density and ori-
entation of rock 
discontinuities
(Fig. 6.2)

Р π = 4

Areas without data in the pit’s bottom and 
surroundings Р1 0

Areas with intersection intensity above 54 Р2 1
Areas with intersection intensity between 
52 and 54 Р3 2

Areas with intersection intensity between 
50 and 52 Р4 3

Areas with intersection intensity under 50 Р5 4

Large faults
(Fig. 6.3) F φ =3

Domain without faults F1 0
Domain with low faulting intensity – sev-
eral small faults F2 1

Intensely faulted domain – several large 
faults and subsidiary faults cross this 
domain

F3 3

Hydrogeological

Water-retaining 
properties of the 
rocks
(Fig. 6.4)

К κ =4

Rock not retaining water К1 1
Rock partially retaining water К2 2
Rock with a substantial capacity to retain 
water К3 3

Fissure water 
seepage
(Fig. 6.5)

D δ = 3

Zones from which all the water is drained D1 0
Zone with week seepage D2 2
Zone with moderate water seepage D3 3
Zones receiving substantial seepage D4 4

Geomorphological

Dip direction of the 
mountain slopes
(Fig. 6.6)

S σ = 2
Out of the pit opening S1 0

Towards the pit opening S2 3

Steepness of the pit 
walls (slope angle)
(Fig. 6.7)

В β = 1

Natural gentle topography, unaffected by 
human activity В1 0

Moderate slope angles В2 1
Steep slope angles B3 3

Height of the slopes
(Fig. 6.8) Т τ = 3

Areas outside of the pit opening Т1 0
Up to 280 m Т2 1
Between 280 m and 360 m Т3 2
Between 360 m and 450 m Т4 3
More than 450 m Т5 4

Hydrological

Influence of the river 
discharge (Fig. 6.9) L λ = 1

Favorable L1 0
Unfavorable L2 1

Water-collecting 
area
(Fig. 6.10)

А α = 3

Outside of the pit’s water-collecting area А1 0
Part of the pit, which is supplied with water 
recharged only from the pit itself А2 2

Part of the pit, which is recharged with wa-
ter collected outside of the excavation zone А3 3

Anthropogenic

Artificial geomorphic 
forms (piles of waste 
rock etch)
(Fig. 6.11)

N ν = 2

Not present or located outside of the pit’s 
recharge zone N1 0

Poorly permeable rock piles N2 1
Permeable rock piles N3 2

Drainage structures
(Fig. 6.12) G γ = 2

Areas drained by drainage structures G1 0
Areas outside of the drainage structures’ 
influence G2 3
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Drainage tunnels. Here the significance of tunnel 955 
and tunnel 840, as well as some older drainage struc-
tures, is taken into account. The rock volume drained 
by each of these structures is expertly assessed with 
respect to the known water influxes in the pit and the 
debits measured in each of them.

The compound evaluation parameter used for the 
hydrogeological zoning is the so called Hydrogeologi-
cal risk indicator (Hri). It is an integral parameter that 

includes all examined parameters. It is found by first 
compiling maps for each parameter, according to the 
accepted classification scheme (Table 1; Fig. 6). The 
entire studied area was subdivided into 423 cells and 
for each cell the Hri was calculated:

Hri = ρRi + πPi + φFii + κKi + δDi + σSi + βBi  
+ τTi + λLi + αAi + νNi – γGi
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fig. 6. Maps for analysis of various classification parameters. 1 – Distribution of the “Host rocks”; 2 – Intersection density of the 
rock discontinuities (joints and small faults); 3 – Geometry of the large faults; 4 – Water-retaining rocks; 5 – Fissure water seepage; 
6 – Dip direction of slopes; 7 – Steepness of slopes; 8 – Height of slopes; 9 – Impact of the river discharge; 10 – Water-collecting 
area; 11 – Waste rock piles; 12 – Drainage installations.

where the meaning of the symbols, the values of the 
classes and the weight coefficients are applied as in 
Table 1. These parameters are not universal. They are 
representative for the object of this study. Therefore, 

their usage in other different sites requires adjust-
ments, according to the specific local conditions.

The variation range of the Hydrogeological risk in-
dicator (Hri) defined in this study varies from 7 to 99. 
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For the purpose of classification, the following varia-
tion intervals were applied:

• domains of low hydrogeological impact (Hri < 30);
• domains of average hydrogeological impact (Hri 

is from 31 to 53);
• domains of significant hydrogeological impact 

(Hri is from 54 to 76);
• domains of very high hydrogeological impact 

(Hri > 77).
The grading suggests that, in the domains with sig-

nificant and very high hydrogeological impact, the sur-

face and underground waters will have adverse effects 
on the pit’s slope stability, so additional investment 
in drainage infrastructure or other type of planning 
aimed at diminishing the risk should be undertaken.

results And conclusIons

The main result of the study is the compilation map 
(Fig. 7) created by superimposing the 12 parameters’ 
maps (Fig. 6). On the compilation map, areas of dif-

fig. 7. Compilation map of the various parameters of hydrogeological impact: 1 – low-risk area; 2 – average water-related risk area; 
3 – high-risk domain; 4 – the most unfavorable zone.
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ferent hydrogeological impact are defined. The areas 
outside of the pit are classified as having low or aver-
age level of impact. Low level of impact appears on 
the compilation map for the northern part of the pit, be-
cause, in the northern wall, the topographic elevations 
are lower and the drainage tunnels ensure proper evacu-
ation of the water. A zone of average impact appears 
in these parts of the pit, which are supplied with water 
from the mountain ridges and waste rock piles nearby.

Most important from practical point of view is the 
zonation of the hydrogeological risk in the range of 
the active mining, which was in fact the purpose of 
the study.

Approximately 3.7% of the pit’s surface can be 
classified as a low risk area. With moderate to average 
water-related risk is about 25.4% of the pit, namely 
in its lower (under 1000 m a.s.l.) and predominantly 
northern (higher) parts. This area is impact by drain-
age tunnels and has small water-collecting surface. 
Also average is the risk in the higher horizons of the 
southeast part of the pit, mainly because of the favora-
ble fracture orientation, which allows good drainage 
of the rocks evidenced by lack of localized springs.

Around 66% of the pit is classified as a high risk 
domain. It is located in the southern and western parts 
of the pit and, narrowly, in the northeastern part. Here 
the combined effect of most of the discussed param-
eters is evident.

Most unfavorable is about 4.6% of the pit area en-
compassing the benches at high elevation in the south-
ern and partially southwestern part of the pit. Here the 
water-retaining properties of the phyllites, the steep 
and high slopes and the significant water accumula-
tion area play role.

The results of the study give broad but robust as-
sessment of the water-affected slope stability that can 
be used as guidelines for planning in the mine. The de-
cisions based on this assessment are fundamental for 
the design strategy. For example, the decision to erect 
a crushing installation in the northern wall is justified 
by the low water-related risk for this area.

This study also delineates localities, where further 
research by drilling wells and installation of automatic 
logging stations to monitor water flow can be under-
taken in the future.
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