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Abstract 

The geomechanical model describing the heat-and-mass transfer processes in the 
vicinity of the protective embankment at the tailing pond of the Kumtor gold deposit 
(Kyrgyzstan) was designed based on the information on the structure of the object, as well as 
the data on thermophysical properties and permeability of frozen and thawed ground and 
seasonal variation of air temperature. The simulation implemented with the help of original 
FEM code has shown that: a) the zero isotherm between the frozen and thawed rocks attains 
stable location 10–15 years after the embankment creation and the pond filling; b) the 
decrease in the mean annual temperature essentially reduces infiltrate volume due to longer 
time when impermeable frozen layer covers the embankment slope surface. The inverse 
problem on determination of location and onset time of impervious screen damage by the 
data of piezometric measurements was defined. Numerical experiments revealed that the 
formulated problem is unambiguously resolvable at an acceptable accuracy for any real 
heat-transfer and filtration properties of soil if input data were recorded at a number of points 
and given the measurement error is moderate. 
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1. Introduction 
 

Construction and operation of various purpose 

waterworks (protection embankment, dams, dikes, 

hydroelectric power plants) in permafrost zones 

causes natural heat disbalance, rises temperature of 

frozen rocks and generates new migration paths for 

fluid flow (Yershov and Williams, 2004; Chzhan, 

2002; Vozin, 1987). This results in the instability of a 

waterworks structure and in pollution of environment 

with production waste. Various aspects of modeling of 

heat-mass exchange in terms of objects in permafrost 

areas are discussed, for instance, in (Riseborough et al, 

2008; Yi et al, 2006). Substantial research deals with 

analyzing behavior of large natural objects over 

geological period of time (Bense and Person, 2008; 

Rawlins et al., 2009; Velicogna et al., 2012; Zhang et 

al., 2008) and with studying behavior of production 

and man-made objects (Goy et al., 1996; Lolaev et al., 

1997; Buiskikh and Zamoshch, 2010). 

Being the largest in Central Asia, Kumtor gold 

deposit was discovered in 1978 and put into operation 

in the mid-1990s. The deposit lies in the south-east 

Kyrgyzstan, in the Tian Shan mountains, at an 

elevation of 4 km, in the permafrost zone 

(www.kumtor.kg). This area belongs in the continental 

climate zone RF Construction norms (1996), the 

winter and summer temperatures are, respectively, 

– 35°C and + 20°C; the mean annual temperature is 

6°C (Nepomnyashchaya, 2007). 

Kumtor gold ore mine uses open pit mining 

method, by now the mine has produced 5.6 Mt of ore 

with the average gold content of 3.85 g/t 

(www.gold-deposit.ru/2183.html). Gold is recovered 

by cyanidation, liquid waste goes to a tailing pond. As 

the tailing pond fills up, its protective embankment is 

built up by 1.5 m per year. At the present time, the 

embankment is 36 m high, the dam site is 280 m wide 

and its extension Y=3 km (Osmonbetova, 2011). To 

prevent slope erosion and infiltration, an impervious 
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Fig. 1 Profile of the object under investigation 

 

screen has been created: the embankment is covered 

with an impermeable 1.5 mm thick film that is sealed 

along edging (www.vb.kg/244692). The weld seals are 

the weakest place of the protection cover. 

The temperature and filtration processes in the area 

of the Kumtor mine embankment and the diagnostics 

method for the state of the impervious screen are the 

subjects of the present research. 
 

2. Formulation and solution of direct 
problem 
 

Figure 1 shows structural configuration of profile 

of the object under analysis. The tailing pond is 

non-freezing over the entire service life, the fluid 

temperature Tw varies from 4 to 8°C. The state of the 

protective embankment and underlying ground is 

monitored by means of measuring pressure and 

temperature at different depth in observation 

boreholes. 

As the extension of the object is much more than 

its height and width and shapes of the profiles of the 

embankment show a minor difference, the analysis 

involves a two-dimensional problem in the Cartesian 

coordinates (x, z). The current state of the 

embankment is of the prime importance, so we 

simplify the situation by disregarding the change in the 

configuration of the embankment in the course of 

operation. 

The lower boundary z = Z of the computational 

domain (Fig. 2) lies in the zone of permafrost at the 

permanent negative temperature Ti that is accepted to 

equal the temperature of –2°C of the neutral layer in 

the discussed geographical region (RF Construction 

norms, 1996). Let the embankment temperature and 

the underlying ground temperature T = Ti at the initial 

time moment t = 0, ant later on the tailing pond is filled 

with the fluid with the temperature Tw , which is 

assumed constant in view of the continuity of the 

production process. 

Thawing is much slower than the heat exchange 

between the fluid and the ground, therefore evolution 

of the temperature T is described by the transient 

equation of thermal conduction, considering 

convection (Bejan, 2013): 

 

)(, TgradkdivTgradVT Ct 


,                     (1) 

 

where kC = kC(T) is the thermal diffusivity coefficient; 

V


 is the fluid flow velocity defined by the Darcy law: 

 

aS pPgradkV /


,                                              (2) 

 

kS = kS(T) is the filtration coefficient; pa is atmospheric 

pressure. Filtration takes place only in the thawing 

zone (T > 0) where the additional pressure P obeys the 

equation: 

 

)(, PgradkdivP St  .                                              (3) 

 

The boundary conditions are formulated as 

follows (refer to Fig. 2): 

at the section A0A1 

 

T = Tw , P = ρg(z(x) - z0)                            (4) 
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Fig. 2 Computational domain, boundary conditions and finite element mesh fragment 

 

(ρ is the fluid density; g is the free fall acceleration; 

z(x) is the ordinate of current boundary point); 

at A1…A8 (impervious screen) 

 

T=Tw , 0 nV 
                                                       (5) 

 

( n  is the external normal to the boundary); 

at the daylight surface A8…A11 

 

T=Ta , P=0,                                                             (6) 

 

where Ta = Ta(t) is the air temperature. 

The vertical boundaries x = 0, X are free from the 

horizontal components of the velocity Vx and heat flow 

Fx 

 

Vx = 0, Fx = 0;                                                            (7) 

 

at the boundary z = Z 

 

T = Ti .                                                                       (8) 

 

The system of the differential equations (1)–(3) 

with the boundary conditions (4)–(8) and the initial data 

T(0, x, z) = Ti , P(0, x, z) = 0 was solved using the finite 

element method Zienkiewicz et al. (2013) and the 

original codes (Nazarova, 1985; Nazarova et al., 1998). 

The linear size of an element was 2 m, the time step was 

6 h. The calculation involved the following model 

parameters (Fig. 2): X = 600 m, Z = 100 m, z0 = 2 m, 

ρ = 1020 kg/m3. The values of the coefficients of 

consolidation and temperature diffusion 

corresponding to weakly permeable clays with 

medium moisture content Goncharov (2002) are 

compiled in the Table 1. 

 

Table 1 Heat–filtration characteristics of rocks 
Rock 106kS , m/s 106kC , m2/s

Thawed 2.0 1.2 
Frozen 0 2.0 

 

Figure 3 demonstrates location of the zero 

isotherm (the interface of the thawed and frozen 

zones) at different time after filling the tailing pond at 

Tw = 4°C (blue lines) and Tw = 8°C (red lines). 

Fig. 3 Location of zero isotherm for various Tw 

 

In the considered geographical region, the mean 

annual temperature is positive, therefore, the zero 

isotherm moves away from the upper surface and 

reaches the steady-state position in 10–15 years. As 

seen, the variation of the temperature Tw inside the 

production-justified range has little influence on the 

thawing depth. 

Fig. 4 Level curves of pressure (bar) 10 years after 

filling of the tailing pond: a) undisturbed impervious 

screen; b) impervious screen with rupture. 
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Figure 4a illustrates distribution of the pressure P 

at the time t=10 years when the length r (refer to 

Fig. 2) of the horizontal boundary section A0A1 of the 

impervious screen is 5 m : evidently, infiltrate reaches 

the surface of the right-hand slope of the protective 

embankment by now. 

With this end in view, we analyze the influence of 

the value of r on the amount of infiltrate having 

reached the outer perimeter of the embankment 

L=A7A8A9A10A11 (refer to Fig. 2): 

  
t

L

dLnVYtQ
0

)( 
. 

The varicolored lines in Fig. 5 show the change in 

Q for different r as against Q = Q0 at the time 

t = 10 years when r = 0. It appears that a comparatively 

slight growth of r essentially reduces the infiltrate 

amount and, consequently, mitigates ecological 

hazard. 

Fig. 5 Relative volume of infiltrate through 

embankment 

 
The numerical experiments have shown that Tw 

has nearly no influence on the value of Q, while the 
decrease in the mean annual temperature greatly 
reduces the infiltrate amount due to the longer time 
within which the frozen layer occurs at the daylight 
surface of the embankment. 

 
3. Search the location and timing of 

impervious screen rupture based 
on piezometric measurement data 

 
To monitor the state of the protective embankment, 

vertical observation holes are drilled (see Figs. 1 

and 2), and temperature and pressure are measured at 

various depth in these holes. The temperature 

measurements are mainly required to monitor 

propagation depth of the thawing zone whereas they 

do not inform on the rupture of the impervious screen 

since the temperature is almost the same at the bottom 

of the tailing pond. 

Let us consider how the pressure field “responds” 

the rupture of the impervious screen. At the time t = th 

at the point x = xh, due to low-quality sealing 

Ishchenko (2007), a hole 2c in length forms in the 

impervious screen. In this case, in the section 

[xh–c, xh+c] of the upper boundary of the 

computational domain, the hydrostatic pressure ρgzh is 

set so to be in accord with the water body depth zh at 

the given point (Fig. 2). Evidently, the hole is an 

additional source of fluid, and the infiltration toward 

the daylight surface of the embankment intensifies 

(Fig. 4b) with closer location of the hole to the 

embankment surface (dashed colored lines in Fig. 5) 

despite the fact that the water head is twice as little at 

xh = 230 m than at xh = 170 m. 

The colored lines in Fig. 6 show time variation of 

the pressure Ph(t) =P(t, xm , zm) at c = 1 m; the 

coordinates xm and zm of the observation points as well 

as parameters th and xh of hole are specified in the 

insets. For the comparison, the black lines show the 

pressure at the same points for the undamaged 

impervious screen. It turns out that the pressure 

sensors perceive the damage of the impervious screen 

within the first months (depending on the distance 

from the damage position) to the accuracy of 10 kPa. 

The slope α of the curve Ph(t) grows with closer 

distance to the hole in the screen. The behavior α is the 

indication of the integrity of the impervious screen. 

Fig. 6 Pressure at observation points for different 

location xh of rupture in the impervious screen 
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Now, we formulate the inverse problem: search 

the time th and rupture point xh and in the impervious 

screen by the data of piezometric measurements. Let 

introduce an objective function: 

 

ahhhh ptxtIxt */),(),(  ,                              (9) 

 

where 

 





*

2
* )](),,,,([),(

tt

t

hhmmhh

m

m

dttPxtzxtPxtI ,   (10) 

The function Ψ is a dimensionless functional of 

discrepancy between the pressure P*(t) measured at 

the observation point (xm , zm), that is the input data, 

and the “theoretical” pressure P(t, xm, zm, th, xh) at the 

same point, additional arguments of the function P 

imply that this is the direct problem (1)–(8) solution at 

certain values of th and xh. In (9), (10) tm is the start 

time of the pressure growth at the point (xm , zm); t* is 

the time interval set empirically. The numerical 

experiments showed that t* grows as kS reduces; at the 

chosen model parameters, t* = 4–6 months. 

The minimum point ),( **
hh xt  of the objective 

function furnishes the inverse problem solution. In 

order to examine its resolvability, we synthesize input 

data: 

 

)()](1[)( 0* tPttP  , 

 

where P0(t) - the exact solution of the direct 

problem - is the pressure at the point (xm , zm) if the 

impervious screen gets ruptured at the point 0
hxx   at 

the time 0
htt  ; ξ is a random variable uniformly 

distributed over the interval [-1,1]; δ is the relative 

amplitude of superimposed multiplicative noise. 

Figures 7 and 8 show the level lines of the objective 

function Ψ for δ = 0.3, t* = 0.5 year, 0
hx = 160 m, 

0
ht 4 years for different xm and zm . 

 

 

 

Fig. 7 Isolines of the objective function Ψ at the 

observation point with the coordinates xm = 150 m, 

zm = 32 m. 

 

It is found that Ψ is not always unimodal (Fig. 8); 

for this reason, the objective functions are to be 

considered for various observation points. 

The equivalence domain Um (yellow-colored in 

Figs. 7 and 8) is a variation range of the objective 

function arguments such that the relative change 

|ΔΨ|/Ψ is not higher than a certain small value (in our 

case, 0.005). The dimensions of Um , which condition 

the accuracy ε of the inverse problem solution, depend 

on the noise level δ in the input data. The given 

analysis assumes ε = 0.1, then the related value of δ is 

approximately equal to 0.4. 

 

Fig. 8 Isolines of the objective function Ψ at the 

observation point with the coordinates xm = 210 m, 

zm = 30 m. 

The inverse problem solution Utx hh ),( ** , where 

U is the intersection of the equivalence domains Um of 

the objective functions constructed for a number of 
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points where the pressure is measured. Then, with the 

moderate noise in the input data, the inverse problem 

is unambiguously resolvable. 

Based on the results of the numerical experiments, 

it is expedient to use gradient methods Avriel (2003), 

Nazarov et al. (2013) to search the minimum of Ψ if 

the measurement points are sufficiently distant from 

the frozen zone since coefficients of thermal 

diffusivity and filtration are discontinuous functions in 

the vicinity of the zero isotherm and the objective 

function Ψ becomes nondifferentiable as a 

consequence. 

 
4. Conclusions 

 
The authors have designed the geomechanical 

model describing the heat-and-mass transfer processes 

in the vicinity of the protective embankment at the 

tailing pond of the Kumtor gold deposit, Kyrgyzstan, 

situated in the permafrost zone. The numerical 

experiments have shown that: a) the zero isotherm 

between the frozen and thawed rocks attains stable 

location 10–15 years after the embankment creation 

and the pond filling; b) the decrease in the mean 

annual temperature essentially reduces infiltrate 

volume due to longer time when impermeable frozen 

layer covers the embankment slope surface; c) the 

change of the fluid temperature in the 

production-justified range has almost no influence on 

the depth of thawing and the amount of infiltrate in the 

embankment; d) a slight increase in the size of the 

horizontal section of the impervious screen greatly 

reduces the amount of infiltrate and, consequently, the 

pollution of the area. 

The inverse problem on locating and timing a 

rupture of the impervious screen is unambiguously 

resolvable at an admissible accuracy for any real 

thermal and filtration characteristics of soil using the 

data of piezometric pressure measurements taken at a 

number of points and given the moderate noise in the 

input data. 
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