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ABSTRACT This investigation employed granulated blast furnace slag as functional
adsorbent to study adsorption phenomena in single and multiadsorbate systems of synthetic
acid mine drainage containing Cu®’, Mn>", Cd*", Fe*" and Co”" ions. Batch experiments were
conducted as function of initial pH, phase ratio, mixing time, slag particle diameter and initial
metal concentration. The structure of slag was studied using various materials characterization
techniques.

The efficiency and adsorption rates increased with decrease in particle diameter, decrease
in initial metal concentration, increase in slag mass and increase in initial pH as expected. A
high pH promotes adsorption possibly by precipitation and/or ion exchange processes.
Interestingly, metal adsorption drastically reduced in multi adsorbates relative to single
adsorbates. Pseudo second order model is most appropriate theory to satisfactorily describe
experimental data. At high slag mass, coarse particle sizes and high initial concentration,
film and intraparticle diffusion appear to limit adsorption based on Intraparticle model.

1 INTRODUCTION Robinson, 1995). However, these chemicals

1.1 Background

The uncontrolled natural oxidation of iron
and sulphur compounds in mineral wastes
generates Acid Mine Drainage (AMD) of
typically low pH, high sulphates, heavy
metals ions, etc that have polluted the
environment worldwide (Akcil and Koldas,
2006;Skousen et al., 2000). Several
(standard) treatment techniques exist for
wastewater. Chemical precipitation, ion
exchange, adsorption and membrane based
filtration  processes are among the
commonest (Fenglian and Wang, 2011).
Traditionally,  lime  based  chemical
precipitation process is widely practiced to
treat AMD (Akcil & Koldas, 2006;Kuyucak
et al, 2001;Kuyucak, 2002;Robb and

are relatively expensive, kinetically slow and
less efficient in the long term nature and
effects of AMD (Barakat, 2011;Kuyucak,
2006;Robb & Robinson, 1995). A High
Density Sludge (HDS) process (Kuyucak et
al., 2001;Zinck, 2005) and engineered
wetlands have been implemented on some
mine sites (Kuyucak, 2006;Skousen et al.,
1998).

Recently, several batch studies on the
adsorption of heavy metal ions using
iron/steelmaking slags and other industrial
wastes as functional adsorbents have been
published. Although they are yet to be
understood in detail, it is believed that such
materials may be sustainable alternative
adsorbents to activated carbons and ion
exchange resins (Ahmaruzzaman,
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2011;Bailey et al., 1999;Barakat,
2011;Kurniawan et al., 2006;Sud et al.,
2008). High metal adsorption capacity and
efficiency involving slags in largely single
and binary adsorbate systems have been
reported, and the mechanisms of adsorption
process and effects of process variables on
metal adsorption have also been evaluated.
Adsorbent capacity and degree of affinity
were determined by fitting experimental data
to the Langmuir and Freundlich adsorption
isotherms (Curkovic et al., 2001;Dimitrova,
1996;Dimitrova, 2002;Dimitrova and
Mehandgiev, 2000;Dimitrova and
Mehanjiev, 1998;Feng et al., 2004;Kim et
al., 2008;Lopez et al., 1995;Lopez-Delgado
et al., 1998). Though Xue et al (2009)
studied multi-adsorption with basic oxygen
furnace slag such studies are limited.

For silicate based materials such as slags,
many authors believe metal adsorption
process to occur through ion exchange and
metal hydroxide/silicate precipitation
(Dushina and Aleskovski, 1976), physical
adsorption based on ion exchange (Lopez et
al.,, 1995), predominantly sorption through
ion exchange and some form of metal silicate
precipitation (Dimitrova & Mehanjiev,
1998). In many instances, studies on the
proposed mechanisms of metal adsorption
with iron/steelmaking slags are limited,
inconsistent and not yet clearly understood in
many similar metal adsorption systems.

Kinetics of adsorption data is also
necessary in order to determine rates of
adsorption, residence time, etc needed in
adsorption process design. Several kinetic
models based on chemical and diffusion
adsorption processes have been developed.
Pseudo first and second order rate equations,
Elovich rate equation, and liquid film and
intra particle diffusion models have all been
applied to analyse laboratory batch
experimental data in general wastewater
treatment (Ho and Mckay, 1998;Liu et al.,
2010). As applied to slags Kim et al (2008)
applied pseudo first order, pseudo second
order and intra particle diffusion models to
study Cu®" adsorption on steelmaking slags
(Kim et al., 2008). Ortiz et al (2001) applied
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first order model in Ni*" adsorption with
steel converter slags (Ortiz et al., 2001).

However, studies in multicomponent
systems that reflect actual industrial effluent
composition are limited and need to be
conducted in order to understand kinetics and
competitive metal adsorption phenomena.
Further, there are very few reported studies
that have employed kinetic models to study
mechanism of metal adsorption with slags.
This study investigated the adsorption
efficiency and kinetics of Cd*", Co*", Cu*',
Fe*" and Mn®" ions using blast furnace slag
as adsorbent, as a function of slag
(adsorbent) particle size, adsorbent mass,
initial concentration and solution pH in
single and multiadsorbate systems. The
experimental data were then analyzed by
fitting the data to common kinetic models in
order to understand mechanisms of
adsorption process and rate limiting factors
involved.

2 MATERIALS AND METHODS

2.1 Slag Characterization

This investigation employed granulated blast
furnace slag (BFS) from Tarmac Ltd UK as
functional adsorbent to investi%ate the
adsorption of heavy metal ions (Cu *, Mn*",
Fe*', Cd*" & Co’") from synthetic AMD
solutions as described below. BF Slag
particle size distribution was done by sieve
analysis. An AutoPore IV 9500 V1.09
Micromeritics Mercury Porosimeter was
employed to determine slag pore structure
and pore size distribution. A Philips XL-30
Environmental Scanning Electron
Microscopy (ESEM)-FEG fitted with an
Oxford 1Inca 300 Energy Dispersive
Spectroscopy (EDS) system was applied to
determine pore structure, surface
morphology and full chemical/elemental
composition. The  mineralogical and
chemical composition was also conducted by
Siemens D5005 powder X-Ray
diffractometer (XRD) and Bruker S8 Tiger
Wavelength Dispersive X-Ray Spectrometer
(XRF)  respectively.  Other  physical
properties such as specific surface area was
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done by Nitrogen adsorption fitted to BET
Equation and density by AccuPyc II 1340
V1.05 Micromeritics Helium gas
Pycnometer. The results are discussed in
sections that follow.

2.2 Stock and Synthetic AMD Solutions

Standard stock solutions of 1000 mg/L
Cu®’, Mn*", Fe*', Cd*" & Co*" ions were
prepared separately from their respective
analytical grade chemicals (CuSO4.5H,0,
MnS0,.4H,0, FeSO,.7H,0, 3CdS0,.8H,O
& Co0S04.7H,0) from Fisher Scientific UK
using distilled water. Subsequent AMD
solutions ~ of  different  metal ion
concentrations were prepared by appropriate
dilutions of stock solutions, which simulated
average compositions of actual AMD
solutions of a worked out (old) Chibuluma
copper/cobalt Mine of Zambian Copperbelt
mining operation. The pH was adjusted
manually using 1.0 mol/L NaOH or conc.
H,S0O, solutions.

2.3 Experimental Procedure

Batch adsorption experiments were
conducted in % litre capacity plastic bottles
with tight screwed caps agitated on a
tumbling mill, as function of pH (1.50, 3.50
& 5.50), phase ratio or mass of slag to
aqueous volume (2-10% w/v slag), mixing
time (3-6 hours), slag particle diameter (dp <
45 pm & 0.18-1.00 mm size fractions) and
initial metal ion concentration (20-300
mg/L). The required initial metal ion
concentration from stock solutions were
added to the %2 L capacity plastic bottles,
after pH was adjusted to the required value
with a bench HI 2211 pH meter. The
required mass and particle size fraction of
slag (as received) was then added, placed
onto tumbling mill and agitated at 110 rpm
for a predetermined time period. 20 mL
slurry sample aliquots were periodically
taken and filtered. Equilibrium metal
concentrations were measured on the filtrate
by Flame Atomic Absorption Spectrometer
(Perkin Elmer AAnalyst 300) from which
efficiency (n) and adsorption capacities (Q)

were calculated by equations (1) and (2)
below.

(CO _C[)* V
m

n:w*loo%

Co )
Where Q; (mg/g) = adsorbate concentration
at any time t; C,, C; (mg/L) = initial
adsorbate concentration and at any time t
(min) respectively; m (g) = mass of
adsorbent; V (L) = Volume of solution.

0 = (M

3 RESULTS AND DISCUSSION

3.1 Slag Physical and Chemical Properties

Table 1 below gives the oxide
composition of granulated blast furnace slag
as determined by XRF. The high lime (44%
CaO) content means that the material has a
potentially high neutralizing capacity for
acidic effluents. The specific role of each of
these components in adsorption is subject to
further study.

However, the XRD pattern did not detect
the presence of any crystalline mineral
phases suggesting that the slag is highly
amorphous.

Table 1: Properties of BF slag

Chemical Physical

composition properties
Oxide | % w/w | Parameter Value
CaO |44.1 BET surface area | 0.769 m’/ g
SiO, |[30.7 True density 2.89 g/em’
AlLO; | 10.6 Particle dia dp dp <45 pm
MgO | 5.8 Porosity 54.5%
TiO, |0.74 Total pore vol 0.426 mL/g
K, O [0.62 Total pore area 1.275 m*/g
MnO | 0.71 Average pore dia | 1.336 um
Fe,O5 | 0.39
Na,O | 0.27
BaO |0.21
SO; 1.98
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3.1.1 Pore size distribution

The pore size distribution is shown in Figure
1 from which it can be deduced that pore
sizes are greater than 50 nm, hence the
material is macroporous. Other characteristic
Porosimetry parameters of slag are shown in
Tablel.
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Figure 1: Pore size distribution of blast
furnace slag for 0.18 < dp < 0.36 mm slag
size fraction.

3.1.2 SEM Surface morphology

Figure 2 below is an Scanning Electron
Microscopy-Energy Dispersive Spectroscopy
(SEM-EDS) showing macroporosity surface
structure with elemental composition

From EDS analysis of slag surface Ca*’,
Mg, K" & Na" are potentially exchangeable
cations, thus heavy metals could be removed
from solution by ion-exchange process.

AccV SpotMagn Det WD Exp ——————— 500nm
200KV 30 50000x SE 104 1

Figure  2: SEM-Energy  Dispersive
Spectroscopy (EDS) nanostructure for 0.18 <
dp <0.36 mm slag size fraction.
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3.2 Adsorption Kinetics and Efficiency

3.2.1 Kinetic Modeling

Rate of adsorption is controlled by (1)
external (or film) diffusion across liquid film
surrounding adsorbent particles, (2) intra
particle (or internal or pore) diffusion in the
internal pore sites or walls of adsorbent
particles and (3) sorption which may involve
one or several mechanisms, e.g.,
physisorption, chemisorption, ion exchange,
precipitation, complexation etc (Qiu et al.,
2009) .

In this study pseudo first order, pseudo
second order and Elovich’s rate equations
based on chemical adsorption as well as intra
particle diffusion model were applied to the
experimental data in order to analyze the rate
limiting steps and infer the mechanisms of
metal adsorption under various solution and
experimental conditions.

3.2.1.1 Pseudo first order model

Lagergren pseudo first order rate equation
(Ho & Mckay, 1998) is defined as

Q. 4 (o -
o ~hlo.-0) ®)

Equation (3) is integrated (t =0 to t =0 and

Qi =0 to Q; = Q) and expressed in linear
form as

k,
log(Q, -0,)=10g(Q,)- -7~ “4)

2.303

Where (Q;, Q.) = amount of metal ions
adsorbed per unit weight of adsorbent (mg/g)
at any time t (min) and at equilibrium
respectively, k; is adsorption constant (mg/g
min).

If the model applies, a plot of log (Q.-Qy)
vs. t should be linear.

3.2.1.2 Pseudo second order rate Model

Pseudo second order (PSO) kinetic model
is given by the differential equation (Ho,
2006;Ho & Mckay, 1998;Ho and Mckay,
1999;Qiu et al., 2009) as;

do,
dt

:kz(Qc _Qr)2 (5)

Where (Q;, Q.) = amount of metal ions
adsorbed per unit weight of adsorbent (mg/g)
at any time t (min) and at equilibrium
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respectively, k, is adsorption constant (mg/g
min).

Integrating equation (4) (betweent=0to t
=tand Q; =0 to Q; = Q;to linear form gives;

! 1+1tort ! 1t (6)

0, k0’ 0, 0 h o

h = kQ% = initial adsorption rate (mg/g
min) as t goes to zero. Thus, Q., k and h can
be determined experimentally from the slop
and intercept of linear plots of t/Q, vs. t

3.2.1.3 Elovich’s model

The differential equation (Ho, 2006) is
given as

40, _ (7

ae
dt

The integrated (t =0 to t =0 and Q; =0 to
Q.= Q) and linearised form is

0, = (%jlog(t +ta)*(%)logta ®)

Equation (8) was simplified on assumption
that aat >> 1 to give a linear equation (9);

Q; = aln(aa) + aln(t) C)

Where a = desorption constant (g/mg), o =
initial adsorption rate (mg/g min), t, = 1/(aa),
Q. = amount of metal ions adsorbed per unit
weight of adsorbent (mg/g) at any time t
(min).

A plot of Qq vs. In(t) gives a straight line
from which the parameters are obtained.

3.2.1.4 Weber-Morris Intraparticle diffusion
model

The rate expression for intra particle
diffusion limited adsorption process as
presented by Weber and Morris (Qiu et al.,
2009) is

0, =kt (10)

Q; = amount of metal ions adsorbed per unit
weight of adsorbent (mg/g) at any time t
(min), k; = intra Particle diffusion rate
constant (mg/g min""), t = time.

A plot of Q, vs. t"? should be linear if intra
particle diffusion is the rate determining step
(RDS) of the process. Where the line
intercept is not zero, the process could be
accompanied by film diffusion.

Kinetic modeling results are presented in
sections that follow.

3.2.2 Single adsorbate system

3.2.1.1 Effect of particle size

Batch bottle-rolling experiments using 2
Litre bottles agitated at 110 rpm were
conducted in single and multicomponent
adsorption systems with four different size
fractions of BF slag, i.e., dp <45um, 0.18 <
dp < 0.36 mm, 0.36 < dp < 0.50 mm and
0.50 < dp < 1.00 mm. Unless stated
otherwise, all experiments were conducted at
a slag dosage of 3g per 100 ml of synthetic
AMD with initial concentration of each
adsorbate at 100 mg/L and initial pH of 3.50
at 20 °C.

Metal adsorption increased with a
decrease in particle diameter of slag due to
increase in surface area. This increases the
adsorption opportunity on outer slag
surfaces. The initial rates of adsorption were
rapid probably because of (1) high mass
transfer rates based on high concentration
gradient of adsorbates that drives diffusion
flux across the film boundary layer into slag
pores, and (2) high availability of active
adsorption sites.  Adsorption rate later
decreased with time, as expected, because
free adsorption sites and concentration
gradient decreases. As for dp < 45 um size
fraction, adsorption was nearly instantaneous
and complete (100%) for all metal ions under
the conditions employed (bottle roller at 110
rpm, 5% w/v BFS, 100 mg/L Me*', pH 3.50
at room temp.). For coarser size fractions,
highest adsorption efficiency (100% Fe®',
Cu’" & Cd*; 87% Co*, 57% Mn*") were
obtained with 0.18 < dp < 0.36 mm finest
size fraction as given in Figure 3 below.
Mass transfer resistance is high for larger
particles (Ahmaruzzaman, 2011). Efficiency
of adsorption was high and selective towards
Fe*" and Cu® but moderate towards Cd*" and
low for Co®" and Mn®*". Co* and Mn*
adsorption is low that probably require
longer residence time under these conditions.
The adsorption preference was
Fe’">Cu*">>>Cd*">>Co” >Mn*",
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Figure 3: Metal (Me”") adsorption vs. time in
single adsorbate system at initial pH, 3.50,
3% w/v BF Slag, 97+6 mg/L Me™,
0.18<dp<0.36 mm size fraction, 20°C.
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Figure 4: Metal (Me*") adsorption vs.
equilibrium pH in single adsorbate system at
initial pH, 3.50, 3% w/v BF Slag, 97+6 mg/L
Me™, 0.18<dp<0.36 mm size fraction, 20°C.

From Figure 4, variation of equilibrium pH is
different for all metals at same experimental
conditions. This might be helpful in
assessing selective metal adsorption based on
initial pH in a multiadsorbate system.

Based on the theoretical solubility of
metal hydroxides as function of pH and
metal concentration, observed experimental
metal ion concentrations against equilibrium
pH suggests metal removal to involve metal
hydroxide precipitation for Cu>" and Fe*
except probably Cd** , Mn®>" and Co” for
which precipitation may be negligible. The
precipitation model reaction is given in
equation 13 below. However, it has been
reported that adsorption process is kinetically
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much faster than chemical precipitation of
metal hydroxide (Gao et al., 1995).

Four kinetic models (See section 3.2.1) were
applied to test whether metal adsorption was
controlled by diffusion or chemisorption.
The results for linear data fit to pseudo
second order model (PSO) in single
adsorbates are shown in Figure 5 using 0.18
<dp <0.36 mm particle size fraction.

150.0

120.0

90.0

60.0

t/Q

300

0.0

t (min)

B Cu2+

X Cd2+
——Pseudo 2nd order (Fe2+)
Pseudo 2nd order (Co2+)
Pseudo 2nd order (Mn2+

® Fe2+

A Co2+

K Mn2+
——Pseudo 2nd order (Cu2+)
Pseudo 2nd order (Cd2+)

Figure 5: Linear plots of t/Q; vs. t for pseudo
second order kinetic model for single
adsorbates at pH, 3.50, 3% w/v BF Slag,
97+6 mg/L Me®*, 0.18 < dp < 0.36 mm size
fraction, 20°C.

Values of initial adsorption rates (h) and rate
constant (k) from PSO increased with
decrease in particle size diameter. However,
Q. was more sensitive to slight variation in
initial metal concentration than particle size
diameter. This observation and based on high
values of regression coefficient (r* > 0.99)
from linear plots of PSO (Fig. 5),
chemisorption may be rate limiting.

Lagergren’s pseudo first order model was
applicable up to about 15 minutes at best,
and therefore the results are not shown here.
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Figure 6: Linear plots of Q; vs. In(t) for
Elovich kinetic model for single adsorbates
at gH(, 3.50, 3% w/v BF Slag, 97+6 mg/L
Me’', 0.18 < dp < 0.36 mm size fraction,
20°C.
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Figure 7: Linear plots of Q, vs. t"* for Intra
particle diffusion kinetic model for single
adsorbates at pH, 3.50, 3% w/v BF Slag,
97+6 mg/L Me”*, 0.18 < dp < 0.36 mm size
fraction, 20°C.

Figures 6 and 7 above depict linear fits of the
Elovich and Intraparticle diffusion models (r*
> 0.950). For the intraparticle model, the
straight lines do not pass through the origin
to suggest that both film and intraparticle
diffusion may be limiting.

3.2.1.2 Effect of Initial pH

Solution pH controls several variables that
include speciation of metal ions and surface
charge density of adsorbents. At unique pH
values, different solids posses different
values of points of zero charge (PZC) above
which adsorption may increase or decrease
depending on oxidation state of metal ions
and electrostatic repulsion (Huang and
Rhoads, 1988; Ortiz et al., 2001; Feng et al.,
2004). In the Figure below, it was observed
that an increase in initial pH increased
efficiency (%) and rate of metal adsorption
as well as adsorption capacity. The results
supports the fact that metal adsorption on
silicate based materials (slags) is only
effective in alkaline solution (Huang and
Rhoads, 1988). However, adsorption was
practically negligible at pH 1.50 largely due
to the competitive effect of H adsorption
(Gao et al., 1995) and electrostatic repulsion
(Feng et al., 2004) between metal ions and
surface charges. Metal adsorption was
accompanied by gradual increase in
equilibrium pH due to slag hydrolysis
(Dimitrova and Mehandgiev, 2000).

100.0

80.0

60.0

% Me?* adsorbed

0 30 60

90 120 150 180 210 240
t (min)

~—Mn2+ —8—Cu2+ —A—Co2+ —>—Cd2+

Figure 8: Metal (Me*") adsorption vs. time in
single adsorbate system at initial pH, 5.50,
3% w/v BF Slag, 97+6 mg/L Me™,
0.50<dp<1.00 mm size fraction, 20°C.

BF slag is based on a silicate frame work that
undergoes hydrolysis to support ion
exchange and other sorption processes.
Depending on pH and metal ion
concentration,  hydroxide or silicate
precipitation and coprecipitation may be
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involved (Dimitrova, 2001; Dimitrova and
Mehandgiev, 2000). From SEM/EDX
analysis of slag surface and observed
alkaline equilibrium pH values, it is possible
that ion exchange process and adsorption
may contribute to overall Mn**, Co®" and
Cd™" adsorption due to the presence of
exchangeable cations (Ca®’, K', Na’, etc) on
slag surfaces. As for adsorption of Fe** and
Cu”" ions, probably ion exchange, adsorption
and precipitation may be the major
mechanisms of adsorption as proposed in
several studies (Dimitrova, 1996; Dimitrova
and Mehandgiev, 1998, 2000; Feng et al.,
2004; Kim et al., 2008).

A simplified ion  exchange and

precipitation processes (Dimitrova, 2001;
Dimitrova and Mehandgiev, 2000; Gao et al.,
1995) on protonated or unprotonated
negative slag surface site (Al, SiO") is given
in Equations (11-13) below;
(=250),Ca® + Me* (aq) <> (= SO),Me** +Ca* (aq) (11)
Where overbar = solid phase, =SSO =
deprotonated surface site, S = Al, or Si; Me**
= any metal ion.

In strongly acidic solutions, competitive
adsorption is represented by;

(= S0),Ca’ + Me™ (aq)+ H " (aq)

(12)
= (z SO)ZH+ +Me’" (aq)+Ca™* (aq)

Slag hydrolysis produces OH  which may
result in hydroxide precipitation as;

Me”™ + OH = Me(OH), (13)

3.2.3 Multi Adsorbate system

3.2.1.1 Effect of particle size

Two particle size fractions of BFS were
investigated, i.e., dp < 45 pm and 0.18 < dp
< 0.36 mm in a multiadsorbate synthetic
wastewater of Cd*", Co*', Cu*", Fe*' and
Mn®>" at about 100 mg/L each at same
experimental and solution conditions as in
single adsorbates (pH, 3.50; 3% w/v BF
Slag). Interestingly, % metal adsorption
drastically reduced in multi adsorption
relative to single adsorbates, that is, from
100 to 18% Cd*, 87 to 7.6% Co”", 100 to
96% Cu’", 57% to negligible value for Mn**
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but Fe*" was unaffected at 100%. Xue et al
(2009) obtained similar results in Cu®", Cd*",
Pb*" and Zn®*" adsorption with basic oxygen
furnace (BOF) slag. This observation might
be attributed to the competitive adsorptive
effect among metal ions for the same
(available or free) adsorption sites and
several other factors that may be at play such
as differences in slag’s pore sizes relative to
that of metal ionic radii, differences in
element electronegativities, hiégh affinity of
slag for specific metal ions (Fe” & Cu’") and
probably a general limitation in the
material’s adsorptive properties (low specific
surface area, porosity, etc).

Adsorption rates and capacity increased in
a multi adsorbate system when a very fine
size fraction (dp < 45 pum) of slag was
employed. Though adsorption was 100% in
all single adsorbates, this was limited to 62%
Mn’" and 84% Co’" with 100% for Fe’',
Cu’" and Cd*" in a multi adsorbate system
(Fig.3). Therefore, of the two size fractions,
better adsorption results were obtained for dp
< 45 pm size fraction for all metal ions.
Again, Co>” and Mn*" adsorption is slow that
require longer residence time under these
conditions. However, adsorption of Co*" and
Mn®" improved when the feed concentration
was reduced to 50 mg/L at same
experimental conditions but final solution
concentration (0.60 mg/L Co®" & 4.53 mg/L
Mn®") were still higher than the permissible
discharge limits. }37'nally at 20 mg/L all
metals were com, 1et)lely removed from multi
adsorbate solution. Thus, an optimum
particle size diameters and adsorbent mass in
relation to initial feed concentration of metal
ions is expected to work effectively in dilute
solutions.

Again, Figures 9 and 11 below depict linear
fits of the Elovich and Intraparticle diffusion
models with r* > 0.950 in multiadsorbates.
As before, for the intraparticle model, the
straight lines do not pass through the origin
to suggest that both film and intraparticle
diffusion may be probably limiting.



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

1.00 T

050 /
0.60 +

Q, mg/g
| 4

0.0 1.0 2.0 3.0 4.0 5.0 6.0

In(t)
¢ Mn2+ B Co2+
A Cd2+ — Elovich (Mn2+)
—— Elovich (Co2+) — Elovich (Cd2+)

Figure 9: Linear plots of Qt vs. In(t) for
Elovich kinetic model for multi adsorbates at
pHo 3.50, 3% w/v BF Slag, 97+6 mg/L
Me2+, 0.18 < dp < 0.36 mm size fraction,
200C.
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Figure 11: Linear plots of Q, vs. t"* for
Weber-Mortris Intra Particle kinetic model
for multi adsorbates at pHo 3.50, 3% w/v BF
Slag, 95 (+8%) mg/L Me”", 0.18 < dp < 0.36
mm size fraction, 20°C.
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Figure 10: % Metal (Me>") adsorption vs.
time (min) in multi adsorbate system at
initial pH, 3.50, 3% w/v BF Slag, 97+6 mg/L
Me™, dp < 45 um size fraction, room temp
(20°C)

3.2.1.2 Effect of adsorbent mass

The efficiency, rates and capacity of
adsorption for all metal ions studied
increased with increase in mass of adsorbent.
This is to be expected since available
adsorption surface area and hence adsorption
sites increase. Figure 12 below shows Cd*"
adsorption as a function of mass of slag.
From Weber-Morris intraparticle diffusion
model, adsorption was increasingly limited
by film and intraparticle diffusion processes
as mass of adsorbent increased. Effect of
diffusion limitation for Fe*" and Cu®" was
negligible.

100.0

/0/0
80.0

60.0 /
400

% Cd?* adsorbed

0 30 60 90 120150 180 210 240 270 300
t (min)

——10% w/v Slag —#—5% w/v Slag

—#&—3 % w/v Slag

Figure 12: % Cd*" adsorption vs. time in
multi adsorbate system at initial pH, 3.50,
3% w/v BF Slag, 97+6 mg/L Me™", dp < 45
um size fraction, 20°C.
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3.2.1.3 Effect of initial concentration

An increase in initial metal ion concentration
increased the equilibrium adsorption capacity
but decreased the efficiency of adsorption.
Mn”>"  adsorption at different initial
concentration is shown in Figure 13 below.
A high concentration gradient provides the
necessary driving force to overcome mass
transfer resistance.

Adsorption decreased w1th 1ncrease in
initial concentratlon for Cd*", Co™ and Mn™",
but Cu” and Fe’' adsorptlon was not
affected within the concentration range
investigated (20-300 mg/L). However,
adsorption was 100% at low concentration
(20 mg/L) for all adsorbates.

Based on pseudo second order kinetic
model parameters and regression coefficients
(r" > 0.995) from fitting experimental data,
chemisorptions is largely the rate 11m1t1ng
process for metal ions that exhibited low
adsorption, and thls was supported by
Elovich model fit (r* > 0.950).

% Adsorbed

0 30 60 90 120 150 180 210 240 270 300

t (min)

—%—328 mg/L Mn2+
—8—54 mg/L Mn2+
=¥=213 mg/L Mn2+

—4— 104 mg/L Mn2+
20 mg/L Mn2+

Figure 13: % Mn”" adsorption vs. time in
multi adsorbate system at initial pH, 3.50,
3% w/v BF Slag, 97+6 mg/L Me”", dp < 45
um size fraction, 20°C.

4 CONCLUSION

This study has established that the
efficiency and adsorption rates increased
with decrease in particle diameter, decrease
in initial metal concentration, increase in slag
mass and increase in initial pH as expected.
A high pH promotes adsorption possibly by
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precipitation and/or ion exchange processes.
Interestingly, % metal adsorption drastically
reduced in multi adsorbates relative to single
adsorbates, i.e., from 100 to 18% Cd**, 87 to
7.6% Co’, 100 to 96% Cu’, 57% to
negligible value for Mn®" but Fe*" was
unaffected at 100%. This was attributed to
competitive adsorptive effect and perhaps a
limitation in the slag adsorptive properties.
More studies are underway to understand
multiadsorption systems. It was shown that
pseudo second order model is the most
appropriate theory to satisfactorily describe
experimental data, supported by Elovich
model. These models predict chemisorption
to be the rate limiting step. However, at
high mass of slag, high initial metal ion
concentration and coarse particle sizes, both
film and intraparticle diffusion processes, in
addition to chemisorption, appear to limit
adsorption  based on  Weber-Morris
Intraparticle diffusion model.
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ABSTRACT This paper presents the results of a field cell testing undertaken to study the
effect of in situ conditions on behaviour of sulphidic paste tailings. Tailings were deposited in
thin layers (10 layers of 10 cm each one) into two cells (DXLxH = 8mx15mx2m) which
represent cemented (CC) and uncemented (UC) configurations. 2 wt% of cement was added
in the first layer of the cell to study its effect; the second cell is cement-free. Results show that
the CC provides slightly higher volumetric water content and smaller suction values than the
UC, showing a capillary barrier cover of cemented layer which keeps the paste moisture and
highly saturated (S; >85%). Such a high S, also confirms that there does not exist any oxygen
transport between layers and limits or even eliminates acid generation.

1 INTRODUCTION

The increased environmental liabilities that
go along with traditional tailings placement
strategies mean that new and existing mines
need alternative tailings deposition methods
that more efficiently meet environmental and
regulatory requirements (Aubertin et al.,
2002; Bell and Donnelly, 2006; Bussicre,
2007; Benzaazoua et al., 2008; Blight, 2010).
One of these emerging techniques is surface
paste disposal (SPD), where each layer of
dewatered tailings is deposited and allowed
to dry before the next layer is put in place.
The SPD becomes an attractive option to
conventional tailings management methods,
since it allows for a smaller tailings footprint
area, increased water recovery capabilities
and lower environmental impacts (Grabinsky
et al., 2002; Verburg, 2002; Cadden et al.,
2003; Bussiére et al., 2004; Benzaazoua et
al., 2004; Simms et al., 2007; Deschamps et
al., 2007, 2008; Bryan et al., 2010). Many
studies have been conducted to understand a
number of aspects related to the behaviour of
the SPD at laboratory and field scales. These
include rheological behaviour for a superior
tailings delivery system, and depositional

behaviour in order to lessen environmental
impact and improve geotechnical properties
(Theriault et al., 2003; Theron et al., 2005;
Oxenford and Lord, 2006; Verburg et al.,
2006; Simms et al., 2007; Deschamps, 2009;
Martin et al., 2010). The behaviour of SPD
has also been examined using the laboratory-
scale physical models, which could simulate
the real in situ surface deposition conditions
in terms of consolidation, volumetric change,
evaporation, cracks, climatic conditions, and
geometry (Kwak et al., 2005; Landriault et
al., 2007, 2001; Deschamps et al., 2011;
Henriquez and Simms, 2009; Deschamps,
2009). These works show that field testing is
indispensable to completely understand the
behaviour of SPD. However, the physical
models developed provide promising results
and important insight into the deposition
mechanisms by which precipitation and/or
evaporation may become key factors in the
occurrence of cracks observed on the top
surfaces of paste tailings, and consequently
in evaluating the mid-and long-term tailings
disposal performance and quality.

Hence, a full knowledge of these aspects
is needed to evaluate in situ placement and
depositional behaviour of paste tailings to
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further improve an efficient waste disposal
configuration or strategy. In this view, this
paper presents the preliminary results of the
field testing undertaken for assessing the
field performance of SPD at LaRonde mine
(Canada). The work focuses mainly on a
conceptual design and construction of field
cells with specific instrumentation, and on a
field testing and monitoring program. The
aims of this work are; i) to assess the effect
of two different depositional configurations
(locally cemented cell - CC and uncemented
cell - UC) on surface paste tailings disposal;
ii) to better characterize the behaviour and
properties of paste tailings over time; and #ii)
to produce some helpful findings that can be
used for a tailings management system at the
LaRonde site. The key interest of the present
paper stems in part from the fact that this is
one of the very first attempts, to the authors’
knowledge, to investigate in situ behaviour
of paste tailings under accurately simulated
surface disposal conditions.

2 MATERIAL AND METHOD
2.1 Material

The sulphide-rich, and filtered paste tailings
were sampled as representative of the tailings
streams from the paste plant of the LaRonde
polymetallic mine (Au-Ag-Zn-Cu), located
in Abitibi area (Quebec, Canada). Portions of
the samples were air dried to conduct a set of
laboratory tests needed for characterization
of the samples. The following lab tests were
conducted according to American Society of
Testing Materials (ASTM) standards testing
procedures. Tests were done in triplicate and
their average values are reported. Further
details on material properties can be found
Yilmaz (2010), and Yilmaz et al. (2011).

2.1.1 Physico-Chemical Properties

The grain size distribution (Figure 1) results
show that most of the grain size falls into the
silts to fine sand range, containing a slight
clay-sized particle of 3.5%. The fine content
(< 20um) in paste tailings was 41 wt%. The
effective particle diameter D), within tailings
was Sum. The coefficients of uniformity
(DGO/D]()), curvature [(D302/D60XD10)] and
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gradation [(Dyo-D1()/Dsy)] for tailings were
respectively determined as 6.9, 1.0 and 5.2.
Paste tailings have a water content of 24.3%
and a solids specific gravity of 3.4.

Clay (loss than 2 um) ‘ Silte 50 um) ‘ Sand (s0- 2000 um)

90 —&— Cumulative

o

80 —#- Histogram

w IS

n
Incremental volume (%)

Cumulative volume (%)

0
0.01 0.1 1 10 100 1000
Grain size (um)

Figure 1. Cumulative and incremental GSD
curves of paste tailings

The binding agent has a specific gravity of
3.15, a specific surface area of 1.58 m?¥/g, a
Al,O; content of 4.86 wt%, a CaO content of
65.76 wt%, a Fe,O; content of 2.44, and a
Si0, content of 19.51 wt%.

Tailings samples’ chemical analysis shows
that sulphate content was relatively high at
3295 ppm due to a cyanide destruction
process using SO,/Air method. The calcium
content was high at 505 mg/L, presumably
due to the addition of lime for pH control
during milling. Given that the acidification
potential AP of 897.2 kg CaCOs/t (AP =
31.25%Ssupnice), tailings are acid generating.
Table 1 lists a summary of geochemical
properties of tailings. Oxydo-redox potential
was measured using a Pt/Ag/AgCl electrode
and then converted to the standard hydrogen
electron potential.

Table 1. Geochemical properties of tailings

Parameter Value
Sulphate content (ppm) 3295
Calcium content (mg/L)) 505
Acidification potential (kg CaCOs/t) 897.2
pH (hydrogen ions) 9.05
Oxydo-redox potential (mV) 156
Electrical conductivity (mS/cm) 8.24

2.1.2 Mineralogical Properties
Results revealed that tailings were dominated
by quartz (53 wt%) and pyrite (28.7 wt%).
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Minor quantities of alumino-silicate minerals
such as paragonite (6.7 wt%), muscovite (4.9
wt%), chlorite (4.7 wt%), and gypsum (2.1
wt%) were well detected. Figure 2 presents
the XRD profile of paste tailings, indicating
the contents of major elements. Considering
the water retention potential of silicates and
the sulphate generation potential of iron
sulphides, the studied tailings may affect the
short- and long-term performance of surface
paste disposal technique.

To identify the chemical composition of
the mineral phases, the scanning electron
microscope coupled with energy dispersive
X-ray spectroscopy (SEM-EDS) analysis
was done and the obtained results are shown
in Figure 3. SEM-EDS results confirm that
sulphur (18.4%S) and iron (23.1%Fe)
leading to sulphide oxidation and sulphate
production were the main two elements in
tailings, as indicated earlier by chemical and
mineralogical analyses. Silicon (13.5%S1)
and aluminum (5.2%Al) precipitate within
tailings as stable hydroxides while calcium
(1%Ca) precipitates as expansive gypsum.

Grade (%)

0.85 0.97

0.05 094 34

Na Mg Al Si S K Ca Fe Cu Zn Pb

Figure 3. SEM micrograph (a) and EDS
analysis (b) of paste tailings
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Figure 2. Typical X-ray diffraction profile of paste tailings

2.1.3 Microstructural Properties

Results are shown in Figure 4. MIP results
show that the total porosity n is 48.6% for
uncemented tailings and 45.4% for tailings
with 2 wt% cement. Critical pore diameter
d., was respectively 0.5 pm and 1.3 pum for
uncemented and cemented paste tailings. The
observed difference between cemented and
uncemented tailings justifies an evolution of
texture and pore structure as a function of the
binder used and its hydration (as pores are
filled by hydrates or precipitates).
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Figure 4. Cumulative (a) and incremental (b)
PSD curves of paste tailings

2.2 Method

2.2.1 Conceptual Design
Two cells were designed at the mine to be
exposed to natural atmospheric conditions.
Each cell was built with a basement that
consists mainly of tailings slurry deposited
according to conventional mode (60-70 cm
thickness) and self-weight consolidated
during 10 months before layer by layer paste
disposal. The first cell is designed by filling
one layer with tailings containing a cement
rate of 2 wt%, named in this paper cemented
cell — CC while the second cell is designed
by filling completely with tailings without
cement and named uncemented cell — UC.
The UC is also considered as a control
cell. Paste tailings are deposited in thin
layers (10 cm). Each cell contains 10 paste
layers and is designed to have a storage
capacity of 90-95 m’ of paste tailings. The
angle of deposition of the slope was kept as
30°. Paste tailings were produced in the paste
plant after destruction of cyanide and
delivered to the site through a ready-mix
truck. To get flat surfaces in each layer, the
paste materials are adjusted manually during
placement. In terms of geometry, the cell
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(Figure 5) was designed as an inverted
pyramid, with a basal area (8.1 x 2 m = 16.2
m?) and a top surface area (15% 7.9m = 118.5
m?). Paste layers were filled parallel to the
basal surface of pyramid cells to control the
thickness of each paste layer. The tailings
slump value was at least 250 mm (measured
by the Abrams slump cone), corresponding
to a pulp density (solid content) of 75 wt%.

Paste layers (10 in fotal),
Geomembrane N\ each 10 cm thick

(13.5%20 m)

Taiings pulp, 60-70 om thick
9 of percolateq wate

L

Figure 5. Cumulative and incremental GSD
curves of paste tailings

Sand layer
(10 cmthick) ‘2?;4/ LA

-

Currently, the placed paste tailings are
uncovered and thus are exposed to air and
precipitation in the existing tailings pond. To
simulate the in situ disposal condition, a thin
layer (at a 60-70 cm thickness) of similar
tailings pulp discharged to the tailings ponds
is primarily poured into the cells, following
the remaining ten layers of paste, and no soil
cover or other covers are placed on top of the
cells, as it is practiced at the current mine
tailings ponds. Accordingly, oxygen and
rainfall can contact the materials filled in the
cells directly.

2.2.2 Field Cell Construction

The testing site selected for construction of
two field experimental cells is just near the
existing tailings pond at LaRonde mine.
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(a) Before construction

(b) Excavation & preparation

Membrane'

Figure 6. Photos illustrating the field cell construction steps

Figure 6 shows the testing site before and
after construction, taking into account the
preparation stages of sand, geo-membrane
and tailings pulp. An area of rectangles of 15
m x 7.9 m for each field cell is dug by a
mechanical mini excavator. To ensure proper
drainage of water percolated during filling
and/or after the rain, the basal surface area is
slightly tilted by an angle of 1°, confirmed
by theodolite. Following the excavation,
local inert sand with a respective grain size
(dys) of less than 0.4 mm is used to simulate
drainage conditions. Background and cell
walls are coated with a layer of sand (10 m”).
The ground surface is then compacted with a
vibrating plate to reduce the permeability. A
high-flow drainage geomembrane is inserted
for protection against soil damage. To avoid
any leakage of water from basin, bentonite is
also added to the contact periphery between
the pipe and the membrane. Tailings slurry
(at 55 wt% solids) is pumped directly from
the tailings ponds into the cells and left to
self-weight consolidate for a time period of
10 months to copy the existing tailings pond,
and to create the starter embankment in the
cells before subsequent raises.

The paste materials prepared at the paste
backfill plant at mine are delivered by using
a ready-mix truck. Before the placement, a

representative tailings sample is collected to
determine its slump and water content for
each layer. The slump varied between 200
mm and 290 mm while the corresponding
water content was between 29% and 33.4%.
Results are listed in Table 2.

Table 2. Summary of initial water content
and slump values of paste tailings

Layer Initial water content Slump value
no CCwt% UCwt% CCmm UCmm
1 32.8 32.8 240 240
2 31.9 29.0 230 230
3 29.4 29.4 240 220
4 31.8 31.8 220 230
5 32.0 324 230 240
6 29.9 29.8 240 240
7 33.4 33.0 250 240
8 32.8 334 240 250
9 333 38.2 250 290
10 33.2 333 250 250

Tailings disposal configurations refer to
the layering patterns of the different layers of
paste materials with or without cement. The
deposition frequency was set at one layer
every 1 to 3 weeks, based on the paste plant
schedule and the tailings availability. Figure
7 shows a schematic view of experimental
cells designed. The corresponding photos are
shown in Figure 8.
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Layer 10: EC + MPS + AOM sensors (23 August 2010)
Layer 9: No sensor installed (04 August 2010)
Layer 8: EC + MPS sensors (28 July 2010)

«CEMENTED» Layer 1: EC + MPS sensors (25 May 2010)

Paste tailings pulp (10 October 2009)

Side view

Layer 10: EC+ MPS+ AOM sensors (23 August 2010)
Layer 9: No sensor installed (04 August 2010)
Layer 8: EC + MPS sensars (28 July 2010)

ITED» Layer 1: EC + MPS; sors (25 May 2010)

Paste tailings pulp (10 October 2009)

CEMENTED CELL-CC

Cautionary note: EC stands for water content while MPS stands
for dielectric water potential or matricsuction

UNCEMENTED CELL-UC

Drainage water
storage barrels

200/05/25'

2010/05/25

Figure 8. Photos illustrating a fresh paste tailings layer placement

Each stack deposited (cemented or un-
cemented) was made up of 10 paste layers,
each having a thickness of approximately 10
cm to mimic full scale field SPD. The main
reason behind this thin layer deposition
application is to let the paste material gain
faster strength through desiccation because
thick layers do not permit enough desiccation
to stop flows as the stack rises in height. The
first layer of the cell is cemented to show the
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cementation effect as a capillary barrier layer
on mitigation or prevention of acid mine
drainage. The binding agent used was 100
wt% normal Portland cement at a binder
content of 2 wt% alone. After deposition of
each layer, the deposited angle of the layer is
monitored and adjusted to make sure that
ground surface is flat. Between each layer
deposition, photos are taken to typify the
phenomenon of desiccation.
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2.2.3 Sensor Installation and Monitoring

To monitor climatic conditions such as wind,
temperature, rainfall, and humidity, a station
was installed on testing area. A total of five
water content sensors, five suction sensors,
two oxygen consumption sensors, and one
temperature sensors were used for two cells.
The Decagon® EC-5 water content probes
are calibrated with tailings (with and without
cement) before installation (Figures 9a, 9b).
The EC-TM moisture/temperature sensors
(Figure 9c) were besides calibrated for only
Layer 5, which contains uncemented tailings.
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Figure 9. The Decagon® EC-5 and EC-TM
Esensor calibration curves for cemented (a),
uncemented (b), and uncemented layer 5 (c)
configurations, giving a coefficient of
correlation close to 1.

3 RESULTS AND DISCUSSION
3.1 Volumetric Water Content Evolution

Figure 10 shows the evolution of the VWC
measured by ECH,O EC-5 sensor located in
Layers 1, 3, 5, 8 and 10 for uncemented and
cemented paste tailings. The general trend of
the VWC curves is that it decreases radically
during the first 3-4 hours following by paste
deposition, later remains constant for a long
time, and again starts to decrease. This is
mainly due to the effects of evaporation and
removal of excess water by self-weight
consolidation settlement.
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Figure 10. Variation in VWC with time for
paste tailings in CC and UC configurations

VWC varied between 0.45 and 0.5 for each
depositional condition. Due to the fact that
Layer 1 of paste tailings in the CC is made
by a proportion of 2 wt% of cement, it acts
differently because of paste’s microstructure
changes by the possible dissolution of
cement compound and keeps more free
waters in its structure than the rest of layers,
including the UC (Figure 10a). In this case,
the VWC in Layer 3, 5, 8 and 10 relatively
increases because of re-saturation by free
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water drained after the layer of paste placed
is fully settled. The part of water flowed
through desiccation crack network reaches
and stay in cemented (2 wt%) layer, which
acts as a barrier cover. That’s why the lowest
VWC are recorded by Layer 1, unlike other
layers. However, in case of UC, the highest
VWC value is recorded in the bottom layer
(Layer 1) due to water accumulation drained
from Layers 3, 5, 8 and 10 (Figure 10b).

3.2 Matric Suction Evolution

Figure 11 shows the variation of suction y of
both cemented and uncemented tailings as a
function of elapsed time since the deposition
of Layers 1, 3, 5, 8, and 10, respectively. The
data was recorded at a time interval of 5
minutes. It can be observed that the matric
suction increases with the coupled effects of
de-saturation by a new paste layer placement
and therefore infiltration. The maximum
suction increases of about 42 kPa for Layer 3
and of about 52 kPa for Layer 10 (Figure
11a) were observed from cemented cell. The
maximum suction was recorded from Layers
3 and 5 in UC (Figure 11b).
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Figure 11. Variation in suction with time for
paste tailings in CC and UC configurations
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3.3 Degree of Saturation Evolution

Figure 12 presents the variation in degree of
saturation of paste tailings in the CC and UC
with time. In this study, the S; is calculated
from the VWC divided by its corresponding
in-situ porosity taken after gravity driven
consolidation settlement of paste layers. It
should be stated that although the in situ
porosity tests give a significant contribution
to determine the S, parameter, it does not
consider surcharge consolidation settlement
happened by the placement of the new paste
layers. This phenomenon is kept in mind
while interpreting the results.
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Figure 12. Variation in degree of saturation
with time for paste tailings in CC and UC
configurations

As expected, the bottom layers, especially
for Layers 1 and 3) are more saturated
(closely to 100%) than the top layers due to
the consolidation settlements which reduce
void spaces among solid particles. For fine-
grained tailings, thinly-placed layers provide
a faster settlement than thickly-placed layers.
The S, of paste tailings varies between 87%
and 110% and reaches a plateau following a
slight increase after deposition is completed.
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Layers 1, 3 and 5 respectively result in the
constant S; value of 100%, 98%, 95% for the
CC, and of 99%, 96%, and 94% for the UC.
Due to the fact that the first layer is consisted
of cement (2wt% of Portland cement) in the
CC (Figure 12a), and acts as a barrier cover,
the layers in this cell keeps more water in the
matrix than the ones of the UC condition,
resulting in higher saturation. The S; curves
demonstrate similar behavior of evolution
over the time, except for the first layer in the
UC. The S, increases slightly and reaches the
highest value at a storage time of 1500 hours
that corresponds to Layer 7. Then, it remains
constant (generally 100%) at the remaining
paste layers. This confirms that the paste
needs to retain water to get its maximum
saturation up to Layer 7 and then remains
fully saturated by the coupled effects of
gravity-driven and time-dependent surcharge
consolidation loadings.

3.4 Top Surface Crack Measurement

Figure 13 shows photos of top surface cracks
(Layers 1 and 10) of deposited paste tailings

in the CC and UC configurations. One can
observe clearly that, irrespective of the layer,
the first five layers shows more cracks than
the remaining five layers due to climatic
condition where evaporation is higher than
precipitation for the deposition time. On the
whole, the width, length and depth of cracks
that occurred in UC are relatively larger than
the ones in CC. This may be well explained
either by continuous water consumption or
retention (increased saturation) of cemented
layer by freshly-placed paste addition and
self-desiccation processes.

One can also interpret by the total number
of cracks that decreases with the increasing
number of deposited paste layers, but the
width and depth of these cracks get larger
since they seem to re-open in previously-
occurred cracks at similar locations in the
cells. Researchers (Benzaazoua et al., 2004;
Simms et al., 2007) have showed clearly that
most of the cracks occurred right after the
layer deposition are mainly a result of the
desiccation process and are closely related to
the shear strength gain of tailings.

Figure 13. Surface cracks in layers 1 and 10 for UC and CC configurations.
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Table 3. Range of crack width, length and depth of paste tailings

Layer Range of crack width Range of crack length Range of crack depth

no CC—mm UC—mm CC —mm UC —mm CC —mm UC —mm
1 17-20 20-23 56-65 56-67 56-68 57-71

2 10-12 21-24 45-51 65-78 42-51 58-64

3 12-16 13-16 46-59 65-75 48-53 73-80
4 10-12 16-18 63-65 74-88 62-70 64-68

5 10-11 14-18 72-77 78-88 46-54 76-82
6 13-16 16-19 64-80 83-86 61-72 76-82
7 13-16 16-18 77-85 80-97 70-80 26-37
8 12-16 18-21 68-82 78-87 25-31 38-46
9 15-17 17-20 74-83 91-96 34-44 80-88
10 14-16 18-22 79-85 92-95 65-72 76-85

Note 1: CC stands for cemented cell while UC stands for uncemented cell
Note 2: Results are based on the average value obtained from 5 tests for a given cell

Table 3 lists a range of top surface cracks
in terms of width, length and depth for paste
tailings in the CC and UC configurations.
The crack width reduces or the crack depth
increases as the number of layers increases.
The range of the crack width is reduced from
17-20 mm to 14-16 mm for the CC, and is
reduced from 20-23 mm to 18-22 mm for the
UC, while the crack depth is increased from
56-58 mm to 65-72 mm, and from 57-71 mm
to 76-85 mm for CC and UC configurations,
respectively.

Note that the formation of top surface
cracks is dependent on the time interval and
configuration of the deposition. The longer
the deposition process is, the deeper and
wider the cracks are. The drainage of upper
layer is accelerated after the deposition of
freshly-placed tailings on a dry surface layer.
This is due to the suction developed by the
layer below, which creates a fast movement
of water towards the bottom and might lead
to a fast crack occurrence. This phenomenon
is well observed in the first layers.

3.5 Geochemical Behavior of Leachate

Figure 14 presents the results of chemical
analysis of leachate waters collected from the
bottom of each cell after the deposition of
paste tailings in comparison with tailings
interstitial pore water. One can observe that
Ca, Fe, Mg, Mn, Si and Zn are high in
collected water in comparison to control
samples (pore water) and tend to diminish
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over time. No leachate water is collected
from the first three layers in the CC and UC
due to no water accumulation on the surfaces
of the cells. It is also observed that there is
no colour change in all the collected leachate
waters up to now, which well indicates paste
tailings have not oxidized even though there
occurs numerous cracks on the surface right
after their placement. As well-known, the
cracks developed on surface can change the
distribution of water and oxygen in the cells,
and affect the tailings oxidation, producing
acid and toxic metals. The concentration of
As, Cu, Fe, Ni, Pb and Zn in waters released
from the cells is ower than the allowed
values of 0.2 mg/L, 0.3 mg/L, 3 mg/L, 0.5,
0.2 mg/L, and 0.5 mg/L, respectively, as
determined by Directive 019 on mining
industrial wastes in Quebec, Canada.

Figure 15 shows the variation in sulphate
SO.%, pH, oxidation-reduction potential Eh,
and electrical conductivity EC of collected
leachate water with time for each cell,
comparing them to control sample. One can
say Eh (increases from 175 mV to 355 mV)
of leachate waters is higher than control
samples while pH (varies between 6.8 and 8)
and EC (decreases from 6.4 mS/cm to 4.5
mS/cm) are lower than control samples,
mainly due to the release of heavy metals
from tailings. The oxidation of sulphide-rich
minerals (e.g., pyrite FeS,) in tailings leads
to a decrease in pH of the solution. However
if cemented tailings is used, then the pH
increases because of an alkaline medium.
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The Eh is related to the acidic and basic
solutions as well as degree of saturation S;.
When Eh is positive, the solution contains
oxidizing compounds. Eh increases with the
decreases of S, which contributes to the
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diffusing through the leachate water samples.
The Eh increases slightly, resulting in a
release of free ions within the solution (e.g.,
calcium and sulphate).
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Figure 14. Variation in Ca (a), Mg (b), Si (c), Fe (d), Mn (e), and Zn (f) of
collected leachate waters with time

Eh-pH diagrams, called Porbaix diagrams,
are also useful tools to better visualize the
stability areas of metal species in a solution
depending on the solution's redox potential
Eh and pH. In the diagram the dotted red
lines represent the stability area of water, i.e.
the area of relevance for hydrometallurgy.
The upper line is the equilibrium between

water and oxygen gas. If the solution
potential is increased above the dotted red
line, water is oxidized forming oxygen and
hydrogen ions. The lower line shows where
hydrogen ions in a solution are reduced to
hydrogen gas. Figure 16 shows the Eh-pH
diagram of leachate collected, considering
control sample (tailings pore water).
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One can interpret that the leachate waters
collected exhibit an oxidizing and alkaline
medium which favour the precipitation of
iron in iron hydroxide Fe(OH);. This also
shows that at this high pH range, a major lag
time occurs before the tailings oxidation and
hence acidic seepage is generated.
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4 CONCLUSIONS

A field experimental study that consists of
two cells (cemented cell CC and uncemented
cell UC) was carried out at the LaRonde
Mine (Quebec, Canada) to better investigate
a possible application for surface disposal of
fine-grained, sulphide-rich paste tailings. A
multilayer deposition configuration (10
layers of about 10 cm thick) is considered for
assessing the reliability and workability of
the field cells by running some preliminary
tests. Sulphide-rich tailings are prepared in
the paste plant, transported by a read-mix
truck to the construction mine site, and then
deposited in the cells layer by layer. All the
layers were made of uncemented tailings,
except layer 1 in the CC where 2 wt% of
cement is added to the tailings. This cement
addition was chosen to evaluate the leachate
reduction potential by the release of heavy
metals and to prevent the tailings oxidation
by making layer saturated, thus eliminating
the diffusion of oxygen.

Based on the preliminary results of the
present field experimental cell study, the
following conclusions can be drawn:
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» The VWC varied between 0.42 and
0.52 and decreased slightly during the
first 3-4 hours after the deposition,
later reached a plateau for a long time,
and finally started to re-decrease. This
is due to consolidation settlement and
removal of excess water from tailings.

» The suction of tailings in CC is lower
than the one gained by UC because of
water retention by layer accumulation
and formation of top surface cracks by
evaporation. The more cracks form,
the more the suction within tailings
develops at a given temperature.

» Surface crack measurements show that
the width, length and depth of cracks
increase with the increasing number of
accumulated layers. This behaviour is
due to the reappearance of already-
occurred cracks in prior layers by the
effects of evaporation and settlement.

Although this cell testing provided key
information regarding the surface disposal of
paste tailings as a viable disposal alternative,
further works are required to better identify
the hydro-geotechnical behaviour of paste.
These further steps are as follows:

» Coring samples are required to assess
the microstructural properties of each
paste layer.

» Long-term geochemical monitoring of
leachate water collected from each cell
is required to observe the efficiency of
the cemented layer acting as capillary
barrier cover.

» Analysis of the crack intensity factor
should be made to determine some
relationships between water content,
suction, temperature, and desiccation
cracks occurring in paste tailings.

All of the above-mentioned aspects are
presently underway for understanding the
SPD's in situ behaviour. It is believed that
the results of these works will bring a new
light to waste planners and operators and
modern mines will shift their current tailings
management systems to paste technology.

ACKNOWLEDGEMENT

This research was granted by Canada Research
Chair on Integrated Management of Sulphide
Mine Waste using Mine Fill Technology and the
Industrial NSERC-Polytechnique-UQAT Chair
on Environment and Mine Wastes Management.
The authors would like to thank N. Carpentier of
Fournier Inc for the success of the fieldwork and
the Canadian Foundation for Innovation for all
instrumentation. A number of undergraduate and
graduate students are also greatly acknowledged
for their technical assistance: T. Goyette-Levac
and T. Irie of Ecole Polytechnique de Montréal;
T. Bernier of Sherbroke University; J. Rousson,
I. Hadimi of UQAT, and T. Deschamps of Ecole
des Mines de Douai in France.

REFERENCES

Aubertin, M., Bussiére, B., Bernier, L., 2002.
Environnement et gestion des résidus miniers.
Presses Internationales Polytechnique, Canada.

Bell, F.G., Donnelly, L.J., 2006. Mining and its
Impact on Environment. Taylor & Francis, UK.

Benzaazoua, M., Perez, P., Belem, T., Fall, M.,
2004. A laboratory study of the behaviour of
surface paste disposal, Proceedings of the 8th
International Symposium on Mining with Backfill,
pp. 180-192, Beijing, China.

Benzaazoua, M., Bussiére, B., Demers, 1., Aubertin,
M., Fried, E., Blier, A., 2008. Integrated mine
tailings management by combining
environmental desulphurization and cemented
paste backfill: Application to Doyon, Quebec,
Canada, Minerals Engineering, Vol. 21, No. 4,
pp- 330-340.

Blight, G., 2010. Geotechnical engineering for mine
waste storage facilities, Taylor & Francis, UK.
Bryan, R., Simms, P., Verburg, R., 2010. Coupling
oxidation to transient drying during multilayer
deposition of thickened gold tailings, Minerals

Engineering, Vol. 23, No. 14, pp. 1101-1112.

Bussiére, B., Benzaazoua, M., Aubertin, M.,
Mbonimpa, M., 2004. A laboratory study of
covers made of low-sulphide tailings to prevent
acid mine drainage, Environmental Geology, Vol.
45, No. 5, pp. 609-622.

Bussiére, B., 2007. Colloquium 2004: Hydrogeo-
technical properties of hard rock tailings from
metal mines and emerging geoenvironmental
disposal approaches, Canadian Geotechnical
Journal, Vol. 44, No. 9, pp. 1019-1052.

Cadden, A., Newman, P., Fordham, M., 2003. New
developments in surface paste disposal of mine
wastes, Disposal of Mineral Industry Wastes, pp.
1-17, Falmouth, Cornval, UK.

1827



E. Yilmaz, M. Benzaazoua, B. Bussiere

Deschamps, T., 2009. Study of the physical and
hydrogeochemical behaviour of surface paste
tailings disposal, Ph.D. Dissertation, University
of Quebec (UQAT), Rouyn-Noranda, Canada.

Deschamps, T., Benzazoua, M., Bussiére, B., Belem,
T., 2007. The effect of disposal configuration on
the environmental behaviour of paste tailings,
Proceedings of the 9th International Conference
on Mining with Backfill, pp. 1-8, Canada,

Deschamps, T., Benzaazoua, M., Bussiére, B.,
Aubertin, M., Belem T., 2008. Microstructural
and geochemical evolution of paste tailings in
surface storage, Minerals Engineering, Vol. 21,
No. 4, pp. 341-353.

Deschamps, T., Benzaazoua, M., Bussiére, B.,
Aubertin, M., 2011. Laboratory study of surface
paste disposal for sulphidic tailings: Physical
model testing, Minerals Engineering, Vol. 24,
No. 8, pp. 794-806.

Grabinsky, M.W., Theriault, J., Welch, D., 2002. An
overview of paste and thickened tailings disposal
on surface, Proceedings of the First Symposium
on Mine Waste and Environment, pp. 5-12,
Rouyn-Noranda, Quebec, Canada.

Henriquez, J., Simms, P., 2009. Dynamic imaging
and modelling of multilayer deposition of gold
paste tailings, Minerals Engineering, Vol. 22, No.
2, pp. 128-139.

Kwak, M., James, D., Klein, K., 2005. Flow
behaviour of tailings paste for surface disposal,
International Journal of Mineral Processing,
Vol. 77, No. 3, pp. 139-153.

Landriault, D., Cincilla, W., Gowan, M., Verburg,
R., 1997. Paste disposal - The future of tailings
management practice? International Conference
on Mining and Industrial Waste Management, pp.
1-15, Johannesburg, South Africa.

Landriault, D.A., Welch, D., Frostiak, J., Evans, D.,
2001. Bulyanhulu Mine: Blended paste backfill
and surface paste deposition: the state of the art in
paste technology. Proceedings of the 7th
International Symposium on Mining with Backfill,
pp. 1-14, Seattle, USA.

1828

Martin, V., Aubertin, M., Benzaazoua, M., Zhan, G.,
2010. Investigation of near-surface exchange
processes in reactive paste tailings, Proceedings
of the 13th International Seminar on Paste and
Thickened Tailings, pp. 265-278, Canada.

Oxenford, J., Lord, E.R., 2006. Canadian Experience
in the application of paste and thickened tailings
for surface disposal, Paste and Thickened
Tailings, pp. 93-105, Limerick, Ireland.

Simms, P., Grabinsky, M.W., Zhan, G., 2007.
Modelling evaporation of paste tailings from the
Bulyanhulu  mine. Canadian  Geotechnical
Journal, Vol. 44, No. 12, pp. 1417-1432.

Theriault, J., Frostiak, J., Welch, D., 2003. Surface
disposal of paste tailings at the Bulyanhulu mine,
Proceedings of the 2nd Mining Environment
Conference, pp. 1-8, Sudbury,Canada.

Theron, M., Addis, P.C., Wates, J.A., Martin, V.,
2005. Bulyanhulu mine (Tanzania) paste tailings
facility: relating the unsaturated properties of
gold tailings to rate of rise, Proceedings of the Sth
International Seminar on Paste and Thickened
Tailings, pp. 219-230, Santiago, Chilli.

Verburg, R.B.M., 2002. Paste technology for
disposal of acid-generating tailings. International
Journal of Mining Environmental Management,
Vol. 13, No. 7, pp. 14-18.

Verburg, R., Newman, P., Fordham, M., 2006.
Surface paste disposal of high-sulphide tailings-
field cell monitoring and pilot plant testing,
International Conference on Acid Rock Drainage,
pp- 2170-2187, St. Louis, Missouri, USA.

Yilmaz, E., 2010. A field investigation of the
behaviour of fine-grained, sulphide-rich paste
tailings under a surface disposal condition, Post-
Doc Project Final Report, pp. 1-126, University
of Quebec (UQAT), Rouyn-Noranda, Canada.

Yilmaz, E., Benzaazoua, M., Bussiére, B., Pouliot,
S., 2011. Field experimental cells to investigate
the hydrogeotechnical behaviour of surface paste
disposal: design, implementation, and preliminary
results, Sustainability for Resource Conservation
and Recycling, pp. 1-20, Falmouth, Cornval, UK.



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

Pre-selection Methodology for the EU Mine Waste Directive
Inventory of mine waste sites to support risk assessment in a
European Union context. Case studies from EU Member States
and Turkey

A. Abdaal'?, G. Jordan', 1. Selba’, N. Karapinar4

'Institute for Soil Sciences and Agricultural Chemistry (ISSAC), Centre for Agricultural
Research (ATK), Hungarian Academy of Sciences (MTA). Budapest H-1022, Herman Otto ut
15, Hungary

’Department of Physical Geography and Geoinformatics, University of Szeged, Hungary
*InfoBiz Ltd., Mutlukent Mahallesi, Dicle Caddesi No:40, Beysuken Cankaya, 06800, Ankara,
Turkey

‘Maden Tetkik Ve Arama Genel Miidiirligii, Universiteler Mahallesi Dumlupinar Bulvari
No:139, 06800 Ankara, Turkey

ABSTRACT The EU Mine Waste Directive (MWD) requires the risk-based inventory of all
mine waste sites in Europe by 2012. Major incidents involving mine waste facilities in the
historic mining areas in the Carpathian Basin and the associated environmental risks have
triggered the development of new EU environmental legislation to prevent and minimize the
effects of such incidents. In order to address the mining environmental problems a standard
risk-based pre-selection protocol has been developed by the EU Commission. This paper
evaluates the protocol by applying it to real-life cases and carrying out uncertainty analysis.
All together 145 ore mine waste sites have been selected for scientific testing and evaluation
using the EU Pre-selection Protocol as a case study from Hungary. Key parameters such as
the topographic slope and distance to the nearest surface and groundwater bodies, to
settlements and protected areas are calculated and statistically evaluated in order to calibrate
the risk assessment models to local conditions. According to the results, out of the 145 sites,
11 waste sites are the most risky with topographic slope >200, 57 sites are within distance
less than 500m to the nearest surface water bodies (streams and lakes), and 33 sites are within
distance less than 680m to the nearest settlements. Moreover, 25 sites are located directly
above the groundwater bodies with ‘poor status’ and 91 sites are located inside the protected
Natura 2000 areas. According to the number of YES responses of the Pre-selection Protocol,
a relative risk-based site ranking was performed using STATGRAPHICS® statistical
software which resulted in 127 sites are directed to ‘Examine Further’ using EU thresholds
and 129 sites directed to ‘Examine Further’ using local median-based thresholds. In addition
to, 16 sites without pathway (based on EU thresholds) and 18 sites (based on the local
thresholds) are directed to ‘No Need to Examine Further’. Similar study is being carried out
in Turkey with EU support under the accession process to provide inventory of the Turkish
mine waste sites.

1 INTROUCTION time and environmental protection has not
Mining, milling operations and abandoned been considered for closed mines until
mines are a significant problem in areas with recently (Jordan 2004; Navarro et al. 2008).
long historic mining like Europe, because Apart from that abandoned mines are the
mine closure practices have changed with same as active mines in terms of types of
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hazard and potential impact on the
environment; their major problems are
uncertainty in information and lack of
control. Direct exposure to the acid mine
drainage (AMD) and sediments discharged
from abandoned metal mines poses a serious
hazard to aquatic biota and to humans
(Panagopoulos et al. 2009; Sarmiento et al.
2011). There are an estimated 3 million
potentially contaminated sites in the whole
European Union, of which about 250,000 are
actually contaminated and in need of
remediation (EEA, 2007).

Significance of contamination risk posed
by mining is highlighted by mine accidents
(Jordan and D’Alessandro 2004). Examples
of such accidents which classified as an
engineering risk are 1) Wales, UK, in 1966,
Stava, Italy, in 1985, Aznalcollar, Spain, in
1998, Baia Mare, Romania, in 2000. Most
recently, an estimated 0.9-1 million cubic
meters of alkaline (pH >13) caustic red mud
spilled through the failed dam of the Ajka
alumina plant depository on October 4, 2010
in Kolontar, Hungary, resulting in loss of
lives and contamination of agricultural land
(Jordan et al. 2011).

1.1 Directive 2006/21/EC (Article 20) —
risk-based inventory of abandoned mine
waste sites

The EU Directive on the Management of
Waste from the Extractive Industries
(Directive  2006/21/EC, Mine  Waste
Directive (MWD)) requires in Article 20 that
Member States shall ensure that an inventory
of closed waste facilities, including
abandoned waste facilities should be
accomplished by 2012 using risk assessment
(RA) methods. According to Article 21, such
methods shall allow for the establishment of
the most appropriate risk assessment
procedures and remedial actions in Europe.

1.2 Risk assessment (RA)

Contamination Risk assessment (RA) is
defined as the probability of adverse effects
to humans and ecosystem resulting from
exposure to environmental pollutants
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(CARACAS 1999; US EPA 1989; 1998),
therefore RA is concerned with the risk
involved at a specific site, at a specific time,
and due to specific causes. RA includes the

steps of 1) hazard description, 2)
dose/response  (toxicity)  analysis, 3)
contaminant  transport, 4)  exposure

assessment, 5) risk characterization, and 6)
risk management (Van Leuwen and Hermens
1996; U.S. EPA 2002; 2007). Contamination
risk exists for a site only if all the source,
pathway and receptor components are
present. In the case of mine waste sites, for
example, this means that a hazardous waste
should be present such as an ore tailings
pond, contamination transport should be
enabled by air, surface- and groundwater or
direct contact to reach sensitive receptors
such as settlements, protected ecosystems or
agricultural lands. Regional RA is a
quantitative methodology to estimate and
compare the impacts of environmental
problems that affect large geographic areas
(Landis, 2005) and/or multiple contaminated
sites (Pizzol et al. 2011). Mine site
characterization and risk-based ranking
methods have been reviewed and evaluated
by national and international efforts (Horvath
and Gruiz 1996; Sommer et al. 2003; Rapant
et al. 2006; Bagur et al. 2009; deLemos et al.
2009; Broadhurst and Petrie 2010; Pizzol et
al. 2011; Moreno-Jiménez et al. 2011; Turner
et al. 2011; Yenilmez et al. 2011). U.S. EPA
(2001) gives detailed description of risk-
based assessment of mine sites. Moreover, as
for the prioritization process, the Soil
Thematic Strategy for soil protection (COM
(2006) 231) and the EU MWD (Directive
2006/21/EC) point out the need to develop
spatial  risk-based = methodologies  for
sustainable management of contaminated
sites and mining waste sites at regional scale.
The effort required to identify and prioritize
contaminated sites in Europe is considerable
(EEA 2005).
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The objective of this paper is to evaluate
the EU MWD Pre-selection Protocol (Stanley
et al. 2011) by applying it to real-life cases
from Hungary as an EU Member State and to
carry out uncertainty analysis. It is not the
objective to report on the national inventory
by any means; in fact, the site data used here
for scientific development are not based on
the reported inventory data. A detailed
statistical analysis is carried out for the
measured distances to pathways or sensitive
receptors, topographic slope and census data
and the new values developed are adapted to
the local conditions in Hungary. This also
enables the evaluation of the Protocol in
terms of sensitivity to various thresholds.
Moreover, a simple uncertainty analysis is
carried out, and the Protocol is evaluated
against the number of uncertain responses to
the questions on the 18 key parameters
involved.

2 METHODS

2.1 Principles and characteristics of the
protocol

The EU MWD Pre-selection Protocol
(Stanley et al. 2011) is based on a “YES-or-
NO’ questionnaire (Fig. 1) and consists of 18
questions using simple criteria available in
existing databases readily enabling the
preliminary screening of the mine waste sites
for environmental risk. This screening should
result in the elimination of those sites which
do not cause or have the potential to cause a
serious threat to human health and the
environment from the inventory of closed
waste sites. Note that even if a waste facility
passes the pre-selection protocol and
classified as EXAMINE FURTHER, it does
not mean that the closed waste facility will
necessarily be included in the final inventory.
For example, the Mad waste site in Hungary
passed the protocol with 6 YES responses to
the questionnaire questions (4 questions in
the source and 2 questions in the receptor

sections) and 9 NO responses and it was
classified for EXAMINE FURTHER. But
there is no pathway existing in this site by
which receptors could be impacted by the
toxic mine waste source, therefore the site
will not be included in the final inventory. In
Annex III of the MWD criteria for
determining the classification of waste
facilities, indents 2 and 3 specifically refer to
hazardous and dangerous substances being
above a certain threshold. These thresholds
have been fixed by Commission Decision
2009/337/EC.  Since the pre-selection
protocol is meant not to involve field
sampling or laboratory analysis, any level
will be sufficient to pass the test and select
the site for further investigation as a
precautionary measure.

Based on Article 20, the pre-selection
protocol should possess the following
characteristics: 1) be risked-based, i.e.
consider both the probability of an event
occurring and the impact of such an
occurrence, 2) address the source, pathway
and receptor paradigm, 3) be simple and
office-based, 4) use readily available data, 5)
address data and information uncertainty, 6)
address serious damage to both human health
and the environment (ecosystem) receptors,
7) assess whether the closed waste site
contains either hazardous waste or dangerous
substances, 8) assess the physical stability of
the closed waste site, 9) address serious
damage occurring at the present and the
potential for such damage to occur into the
future (medium term, i.e. 1 to 10 years), 10)
provide a selection of waste sites for further
assessment, 11) produce a selection of waste
facilities that would be reasonably certain of
capturing all relevant facilities, i.e.
precautionary, 12) be reasonable and
proportionate for the task.
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START

1. KNOWN IMPACT
Is the mine waste facility known to have an
incident which had a serious impact on
human health or environment?

h 4

)

2A. SOURCE - contents
Is the mine waste facility a
potential source of pollutants?

2B. SOURCE - stability
Is the source potentially
physically unstable?

Figure 1. The EU MWD Pre-selection
Protocol Flowchart

2.2 Parameters and thresholds

The EU MWD Key parameters, such as the
distance from a mine waste site to the nearest
receptor (settlement, protected area, etc.) and
the topographic slope under the waste site are
used in this Pre-selection Protocol, in order
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to identify those sites that might cause
serious environmental impacts. The EU
thresholds (1km distance and 50 in slope) are
based on the Irish regulations for the
operation of ponds with respect to quarries
(Safe Guard, 2008). In this study, the median
values of topographic slope and distance to
the nearest surface water course (Q11),
settlement (Q15), groundwater bodies (Q16),
Natura 2000 sites (Q17) and to agricultural
areas (Q18) are used as local thresholds
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(Median-based) adapted to Hungarian
conditions. Therefore, each Member State
can choose a different threshold which can
meet their particular circumstances or
experience.

3 MATERIALS

Two types of available data are used in
this study as follow:

1. Basic waste site data: a) location of
waste sites as points (polygon centroids)
(Fig. 2), b) contents of waste sites including
sulphides, toxic metals, and dangerous
substances, c¢) information on chemicals used
during mineral processing, d) information on
the geometry of the waste heap (volume,
area, height), and slope of foundation, e)
other data such as presence of high
permeable layer beneath the waste site, and if
the facility is exposed to wind or if it is
uncovered (Q13, 14).

2. Basic spatial and census data: a)
topographic data including location of human
settlements as polygons, surface water
courses (streams and lakes) (Fig. 2), and
slope data calculated for each waste site from
the Hungarian national contour based 50m
DEM wusing ILWIS® 3.7 open source
software (Fig. 3), b) census data (2009) is
available from the Hungarian Central
Statistical Office (www.ksh.hu), c) data on
the national protected areas (Natura 2000
sites) (Fig. 1) available from the Hungarian

Central  Directorate  of  Water and
Environment  (http://www.vkki.hu), d)
location, status classification, monitoring

data of groundwater bodies in Hungary under
the Water Framework Directive and available
from http://www.eea.europa.eu/data-
andmaps/data/waterbase-groundwater-7,  ¢)
Land use/land cover data (LULC) maps at
1:100,000 scale are available in Europe from
CORINE
(http://www.eea.europa.eu/publications/COR
0-landcover).

All together 145 ore mine waste sites (Fig.
2) are tested using the EU MWD Pre-
selection Protocol as a case study from
Hungary. Then by running the protocol, the
number of YES, NO and UNKNOWN
responses are registered for each site. The
proportion of the certain to uncertain
responses for a site and for the total number
of sites may give an insight of specific and
overall uncertainty in the data we use (Table
1). The distance from mine waste sites to the
nearest stream (QI11) and receptors (Q15-
Q18) is measured using proximity analysis
tools (Generate Near Tool) in ArcINFO® 10
(Fig. 2). In order to identify if there is a high
permeable layer beneath the mine waste site
(Q12), a surface permeability map for the
geological formations of the 1:100,000
surface geological map of Hungary has been
constructed using ArcINFO® 10 on the basis
of the geological characteristics of the
uppermost rock units considering the
estimated hydraulic conductivity, porosity,
permeability values of rock units used in
hydraulic models. Three groups have been
distinguished. Group of formations with low-
permeability (clay and other impermeable
formations), with  medium-permeability
(loess, sand-gravel and fractured
metamorphic and volcanic rocks) and with
high-permeability (karstified limestones and
dolomites belong to this group). Polygons of
the mine waste sites derived from the
CORINE land cover 1:50,000 maps (CLC
2000) are overlaid by Google Earth® aerial
photographs (2010-2011), in order to identify
if the material within the mine waste sites is
exposed to wind or not (Q13) or covered or
not (Q14), since the air and direct contact
pathways are related to the aerial exposure of
mine waste heaps. Local threshold values are
based on the natural breaks in frequency
histograms and in the cumulative distribution

functions of the key parameters using
STATGRAPHICS Centurion XV.II®
software.
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@
m Mine tailings lagoon
Settlement

Hl Lake

—— Stream

|:| Natura 2000 site

----— National border

Mine waste site

Figure 2. A. Mine waste sites in Hungary in
this study. Solid box shows location of
Figure 2B. B. Distance measurement from
the waste sites (polygon centroid) to the
nearest settlement (1), surface water lake (2),
stream (3) and to the nearest Natura 2000
protected area (4).

1834



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

® Mine waste site  Slope (in degrees)
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—— River a4
----— National border I 1454
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Figure 3. Topographic slope map for
Hungary. A. Using the national contour-
based 50m grid DEM. Solid box shows
location of Figure 3B. B. An example for the
Recsk Mining Area, the Parad Tarna Creek
catchment.

4 RESULTS AND DISCUSSION

4.1 Using EU thresholds

The EU MWD Pre-selection Protocol
(Stanley et al. 2011) The YES, NO and
Unknown (U) responses of the EU MWD
Pre-selection Protocol (Fig. 1) using EU
thresholds (slope of 50 and lkm distance
from waste site to receptor) are registered
and calculated for each question in Table 1.
Out of 145 mine waste sites, only 19 sites

.....

have had a documented incident (Q1) such as
the collapsed dam of the Ajka alumina
depository in Kolontdr, Hungary, in 2010.
These 19 sites are immediately redirected for
further examination in the EU MWD Pre-
selection Protocol. For question 2 (Q2), 101
sites with YES responses were producing
waste with sulphide minerals, 40 sites have
NO responses, and the other 4 sites (3% of
the studied sites) with UNKNOWN
responses. While 126 sites with YES
responses were producing minerals with
toxic heavy metals, 15 sites have NO
responses, and 4 sites (3% of the total
number of sites) have UNKNOWN responses
(Q3). Seven sites with YES responses have
documented use of dangerous chemicals for
the mineral processing, 138 sites have NO
responses (Q4). In QS5, 9 sites are tailings
lagoon sites and 136 sites are waste heaps.
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The area of each of the 9 tailings lagoons is
greater than the 10,000 m2 threshold in Q6.
Only 4 tailings lagoons with YES responses
are >4m in height within 50m of the waste
site, while two sites with NO responses are
<4m and the other three sites (33% of the 9
tailings ~ lagoons) have = UNKNOWN
responses (Q7). In QS8, 34 waste heap sites
with YES responses are greater than 10,000
m2 in surface area and 10 waste heaps aerial
extent (7% of the 136 waste heaps) is
unknown. In Q9, 9 waste heap sites are >20m
in height and 12 sites (9%) have
UNKNOWN heights. The slope of the
foundation upon which the waste heap rests
is of concern with respect to stability. The
greater the slope angle the greater the risk of
the waste heap failing. In Q10 the
topographic slope (in degrees) is defined
from the Hungarian national contour based
50m DEM for each waste site (Fig. 2). The
EU threshold chosen is 1:12 which equates to
8.3% or a slope angle almost 5°. 110 waste
heap sites with YES responses are greater
than or equal 1:12 (50) in slope and 26 sites
with NO responses are less than 50 (Q10).
For Q12, 120 sites with YES responses (three
sites underlain by High permeable layers and
117 sites underlain by Medium permeable
layers), while 25 sites underlain by Low
permeable layers. In QI13, 17 sites are
exposed to the wind and 128 sites are not.
While 17 sites are uncovered and 128 sites
are may be covered with water, vegetation,
soil and forests (Q14). For Q11, 64 sites are
within Tkm distance to surface water bodies
(streams and lakes). In Q15, 45 mine waste
sites are within lkm distance to nearest
human settlements with >100 people. In Q16,
28 sites are within lkm distance to the
groundwater bodies of less than good status
(poor status). For Q17, 131 mine waste sites
are within 1km to the national protected
‘Natura 2000 sites (91 waste sites are
completely inside the protected Natura 2000
sites), and 14 sites are within distance >1km.
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Moreover, 84 sites are within 1km distance
to the agricultural areas including arable
lands,  pastures,  heterogeneous  and
permanent crops (Q18).

4.2 Using local (median-based) thresholds

Statistical ~ distribution  analysis  was
performed for slope (Q10) and the nearest
distance to the pathways and receptors (Q11,
Q15-18) in order to develop new risk
thresholds to be adapted to Hungary. The
local thresholds (median-based) that derived
from the median values of slope and distance
data are the following: 10° for the slope
below the waste site (Q10), 760 m for the
distance to surface water bodies (Q11), 1,722
m for the distance to settlements with almost
820 inhabitants (median-based) (Q15), 6,044
m for the distance to groundwater bodies
with ‘poor status’ (Q16), 470 m for the
distance to highly protected Natura 2000
sites (Q17) and 612 m for the distance to the
agricultural areas (Q18). In order to develop
a population threshold value for QI15, a
distribution analysis was performed on the
most recent population census data of
Hungary resulting in 53 classes ranging from
<45 to >45.000 persons. The analysis
indicates that 1,670 settlements with less or
equal to 820 persons are representing 53% of
the total number of settlements in Hungary.
Therefore the figure 820 is chosen as a local
threshold (median-based) for the population
in Q15. By running the EU MWD Pre-
selection Protocol using these local (median-
based) thresholds, the YES, NO and
Unknown responses are registered for each
site and compared to those of EU thresholds
(Table 1). Table 1 shows that the number of
waste sites with YES is different from those
using the EU thresholds to local thresholds
for each question. For example, in Q10 for
slope, sites with YES responses are
decreased from 110 (EU thresholds) to 74
(local median-based thresholds). This shows
that mining sites mostly found in hilly areas
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are located on steeper slopes in Hungary than
mining sites in Ireland, where the EU
thresholds were adapted from. For Q11 on
the distance to nearest water course, the sites
with YES responses are increased from 64
(EU thresholds) to 73 (local median-based
thresholds). This is explained by the fact that
mines are located in the steep valleys of the
hilly areas in Hungary rendering the
horizontal distance to stream (valley bottom
drainage line) short.

Uncertainty is  inescapable in the
assessment of environmental hazard,
exposure and the consequent risks to human
health, and it arises at every stage in these
assessments (Ramesy 2009). It causes an
increased risk of incorrect decisions being
made in the assessment, particularly if the
uncertainty is ignored in a deterministic
approach, or just underestimated in a
probabilistic approach. In this study
uncertainty is limited to the unknown
responses (U) in each question of the EU
MWD Pre-selection Protocol due to the lack
of specific data about the mine waste sites.
Table 1 indicates that Uncertainty (U) is
concentrated in the source questions, ranging
from 3% in Q2 and Q3 (source contents,
sulphide minerals) and 7% in Q8 (source
stability, 10,000 m2 area of the waste heap)
to 33% in Q7 (height of the mine tailings
lagoon). Therefore, if the source questions
are empirically relax, the percentage of
uncertain responses (U%) will be reduced to
zero. Moreover, most of the digital
topographic maps used in this study have
1:100,000 scale, therefore uncertainty in
distance measurements in Q11, QI5-18 is
estimated as more or less as 100 m.

A risk-based site ranking system based on
both  EU and (local median-based)
thresholds, is carried out by counting the
YES responses of the EU MWD Pre-
selection Protocol for the source, pathway
and receptor sections in each waste site. 127
mine waste sites are directed to EXAMINE

FURTHER based on the EU thresholds, and
18 sites with no risk (without pathway). 129
sites are directed to EXAMINE FURTHER
based on the local (median-based) thresholds,
while 16 sites without pathway.

5 CONCLUSIONS

The EU MWD Pre-selection Protocol
provides a systematic methodology for the
pre-screening and ranking of contamination
risk associated with the mine waste sites.
This RA is based on a fundamental
understanding of the key factors and
parameters controlling the contamination fate
along the source-pathway-receptor chain and
the chemical behavior of wastes in the mine
sites. Besides forming a necessary part of
efficient risk-based contamination
assessment of large number of mine waste
sites, the pre-screening RA achieved by the
EU MWD Pre-selection Protocol outlined
and tested in this study plays a key role in the
first stage decision-making.

Similar study is being carried out in
Turkey with EU support under the accession
process to provide inventory of the Turkish
mine waste sites.

Table 1. Summary statistics of the EU MWD
Pre-selection Protocol responses of questions
QI1-18, showing the number of YES and NO
responses based on the EU Pre-selection
Protocol thresholds, and the local median-
based thresholds. The number (U) and
percentage of certain to uncertain (U%)
responses for each question, based on the
number of UNKNOWN responses. Bold
indicates questions and statistics depending
on threshold values.
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Local

Pre-selection Number of th }]15 Ilj d threshg@ds U

Protocol Sites resnoles éme 1 | %

ased)
YES [ NO | YES [ NO

Impact Q1 145 19 126 19 126 ( 0
Q2 145 101 40 101 40 ‘ 3
Q3 145 126 15 126 15 ‘ 3
Q4 145 7 138 7 138 ( 0
Qs 145 9 136 9 136 ( 0
g Q6 9 9 0 9 0 « 0
5 3

3 Q7 9 4 2 4 2 3
Q8 136 34 92 34 92 0 7
Q9 136 9 115 9 115 5 9
Q10 136 110 26 74 62 ( 0
z Q11 145 64 81 73 72 ( 0
E QI2 145 120 25 120 25 ( 0
= QI3 145 17 128 17 128 ( 0
&~ Q14 145 17 128 17 128 ( 0
5 Q15 145 45 100 73 72 ( 0
‘é Q16 145 28 117 73 72 ( 0
g Q17 145 131 14 112 33 ( 0
~ Q18 145 84 61 73 72 )
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ABSTRACT This paper aims at examining the consolidation behaviour and time-dependant
strength gain of the cemented paste backfills (CPB) made using different binders. Two types
of consolidation tests were realized: lab-scale tests via a tool named CUAPS (curing under
applied pressure system); and field-scale tests via three columns installed at a paste plant.
From the physical tests, one can say that, for a given binder amount, the void ratio, degree of
saturation of drained CPBs are pretty lower than those of non-drained ones. The maximum
observed consolidation settlement occurs within the first 72 hours since columns are filled. At
last, this study shown that CUAPS and columns could be used as valuable tools to collect
reliable data and to assess some conditions on CPB performance in lab and field tests.

1 INTRODUCTION

Cemented paste backfill (CPB) is used on a
wide scale in today’s underground mining
sector. CPB offers environmental benefits by
minimising large surface waste dams and
safety benefits by reaching higher strengths
with equal cement consumption as compared
to other forms of backfill such as hydraulic
and rock backfills (Potvin et al., 2005; Belem
and Benzaazoua, 2007; Yilmaz, 2011). CPB
is mainly prepared by mine tailings which
are mixed with water and binder. Significant
progress has been so far made in realizing
the quality of lab-made CPB by focussing on
its material properties (Benzaazoua et al.,
1999, 2004; Kesimal et al., 2005; Belem et
al., 2006; Ercikdi et al., 2009; Fall et al.,
2009, 2010; Yilmaz et al., 2011a; 2013,
Cihangir et al., 2012), but little effort is made
to study in situ performance and quality of
CPB (Hassani et al., 1998; Cayouette, 2003,
Belem et al., 2004; le Roux et al., 2005;
Thompson et al., 2011, 2012). It is observed
from Canadian mines that the strength of the
in situ CPB cores was up to 6 times higher

than that of lab-made ones using the same
recipe and curing ages. The reasons behind
this observation is due to the mechanisms of
fresh or hardened CPBs within the stope
during curing (i.e., enhanced consolidation
and scale effect) and bleeding occurred by
the settlement of solids with the expulsion of
water (i.e., the paste's stiffness, Fourie et al.,
2007; Helinski et al., 2007, 2011; Yilmaz et
al., 2009; Yilmaz, 2010; Fahey et al., 2011).
In general, these circumstances happened in
underground are more often ignored in many
studies seemingly due to the unavailability of
an appropriate lab system for studying the
consolidation and drainage conditions.
Measuring the in situ material properties is
of a great importance in optimizing a CPB
mix design in terms of strength, stability and
cost saving (Fall et al., 2008; Benzaazoua et
al., 2008; Belem et al., 2010; Yilmaz et al.,
2011b). These properties of CPB can be also
simulated at laboratory via one-dimensional
consolidation tests by applying a number of
stress increments to paste samples (Belem et
al., 2002; Yilmaz et al., 2008, 2010, 2012;
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Fahey et al., 2011; Helinski et al., 2011). A
number of different in situ conditions can be
also considered in lab-made CPBs by using
bottom-perforated plastic moulds to allow
drainage of water during curing. A relatively
few experimental studies are reported in the
literature on the self-weight or gravity driven
consolidation of waste rock and mill tailings
(Wickland and Wilson, 2005; Yilmaz, 2010).
To the authors’ knowledge, few studies have
so far addressed the consolidation behaviour
of field CPB samples (El Aatar, 2009; Fahey
etal., 2011; Thompson et al., 2012).

The main objective of the present study is
to provide some key knowledge on the effect
of consolidation on strength and quality of
CPB. Tests are focused on CPB's self-weight
consolidation and mechanical behaviour in
terms of scale effect and curing conditions.
Different CPB mix recipes are prepared with
mill tailings sampled from a European and
Canadian polymetallic mine. To understand
the drainage and settlement phenomena of
CPBs, two types of consolidation tests were
realized: lab-scale tests via a new tool named
the CUAPS (curing under applied pressure
system); and in situ-scale tests via columns
installed at a paste backfill plant.

2 MATERIAL AND METHODS
2.1 Experimental Setups

To study the CPB's consolidation two types
of testing were used: a lab test by applying a
pressure on the top of CPB specimen using
the improved CUAPS (Fig. 1a); and on-site
tests using columns with a 3 m height (Fig.
1b). CUAPS aims to imitate the in situ CPB
situation during its placement and curing
processes while columns allow simulating
the stope backfilling steps and drainage
configurations such as undrained columns
UD, half-drained HD, and fully-drained FD
column. A full description of CUAPS and
some preliminary results is entirely provided
in Benzaazoua et al. (2006), El Aatar (2009),
Yilmaz (2010), and Yilmaz et al. (2010).
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Figure 1. A schematic view of both CUAPS
and columns used in the experiments

2.2 Material Characteristics

In the present study, two types of tailings
were used from two different mines located
in Europe and Canada. For lab testing, CPB
mix was prepared by wet tailings filter cake
discharged from two vacuum disc filters at a
paste backfill plant in Sweden. The tailings’
physical properties are listed in Table 1.
More details can be found in Benzaazoua et
al. (2005). Chemical analyses indicate that
tailings sample contains the Si, Mg, Ca, Al,
Fe, and S contents of 32.7%, 2.6%, 3.5%,
2.6%, 6.9%, and 4.7% while water contains
the sulphate and calcium concentration of
4344 mg/L and 805 mg/L, respectively.

In situ testing was carried out at the paste
fill plant of a mine located in Quebec. CPB
mixes were generated with slightly deslimed
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tailings (up to 5% of < 20 um particle size),
and mix water is the recycled mine process
water. Tailings have a sulphur content of 16
to 19 wt%. The specific gravity of tailings
was found to be 3.53. Further details can be
found in El Aatar (2009).

Table 1. Physical properties of paste tailings

Tailings physical parameters Value
Specific gravity (SG) 2.96
Specific surface area (m?/g) 1.90
Initial water content (W%) 15.2
Solid mass concentration (Cm%) 85%
Fines content (minus 20 um; wt%) 20.6

Djo (um), grain size at 10% passing 6.5

Dso (um), grain size at 50% passing 68.3
Dyg (um), grain size at 90% passing 187.4
Cy, coefficient of uniformity 134
Cc, coefficient of curvature 2.1
U, coefficient of uniformity 2.6

Portland cement type 10 (PCI) alone and
PCI blended with a granulated blast furnace
slag (PCI/Slag) were used for lab testing as
binding agent. The blended cement PCI/Slag
was kept at a 20:80 ratio of PCI and Slag.
The binder proportions tested were 3, 5, 7
and 10% by weight of dry cement. Note that
10% of binder is in fact not cost effective but
corresponds to the upper limit of binder. For
in situ testing, only one-type binding agent
which composes of PCI and Slag in a ratio of
20:80 wt% was used. The binder content
studied was 4.5 wt%.

2.3 Experimental Procedures

All CPB mixes prepared within the CUAPS
setups were cured in a fog room for 28-day
curing age. The pressure scenarios practiced
during curing were similar to the pressures
expected to be developed in an underground
stope and listed in Table 2.

Table 2. Pressure applying scenarios

Scenarios ~ Pressure  Pressure  Equivalent
tested (psi) (kPa) height (m)
#1-1 0 0 0
#1-2 18 125 6.4
#1-3 29 200 10.2
#1-4 36 250 12.7
#2-1 0 0 0
#2-2 27 187.5 9.5
#2-3 43.5 300 15.3
#2-4 54 375 19.1

A strategy for pressure application of lab-
made CPB samples was followed as follows:
the corresponding column heights (42 = p/y)
were calculated from the applied pressures
(p) and knowing the CPB wet unit weight y
(19.6 kN/m’). During an initial curing of 24
hrs no pressure was applied, but the pressure
was incrementally increased up to 250 kPa
(acts as ~13-m stope height) and 375 kPa
(acts as 19-m stope height) at preset intervals
over 4-day curing.

Table 3 summarizes the in situ-prepared
CPB mixture parameter values. The on-site
observations showed that the initial slump
height of 6.7" could increase by a value of
about 1" during its transportation in a pipe
line from the backfill plant to underground
stopes due to the pipe wall shearing. Three
columns are designed in order to reflect the
in situ conditions of the CPB materials.

Table 3. Paste backfill mix parameters

CPB mixture parameters Value
Binder content by mass, By, 4.5 wt%
Binder content by volume, Bq, 5.5% v/iv
Sulphur content 16-19 wt%
Specific gravity of tailings (SG) 3.53
Specific surface area of tailings S,  1.721 m*/g
Solid mass concentration (Cy; o) 75.8% wiw
Solid volume concentration (Cve,) — 47.3% v/v
Gravimetric water content w% 31.9%

Water-to-cementations ratio (W/C) 7.4

Columns were filled in two sequences of
150 cm over 24 hours. A part of re-mixed
CPB was also poured into 6 non-perforated
moulds (4" dia. and 8" height) as lab-scale
undrained control samples. Columns filled
are then maintained under the backfill plant
ambient conditions for a total curing time of
45 days. Following the curing ages, columns
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were dismantled and each CPB column was
cut into 10 blocks which correspond to ten
different elevations. From each CPB block,
two core samples were taken (total 20 core
samples for each column). A total of 60 core
samples were then wrapped in paraffin film
before being placed in the fog room (at
approximately 80% RH and 24°C +2°C) for
final curing ages of 87 days (for FD), 89
days (for HD) and 91 days (for UD).

2.4 Methods
2.4.1 Drainage water collection

Drainage water was collected from the water
percolated from lab-made CPB samples at a
time interval. 25 hours after the columns are
filled, the drainage water was collected from
the FD and HD columns and the bleeding
water was collected from the UD column.
Waters collected were used for geochemical
analyses (pH, Eh, sulphates content).

2.4.2 Unconfined compression test

The UCS tests were performed on the entire
lab and on-site CPB samples (mould samples
in triplicate and core samples in duplicate).
Tests were carried out by using a computer-
controlled testing machine (MTS Sintech
10/GL) with a load capacity of 50 kN and a
deformation rate of 0.0001 mm/min. The
length-to-diameter ratio is 2 for all samples.

2.4.3 Geotechnical characterization test

The following physical parameters for each
CPB sample were calculated: gravimetric
water content w,%, volumetric water content
w,%,, solid mass concentration Cyp,, solids
specific gravity G, degree of saturation S,%,
void ratio e (porosity n) and specific surface
area by mass S,, (m?/g).

3 RESULTS AND DISCUSSION

3.1 Effect of Pressure and Settlement on
Drainage Properties

Figure 2a shows the percent of water drained
from consolidated backfills prepared at 3-10
wt% binder contents (for PCI alone) during
curing time. It is evident that, during the first
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24 hours, CPB was allowed to settle under
no consolidation pressure) and only limited
amount of water (3.5-5.5% of total) was
recorded to drain off samples. Samples were
then cured under the pressure (up to 250
kPa), improving the drainage of water. The
drainage of water from CPB was noted to
almost level off following a curing age of 26
hours despite the gradual increase in the
pressure. The volume of water expelled out
of samples appeared to depend on binder
with a general trend of a decrease as binder
increases. A comparable phenomenon of the
CPB's drainage properties is observed for the
slag-based binders (Fig. 2b). The degree of
water retention would be expected to depend
on hydration phases formed in backfill mass
regarding the quality of binder used.
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Figure 2. Plot of drainage water vs. time for
CPB with PCI alone (a) and CPI/Slag (b)
Figure 3 demonstrates the evolution of
cumulative drainage water (Fig. 3a) and the
measured consolidation settlement AH of the
CPB mass (Fig. 3b) since the start of filling
the columns. It was observed that, for the
total water volume of 160.4 L, only 24 L was
collected from the FD column and about 14
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L from the HD column reflecting a drainage
percentage of 15% and 8.4% respectively.

As expected, the drainage capacity of the FD
column is twice the one of the HD column. It
can be also seen that the observed maximum
settlement of CPB (AH,,,,) was 16.4 cm for
the FD column, 8.5 cm for the HD column
and 7.5 cm for the UD column.
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Figure 3. Percentage of drainage water and
CPB settlement

The change in initial void ratio (ey =1.12)
is mainly due to the dissipation of the CPB
pore water pressure within the first 50 hours
after the end of columns filling. In the case
of the UD column the excess pore pressure
dissipation is attributed to bleeding at the top
of the column. Knowing that each backfill
column height was 300 cm, the volumetric
strain corresponding to the observed max
settlement AH,x of 16 cm (FD column), 8.5
cm (HD column) and 7.5 cm (UD column)
are of 5.5%, 2.8% and 2.5% respectively.

Results show that the behaviour of the UD
column is similar to that of the HD column,
and the observed strain of the FD backfill is
twice the one of the HD and UD columns.
This similarity can be explained by a column
configuration and their pouring sequencing.
The observed in situ CPB stope volumetric
strain varies between 3.3% and 5.0%, taking
into account a stope height of 30 m. This
means that the in situ CPB stopes behave in a
similar way than the HD or FD conditions.

3.2 Effect of Binder Type and Content on
Physical Properties

Figure 4-5 show the evolution of void ratio
and degree of saturation of lab-made CPBs
prepared with different binders as a function
of CUAPS and mould samples.
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From the geotechnical tests undertaken on
lab-made CPBs, one can say that void ratio e
and the degree of saturation S, decrease
while the specific surface area S, increases
with increasing binder content (3- 10 wt%
for PCI and PCI/Slag binders). The level of
decreasing in S, was recorded to be in the
range of 98-69%. The variation in e and n
was noted to be 0.83-0.57 and 0.45-0.37
respectively at 3-10 wt% binder. In addition,
the S, of CPB increased from 3.975 to
14.775 m”> g, depending on the binder type
and amount used. There was no correlation
between the CPB performance and water
content. Emphasis could be made that values
n and S, were strongly affected by the
drainage ability of lab-made samples.

Some geotechnical properties of in situ
CPB core samples were also evaluated in
each elevation for the three columns. Table 4
summarizes the range of variation of the
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values of geotechnical parameters regarding
their initial values. All the columns, CPB
exhibit the same shape of G profile. It can
be observed that specific gravity is almost
constant for the first CPB layer of 150 cm
thick (mean value of 3.29) and this mean
value is lower than one of the second CPB
layer (mean value of 3.34). If this reduction
in Gy is interpreted as the solid volume
change (not its mass) which depends only on
the volumetric change of binder, one can say
that the CPB lower layer must contain more
dissolved binder than its upper layer.

Table 4. Physical parameters of in situ CPB

Physical parameters First Final
Water content, w% 31.9 15-25
Solid concentration, Cye, 75.8 80-88
Degree of saturation, Sr(%) 100 70-90
Volumetric water content, 6  0.53 0.30-0.41
Void ratio, e .12 0.70-0.90
Porosity, n 0.53  0.40-0.48
Specific gravity SG 3.50 3.25-3.35
Surface area Sv (m*/g) 1.721 813

The variation of the degree of saturation S,
is not easy to interpret. The CPB material in
the HD column is less saturated than other
columns. It was surprisingly observed that
the S, of CPB in the FD and UD columns
exhibits a similar variation. The long-term
void ratio e (and porosity n) of CPB in the
UD column is approximately constant over
the entire CPB column height and is higher
than one of CPB in the FD and HD columns.
These results corroborate the variation of the
UCS value obtained from all the columns
paste backfill core samples.

3.3 Effect of Curing Pressure on Strength
Acquisition of CPB Samples

Figure 6 shows the difference in the strength
development of CPB samples as a function
of binder content for two different binder:
PCI and PCI/Slag. All the samples’ slump
was set to 7". The strength of consolidated
CPBs containing only Portland cement was
lower than those obtained from slag-based
binders for binder contents of 3-10 wt% and
after a 28-day curing time. The UCS value
varies between 237 and 1140 kPa for 100%
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Portland cement and between 1104 and 3558
kPa for slag-based binder. One can also say
that the strength of unconsolidated CPB was
low when compared to consolidated ones.
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Figure 6. Plot of UCS vs. binder content for
CPB cured with and without pressure

For a given binder, the drained backfills
produced higher mechanical strengths than
un-drained ones after 28 days. This could be
attributed to the drainage of excess water in
the CPB during consolidation tests, leading
to a reduction in porosity and void ratio. It is
also expected that the drainage of surplus
water affects positively the binder hydration.
At 7 wt% binder, the CPB samples prepared
with slag-based binder produced 80% and
78% higher strengths respectively than those
prepared from Portland cement alone. These
results suggest that the CUAPS apparatus
may defeat the potential problems associated
with in situ CPB performance allowing the
determination of optimum conditions such as
binder type and quantity for a given CPB
application in laboratory tests.

Figure 7 shows the evolution of UCS for
consolidated CPB samples containing both
PCI alone and PCI-Slag blended binders as a
function of incremental pressure during early
ages of curing. Two final constant pressures
were chosen for two sequential stope paste
filling scenarios: p, = 250 kPa for scenario A
and p, = 375 kPa for scenario B. Scenario B
is actually 50% more of what it is chosen to
apply the pressure sequence to the samples in
scenario A. It is evident that for 5 wt%
binder content, the strength acquisition of

CPB samples containing only the PCI binder
in Scenario A is increased from 2.5 MPa to
2.75 MPa when the more pressure is applied
to samples, as shown clearly in scenario B.
In addition, for CPB samples containing the
CPI-Slag binder at a binder content of 7
wt%, the strength gain is increased from 3.1
MPa to 3.25 MPa when the scenario selected
is switched from A to B. This indicates the
benefits of pressure increment applied to the
CPB samples during the early ages of curing.

5 wt% CP10/slag@20:80
4500
4000
< 3500

& 3000 {—— VlPa“""“““' 75MPa__
% 2500
O 2000
= 1500
1000
500

1stcharge +50% of 1st
7 Wt% CP10islag@20:80 |

4500

4000 e

/ 3,25MPa

= 3500+—3.1 MPa—— |
€ 3000
@ 2500
O 2000
= 15001
1000
500

0

1st charge +50% of 1st
Figure 7. Plot of UCS vs. binder content for
CPBs cured under incremental pressures.

The mechanical gain of CPB core samples
are also assessed by unconfined compression
tests for each elevation in the column (Fig.
8). This figure presents a variation in UCS
value of plastic mould CPB samples and the
columns CPB core samples as a function of
their elevation z in each column. One can say
that the mechanical gain of CPB samples in
the HD and FD column is higher than that of
the UD column. The explanation of the UCS
variation is directly related to the sequencing
of filling and CPB water drainage. Indeed,
just after the first filling sequence the CPB
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drains a part of its water in the case of the
FD and HD columns, but separates from a
part of its bleeding water in the case of the
UD column. For the second filling sequence,
the HD column CPB can drain its water only
through the CPB sub-layer of 150 c¢m thick,
while the FD column can drain its water via
this layer and the permeable geotextile joint.

Concerning the UD column, the initial
bleed water at the top of CPB sub-layer is
imprisoned by the new CPB layer and once
the column was filled there is again a water
separation on the top surface of CPB, a part
will evaporate and other will reintegrate the
CPB. That means the importance of the
sequential filling on the consolidation of the
CPB in more of their condition and their
configuration of drainage.
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Figure 8. Variation of UCS for CPB core
samples as a function of column height

4 CONCLUSIONS

This paper summarizes the final results of an
experimental study undertaken to investigate
the effect of consolidation on the physical
and mechanical performance of laboratory
and in situ backfill samples. The laboratory
tests were performed by using the improved
CUAPS apparatus, while the on-site tests
were performed using three settling columns
of 3 m high.
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The two types of test simulate self-weight
consolidation behaviour of CPB material.
The CUAPS test simulates the self-weight
consolidation of CPB at any elevation of the
backfilled stope. However, this kind of test
cannot ultimately take into account the effect
of the internal pressure or stress transfer and
redistribution due to the arching effect and
accompanying stress mobilization at the
paste backfill-rock interface. The settling
column tests will simulate the self-weight
consolidation of the entire backfilled stope
(prototype) based on small scale model with
a scale factor for length (A=30m / 10m) of
10. These two types of experimentation are
therefore complementary.

Based on the results of the present study,
the following conclusions can be drawn:

» Drainage tests revealed that the water
separation of CPB samples with slag-
based binder is 31% higher than the
one made with Portland cement.

» The geotechnical characterization tests
show that, for a given binder type and
amount, the void ratio and the degree
of saturation of the drained CPBs are
lower than those of undrained ones.

» For slag-based binders, the drained
CPB samples have produced 51%-7%
higher strengths than undrained ones
for binder contents of 3-10 wt%. For
normal Portland cement, this change
remained between 37% and 14% at the
same binder ratio.

» The maximum drainage percentage of
15% and 8% of the total water within
CPB was observed for the FD and HD
columns. The max measured backfill
settlement was 16.4 cm, 8.5 cm and
7.5 cm for the FD, HD and UD
column respectively. This corresponds
to a volumetric strain of 5.5%, 2.8%
and 2.5% respectively.

> The compression tests results showed
that the highest strength was obtained
from the FD (2.9 MPa) and HD (2.7
MPa) columns CPB samples. In terms
of the physical properties, the specific
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gravity and void ratio exhibit a direct
dependency of the resulting UCS.

This study has demonstrated that these
experimental tests (CUAPS apparatus and
settling columns) can be used as valuable
tools for the collection of reliable data and
the assessment of various conditions on the
paste backfill performance in laboratory and
on-site tests. These methods may be useful
for CPB researchers struggling to understand
the physico-mechanical performance of lab-
prepared CPB mixes. Even if CUAPS needs
to be improved, depending on applications,
so far it has been found to be faster, more
practical, and more cost-effective than any
other conventional approaches like moulds.
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TKI - GELI / YLI Ac¢ik Isletme Goletlerinde Su ve Cevre
Rehabilitasyonu

Rehabilitation of Water and Environment of the TKI - GELI / YLI
Opencast Mine Lakes

M. S. Delibalta
Nigde Universitesi Miihendislik Fakiiltesi Maden Miih. Boliimii, Nigde/ Tiirkiye

N. Uzal
Abdullah Giil Universitesi Miihendislik ve Doga Bilimleri Fakiiltesi Cevre Miih. Béliimii,
Kayseri/ Tiirkiye

OZET: Maden yataklarmin aranmasi, iiretimi ve zenginlestirilmesi siireclerinde uygulanan
islemler; hava, toprak, su kaynaklarini, dolayisiyla ¢evreyi ve g¢evrede yasayan canlilari
etkilemektedir. Komiir agik isletmelerinde iiretim cukurlarinin dekapaj malzemesiyle
doldurulmamasi halinde, yiizey sulari ve yeralti su seviyesinin yiikselmesiyle biyiik veya
kiigiik goletler olugmaktadir. Diisik pH degeri (asidik karakteristik) ve yiiksek metal
konsantrasyonu (Fe, Mn, Al, Cu, Pb, Zn vs.) iceren bu goletlerde, baskin halde bulunabilen
silfirliic mineraller (SO4) ve atik malzemeler, ¢ok Onemli g¢evresel sorunlardan birini
olusturmaktadir. Dogal kaynaklarin siirdiiriilebilirligi i¢in, bu tiir gdletlerin rehabilite
edilmesi gerekmektedir.

Bu calismada, TKI - GELI ve YLI sahasindaki ii¢ farkli golette su kirlilik izlemeleri
yapilarak, ortalama pH degerleri 6.22-7.79, bulaniklik (NTU) 0.63-6.71, siilfat icerigi 840-
1720 mg/L, KOI 27.2-61.5mg/L ve elektriksel iletkenlik degerleri 1.72-2.71 mS/cm arasinda
tespit edilmistir. Belirlenen sonuglar ilgili yonetmelikler ¢ercevesinde incelenmistir. Saha
orneklerine iliskin analizler ii¢ aylik periyotlarla tekrar edilmistir.

Anahtar Kelimeler: Komiir agik isletmeler, asidik maden géletleri, su ve gevre rehabilitasyonu

ABSTRACT: During the search, production and enrichment process of mining operations
the air, soil, water resources and living organisms are affected adversely. In coal opencast
production, with the rise of surface water and ground water level large or small ponds are
composed. The most important environmental problems of these ponds are low pH (acidic
characteristic) and high metal concentrations (Fe, Mn, Al, Cu, Pb, Zn etc.) of these ponds,
besides the sulfide minerals containing (SO4) and the waste materials. These ponds needed to
be rehabilitated for is one the sustainability of natural resources.

In this study, the average pH values 6.22-7.79, turbidity (NTU) 0.63-6.71, sulphate content
840-1720 mg/L, KOI 2.27-61.5mg/L and electrical conductivity 1.72 -2.71 mS/cm have been
measured during the monitoring study of three different lignite opencast mine post-
production lakes of the TKI -GELI and YLI. The results were evaluated within the framework

of relevant laws and regulations. Analyses were performed in three-month periods.
Keywords: Coal opencast mines, acidic mine lakes, rehabilitation of water and environment
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1 GiRiS

Madencilik, toplumsal yasamin en Onemli
faaliyetlerinden biridir. Madenciligin amaci,
ulusal kalkinma ve ekonomik gelisme igin
gerekli olan hammaddeleri endiistriye
saglamaktir. Ancak; madencilik faaliyetleri
sirasinda ve sonrasinda kaginilmaz olarak
pek c¢ok arazi bozulmalari, gaz emisyonlart,
atiklar, toz ve giiriilti meydana gelmektedir
(Pietsch 1991, Unver ve Kara 1994).
Giliniimiizde sanayilesme ve hizli niifus
artisina bagli olarak hammaddelere olan
talep siirekli artmakta, bunun neticesinde s6z
konusu tahribatlar da yayginlagsmaktadir.

Genel olarak; agik isletme madenciliginin
gevre tzerindeki olumsuz etkileri, yeralti
isletmeleri ve cevher hazirlama ¢aligmalarina
oranla ¢ok daha fazladir. Amerika Birlesik
Devletlerinde yapilan aragtirmalari yansitan
Sekil 1’e gore, en biiyiik tahribata agik
isletme {iretim faaliyetlerinin neden oldugu
gorilmektedir (Kuzu vd., 1998). Bu durum,
madencilik sektdriindeki diger ileri iilkelerde
(Kanada, Almanya vb.) oldugu gibi
iilkemizde de aym paraleldedir. Oyle ki;
arazi rehabilitasyonu ve g¢evresel etki
degerlendirmesi ile ilgili planlama ve yasal
diizenlemelerin biiyilk bir bolimii, agik
isletme madenciligi ile ilgilidir.

2% 3%

10%

16%

69%

@ Tasman etkisindeki saha m Yeraltindan gikan atiklar

O Cevher hazilama atiklari O Agcik ocak atiklar

m Kazilmig saha

Sekil 1. Madencilik faaliyet tiirlerine gore
cevresel etkilerin dagilimi (Delibalta ve
Uzal, 2011)

Madencilik  faaliyetleri ~ sirasinda  ve
sonrasinda g¢evreye verilen zararlari en aza
indirgemek i¢in, biitiinsel bir maden isletme
ve  kapatma  planlamasi  uygulamak
gerekmektedir (Sek. 2). S6z konusu arazi
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rehabilitasyon c¢aligmalari, mutlaka iiretim
sireci ile es zamanli planlanmali ve
uygulanmalidir.  Ancak  bu  durumda,
madencilik faaliyetleri siirdiiriilebilir ve
dogal cevre ile uyumlu hale getirilebilir.

Madenclgin Agamalari

T P
L S0rdOrlebiis ‘]
.. Halkmma o

Maden Kapatma ve Dagaya
B eniden Kazandirma
Flanlaman ve Uygulamass

Sekil 2. Entegre bir maden isletme
planlamasi ve uygulamasi (Diizgiin, 2009)

Ayrica, iyi bir maden kapatma ve dogaya
yeniden kazandirma planlamasi, ancak
ekonomik, sosyal ve cevresel faktorlerin
dikkate alindig: siirdiiriilebilir bir yaklagimla
gergeklestirilebilir.  Bunun i¢in  gelismis
ilkelerde Cevresel Etki Degerlendirmesi
(CED), Sosyal Etki Degerlendirmesi (SED)
ve maddi taahhiit gibi tim yasal
diizenlemeler uygulanirken, gelismekte olan
iilkelerde daha ¢ok CED ve dogaya yeniden
kazandirma faaliyetleri uygulanmaktadir.

Ulkemizde ilk CED  ydnetmeliginin
yaymlandigr 1993 yilindan itibaren, 2011
yili sonuna kadar verilen CED olumlu
kararlar1  sektorel dagilimi  Sekil 3’te
goriilmektedir.

CED OLUMLU KARARLARI SEKTOREL DAGILIMI

TURIZM-
KONUT
8%

SANAYi

ULASIM-KIYI 4%

Sekil 3. CED olumlu kararlar1 sektorel
dagilhimi (CS$B, 2011)
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Bu wveriler de bize, ekoloji ve dogal
kaynaklarin korunmasi i¢in siirdiiriilebilir bir
madencilik-gevre uyumunun gerekliligini
gostermektedir.

2 MATERYAL VE METOT

Yapilan arastirmada deneysel c¢alismalar iki
kisimda  yiriitilmiistir. Birinci  kisimda,
Tiirkiye Komiir isletmeleri (TKI) Kurumuna
bagh Giiney Ege Linyit isletmeleri (GELI)
Miiessesesi  Yatagan/Mugla ve Yenikoy
Linyit Isletmesi (YLI) Milas/Mugla
bolgesinde (Sek. 4) acik isletme sonrasi
olusmus 3 farkli goéletten alinan anlik su
(Sek. 5) orneklerinde pH, bulaniklik (NTU),
stilfat igerigi (mg SO4/L), kimyasal oksijen
ihtiyac1 (KOI, mg/L) ve elektriksel iletkenlik
(mS/cm) analizleri yapilarak, belirlenen
sonuglar ilgili yonetmelikler g¢ercevesinde
degerlendirilmigtir.

| frames e ness

| SR e

T B

. =y & g .__: l_‘.':;".".'l
Sekil 5. TKI-YLI Milas agik isletme goleti
su ornekleme ¢alismasi

S6z konusu TKI-GELI ve YLI komiir acik
isletme sahalarinda bulunan 3 farkli géletten
Eyliil 2011°de toplam 6 adet temsili numune
alinarak, korumali seyyar sogutucu (termos)
igerisinde Nigde Universitesi Miihendislik
Fakiiltesi Cevre Miihendisligi Bolimi

laboratuvarina getirilmistir (Sek. 6).

Sekil 6. Laboratuvarda kullanilan cihaz ve
yapilan analizlerden bir goriiniis

Calismalarda analiz edilen parametreler ve
Olctim yontemleri Cizelge 1’de
verilmektedir. Daha sonraki Orneklemeler
peryodik olarak {i¢ ayda bir, ilk 6rneklemede
belirtilen 3 goletten alinan 6rnekler tizerinde
yukarida belirtilen analizler yapilarak, su

karakterizasyonundaki degisimler
izlenmistir.
Cizelge 1. Calismalarda analiz edilen
parametreler ve 6l¢iim yontemleri

e " . Kullanilan
Parametre Ol¢iim Yontemi Techizat/Cihaz
pH SM 4500-H+ pH-metre
Bulaniklik (NTU) SM 2130 B Turbidimetre
iletkenlik (umho/cm) SM 2510 B Tletkenlik-6lger
Siilfat (mg/L) SM 4500 SO4-2 E  Spektrofotometre

Calismanin ikinci kisminda ise; isletme
sahasina ait linyit komiirii ve tavan kayaglar
(Kiregtasi, Marn, Kil, Konglomera, Kumtas1)
- taban (Kil, Silt, Mermer) kayaclarina ait
aliman temsili numuneler ile laboratuvarda
1/500 olgekli kapali devre yapay golette
simiilasyon deneyleri yapilmis, bunun igin
80x60x20 cm ebatlarindaki pleksiglas deney
havuzu kullanilmigtir  (Sek. 7). Alinan
temsili su numuneleri ile benzer analizler
yapilarak, sonuglar saha  Grnekleriyle
karsilastirilmaktadir.
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Sekil 7.
simiilasyon deneyinden bir goriiniis

Komiir acik isletme golet’i

3 BULGULAR

Komiir agik isletme sonrasi olusan iiretim
cukurlarinin dekapaj malzemesiyle
doldurulmamas: halinde, yiizey sular1 ve
yeralt1 su seviyesinin yiikselmesi ile kiigiik
veya biiyiik goletler olugmaktadir. Diisiik pH
degeri (asidik karakteristik) ve yiiksek metal
konsantrasyonu (Fe, Mn, Al, Cu, Pb, Zn vs.)
iceren bu  goletlerde, baskin halde
bulunabilen siilfiirlii mineraller (SO,) ve atik
malzemeler, dogal kaynaklarin
siirdiiriilebilirligi icin en biiyiik c¢evresel
sorunlardan birini olusturmaktadir (Sek. 8).

rrered

P har
EE eesmuerrrg it Duyrbebiee sen Baril

Sekil 8. Komiir agik isletmelerinde yeraltt
suyu etkilesimi (Zschiedrich, 2011)

Asidik maden goletlerinin olusmasindaki en
onemli faktdr, kayag¢ icerisinde bulunan
demir siilfiiriin (pirit, pirotin ve markazit vs.)
su ve hava ile temast sonucu okside
olmasidir. Asagidaki reaksiyonlara gore
oksidasyona ugrayan pirit sonucunda ortaya
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cikan siilfiirik asit (hidrojen iyonu) nedeniyle
ortamin pH seviyesi diigmektedir.

FeSy(k) + 7/2 Oa(g) + H,0 > Fe'(k) + 2H" + 2S0,7(s) + 151
Fe?(k) + Ox(g) + 4H" > Fe(k) + 2H,0 + 1s1
Fe™(k) + 3H,0 > Fe(OH)s(k)| + 3H"

FeSy(k) + 14Fe™ + 8H,0 > 15Fe™ + 16H" + 2S0,7(s) + 151

FeS,(k) + 15/4 O,(g) + 7/2H,0 > Fe(OH); + 2H,SO4(s) + 151

Asidik gollerin tipik 6zelliklerinden olan
koyu kahverengi/kirmizi rengi veren ise,
reaksiyon sonucu ¢Oken demir hidroksittir.
Yukaridaki reaksiyonlarin olusmas: igin
oksijen ve suyun varhigi 6n sarttir. Fe™’tin
kuvvetli  bir  oksitleyici olmasi  bu
reaksiyonlarda biiyiik bir 6nem tagimaktadir.
Ayrica, mikroorganizmalarm varligit da
reaksiyonlari hizlandirmaktadir. Bazi
stilfiirler asit tretimine yardimci olurken,
kimi karbonat mineralleri (kalsit ve dolomit
gibi) ndtrlestirici rol oynamakta, bazi
silikatlar da tampon etkisi yapmaktadir.

CaCOs(k) + H'(s) > HCO; (s) + Ca'X(s)

Asidik ortam olusumu ve nétrlesmesi burada
verilen kimyasal siirecten ¢ok daha karmagik
bir olgudur. Ciinkii reaksiyonlar1 bir sekilde
hizlandiran, yavaslatan ve engelleyen c¢ok
sayida  faktor  bulunmaktadir. Maden
yataginin jeokimyasal yapisi, isletmeyle
temas1 olan sularin asit karakter kazanip

kazanmamasi bakimindan onemlidir.
Dolayisiyla, sahanin asit maden drenaji
(AMD) iretip iiretmeyeceginin
saptanabilmesi  i¢in,  Oncelikle  yakin
cevresiyle  birlikte  maden  sahasinin
jeolojisine, mineralojisine, iretim-
zenginlestirme  yontemine, hidrolojisine,

topografyasina ve iklimine ait veri tabaninin
olusturulmasi gerekmektedir (Giindiiz ve
Baba 2009, Karadeniz 2010).

Calisgmanin birinci kismini olusturan su
karakterizasyon  c¢aligmalarindaki  temel
amag, Mugla-Milas ve Yatagan komiir agik
isletmelerinde  bulunan  asit  maden
goletlerinin - mevcut kirlilik  durumunun
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belirlenmesi ve projenin ilerleyen asamalari
icin numune aliminda oOncelikli goletlerin
belirlenmesidir. Bu amagla bdlgede bes
farkli goletten Orneklemeler yapilmis olup,
bu drneklerin analizlerine ait 6l¢lim degerleri
Cizelge 2 ve 3’te verilmektedir.

Cizelge 2. Agik isletme goletleri su analiz
sonuglari (1.0l¢iim, Eyliil 2011)

Numune Olgiilen Parametreler
Ad1

iletkenlik Bulanikhk  Siilfat KOi

(mS/cm) (NTU)  (mgSO4L) (mgO,/L)
Milas ¢ 16 2.60 1,04 1720 61,5
1. Golet
Milas
2. Golet 6,22 1,75 0,63 840 27,2
Yatagan ;59 534 11 1200 39,2
1. Golet
Yatagan
2 Golet 7,16 1,11 79 440 -
Tinaz

7,10 2,46 11,7 - -

Goleti ’ ? ’
Asit maden goletlerindeki su  kirlilik

degerlendirme c¢alismalarinda en O6nemli
parametrelerden olan siilfat degerlerine
bakildiginda, en yiiksek degerler 1720 mg/L
olarak Milas 1.Golet ve 1200 mg/L olarak
Yatagan 1.Goletten alinan Ornekler igin
tespit edilmistir. Bu degerleri 840 mg/L
olarak Milas 2.Goletten alinan ornekler takip
etmektedir. Bu nedenle, aragtirmanin
ilerleyen agamalarinda bu 1ii¢ goletten
ornekler alinarak deneysel c¢aligsmalarin
stirdiiriilmesi planlanmstir (Ciz. 3).

Cizelge 3. Agik isletme goletleri su analiz
sonuglar1 (2.0l¢lim, Aralik 2011)

Numune Olgiilen Parametreler
Ad1
iletkenlik Bulamiklik  Siilfat KOi
(mS/cm) (NTU)  (mgSO4L) (mgO,/L)
Milas 2, 59 411 1130 58,9
1. Golet
Milas
PSR X R 4 6,71 840 29,7
Yatagan
280599 229 5,99 1020 413
1.Go6let
Yatagan o0 07 35,3 900 39,9
2.Golet
Tmaz = 65 1,57 8,78 850 26,7
Goleti

Ayrica; alinan golet su 6rneklerinin ii¢ aylik
(Eyliil, Aralik 2011, Mart 2012) donemlere
gore, metal konsantrasyonlarindaki
degisimlerine ait veriler Cizelge 4-6’da
Ozetlenmistir.

Cizelge 4. Agik isletme golet suyu metal
konsantrasyon analiz sonuglari (1.Ol¢iim)

Numune Olgiilen Parametreler *
Adi
Al Ca Mn Fe Cu Zn Pb

Milas

. 4,1 4979 6,1 0,04 8,0 121,9 6,08
1.Golet
Milas

. 0,9 329.8 43 0,01 1,3 48,1 1,88
2.Golet
Yatagan

. 353 3716 18,8 0,03 27,2 375,6 2,72
1.Golet
Yatagan

. 32,1 128,7 59 0,02 12,3 198,1 1,87
2.Golet

* Ca (ppm) harig tiim degerler ppb birimidir.

Cizelge 5. Agik isletme golet suyu metal
konsantrasyon analiz sonuglari (2.0lgiim)

Numune Olgiilen Parametreler *
Ad1
Al Ca Mn Fe Cu Zn Pb

Milas 104,

. 420,6 31,4 728,8 72 5,36 104,30
1.Golet 3
Milas

. 6,6 393,6 13,7 646,4 942 7,56 6,66
2.Golet
Yatagan

. 0,2 193,5 0,63 579,7 10,1 6,95 0,19
1.Golet
Yatagan

. 8,1 198,4 <DL 584,5 5,5 8,06 8,06
2.Golet

Cizelge 6. Agik isletme golet suyu metal
konsantrasyon analiz sonuglari (3.0lgiim)

Numune Olgiilen Parametreler *
Adi

Al Ca Mn Fe Cu Zn Pb
Milas
. 63,0 266,6 57,89 1097 20,02 5,69 63,04
1.Golet
Milas
. <DL 2394 37,11 608 85,43 7,62 <DL
2.Golet
Yatagan
. 1,84 367,5 <DL 649 8,833 7,39 1,84
1.Golet
Yatagan
B 806 1984 <DL 585 5549 806 8,06
2.Golet

* Ca (ppm) harig tiim degerler ppb birimidir.
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Cizelge 4-6’da verilen golet suyu metal

analiz sonuclar;, Su Kirliligi Kontrolu
Yonetmeligi  Tablosuna  gore  yapilan
degerlendirmelerde  tehlike arz edecek

konsanstrasyonlarda olmadig: tespit edilmis
olup, bu sularin yine ayni yoOnetmeligin
Tablo 1: Kitai¢i Su Kaynaklarinin Smiflarina
Gore Kalite Kriterleri parametrelerine gore
IV. Smf su olarak degerlendirilmistir
(OSIB, 2012).

Isletme kosullarinin kontrolii maksadiyla,
laboratuarda yapilan simiilasyon goleti su
analizleri ve metal konsantrasyonlarindaki
degisimlerin izlenmesi c¢aligmalarina ait
degerler ise, Cizelge 7 ve 8’de verilmistir.

Cizelge 7. Agik isletme simiilasyon gdleti su
analiz sonuclar1 (Eyliil, Aralik 2011)

Numune P
Adi Olgiilen Parametreler
fletkenlik Bulanikhk  Siilfat KOI
(mS/cm)  (NTU) (mgSO4/L) (mgO,/L)
Kullanilan
Sebeke 7,50 0,33 0,15 6 0
Suyu
]S‘mulasy"“ 738 2,70 1,49 1440 333
;'mmasyo“ 713 3,01 048 1700 53,1

Cizelge 8. Agik isletme simiilasyon goleti
suyu metal konsantrasyon analiz sonuglari
(Eyliil, Aralik 2011)

Numune .
Olgiilen Parametreler *
Adi

Al Ca Mn Fe Cu  7Zn Pb
Simiilasy

<DL 5765 <DL 639,1 - 1202 8,63
on 1l
Simiilasy

233 6357 8843 6894 - 1989 7,99
on 2

* Ca (ppm) harig tiim degerler ppb birimidir.

Madencilik faaliyetlerinden etkilenen sularin

niteliklerinin ~ saptanmast  hayati &nem
tagimaktadir. Ciinkii c¢evre mevzuatlariyla
getirilen sinirlamalara uyulmasinda,
secilecek aritma yontemleri i¢in giivenirlilik
ve etkin maliyet, ancak bu sekilde
saglanabilmektedir.
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Buna gore; madencilik faaliyetlerinden
etkilenen sularin genel fiziksel, kimyasal
Ozellikleri agisindan isletilen madenin tiirii
baslica belirleyici olmaktadir. Komiir, baz
metal, degerli metal veya bir endiistriyel
hammadde olmasina gore sularin
niteliklerinde biiyiik farkliliklar
goriilebilmektedir. Yiiksek veya diisiik pH,
metal ve  anyon  igerigi yiiksek
olabilmektedir. Ayrica, sularda c¢oziinmiis

kati, askida  kati  konsantrasyonlari
artabilmekte ve  organik  kimyasallar
bulunabilmektedir.

Siilfiirli cevherler ve degerli metaller AMD
ve siyaniir sebebiyle farkli degerlendirilse
de, madencilik faaliyetlerinden etkilenen
sularin ortak karakterlerini belirleyen bes
ayr1 parametreden s6z edilmektedir. Bunlar;
yiiksek veya diisiik pH, basta SO,* olmak
iizere anyonlar, yiiksek askida kati, demir
dis1 metal, Fe ve Al konsantrasyonlari olarak
siralanabilir. Coziinmiis katilar ile toprak

alkalileri de bunlara ilave etmek
miimkiindiir.

3.1 AMD Aritma Yontemleri

Asidik maden drenaji ve gollerinin
aritilmasinda iki temel yontem
kullanilmaktadir. Bunlardan aktif aritma
sistemleri  olarak  adlandirilan  birinci
yontemde, suyun asiditesinin ndtralize

edilmesi ve ¢Oziinmiis metallerin giderimi
icin suya kimyasal eklenmesi yapilmaktadir.
Bu kimyasallar arasinda en yaygin olarak
kullanilanlari, kireg, kostik, dolomit, soda
kiilii ve termik santral kiilleridir. Pasif aritma

sistemleri  olarak  adlandirilan  diger
yontemde ise, asidik suyun dogal olarak
sulak alanlar vb. sistemler igerisinde

iyilestirilmesi hedeflenmektedir (Sek. 9, 10).

Temizlenmis Su

Sekil 9. Aerobik (yiizey akisli) sulak alanin
gorinimii (Ciftgi ve Akeil, 2006)
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Benzer olarak anoksik kire¢ drenleri olarak
adlandirilan  bu  kiregtasinin  agilan
hendeklere doldurulmasi ve asidik sularin da
bu hendeklerden gecirilmesi prensibine
dayanan teknikler de mevcuttur (Giindiiz ve
Baba 2009, Karadeniz 2012).

Sekil 10. Anaerobik (yiizeyalt1 akisli) sulak
alanin goriiniimii (Cift¢i ve Akeil, 2006)

Arastirma sahast TKI-GELI ve YLI agik
isletme goletlerinde herhangi bir asidik
durumla karsilasilmadigi igin, aktif veya
pasif aritma islemlerine gerek goriilmemistir.
S6z konusu golet suyu analiz parametreleri
IV. siif su oOzellikleri gostermektedir.
Dolayisiyla, numunelerin  agir  metal
konsantrasyonlarina gore, farkli iyilestirme
prosesleri planlanabilir.

4 SONUC VE ONERILER

iklim ve cevre koruma 21. yiizyilin kiiresel
6lcekte en 6nemli meselelerinden biri olarak
karsimiza ¢ikmaktadir. Cevre konularinin
merkezinde ise enerji, su ve iklim
politikalart yatmaktadir. Bu durum, tiim
sektorlerin enerji temini, su kullanimi ve
cevre kirliligi konusunda almasi gereken
onlemlere biiyiik bir boyut katmaktadir.

Maden yataklarinin aranmasi, {iretimi ve
zenginlestirilmesi  siire¢lerinde uygulanan
islemler; hava, toprak, su kaynaklarini,
dolayisiyla ¢evreyi ve g¢evrede yasayan
canlilart etkilemektedir. Genel olarak, agik
isletme madenciliginin ¢evre tizerindeki
olumsuz etkileri, yeralt1 igletmesi ve cevher
hazirlama c¢aligmalarina oranla ¢ok daha

fazladir. Madencilik faaliyetleri sonrasi
bozulan gevrenin dogaya  yeniden
kazandirilmast ve doniisiimii igin, gesitli
arazi rehabilitasyon yontemleri

gelistirilmistir. Ozellikle arazi kullanim plani
(ziraat, baymdirlik, rekreasyon, yaban hayati
vs. gibi) yapilacak rehabilitasyonun kapsam
ve yogunlugunu belirlemektedir. S6z konusu

caligmalar, maden iretim siireci ile es
zamanli planlanmali ve siirdiiriilmelidir.
Ancak bu durumda, su ve ¢gevre

rehabilitasyonu daha ekonomik ve en kisa
siirede gerceklestirilebilir.

Stirdiirtilen  bilimsel arastirma  projesi
kapsaminda, TKI Kurumuna bagh GELI
Miiessesesi ~ Yatagan/Mugla ve  YLI
Milas/Mugla sahasindaki 3 farkli goletten
alman oOrneklerin su kirlilik  analizleri
yapilarak,  belirlenen  sonuglar ilgili
yonetmelikler ¢ercevesinde incelenmistir.
Yapilan ilk analizlerde ii¢ adet golet’in
ortalama pH degerleri 6.22-7.79, bulaniklik
(NTU) 0.63-6.71, siilfat igerigi 840-1720
mg/L, KOI 27.2-61.5mg/L ve elektriksel
iletkenlik  degerleri  1.72-2.71 mS/cm
arasinda tespit edilmistir. Incelenen agik
isletme goletlerinde herhangi bir asidik
durumla karsilasilmadigi igin, aktif veya
pasif aritma islemlerine gerek
goriilmemektedir. Ancak, komiir yapisindaki
%1.20~2.00 toplam kiikiirt igerigi, pirit’in
oksidasyonu sonucu olusan kismen yiiksek
Fe”" konsantrasyonu ve Su Kirliligi Kontrolu
Yonetmeligi Tablosuna gore, sd6z konusu
gblet suyu parametreleri IV. smif su
ozellikleri gostermektedir. Dolayisiyla, golet
su orneklerindeki agir metal
konsantrasyonlarina ve kullanim amaglarina
bagli olarak, farkli iyilestirme prosesleri
planlanabilir.

Madencilik  faaliyetleri sonrast kismen
bozulan su yapisi ve dogal ¢evrenin yeniden
diizenlenmesi ve iyilestirilmesinde temel
amag, bu arazilerin giizel bir peyzaj
goriiniimii kazanmasi yaninda, eski ekolojik
ve ekonomik degerine kavusturulmasi veya
daha da gelistirilmesi olmalidir. Cok yonlii

disiplinleraras1  ¢aligmay1 gerektiren bu
faaliyetler, ancak mevcut yasal, ekonomik ve
zamansal olanaklar Ol¢iisiinde
gerceklestirilebilir.
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TESEKKUR

Bu ¢aligma; Nigde Universitesi Rektorliigii
Bilimsel Arastirma Projeleri Birimince FEB
2011/17 No’lu Proje kapsaminda mali
yonden  desteklenmistir.  Ayrica, TKI
Kurumu Ar-Ge Daire Baskanligi tarafindan
saha calismalar1 izni verilmistir. Yazarlar,
verilen destekten dolayr her iki kuruma da
tesekkiirlerini sunar.
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A Systematic Approach Applied to Closure and Contingency
Plans for Tailings Dams
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ABSTRACT The present work establishes a step-by-step methodology aiming the
development of a practical tool in the design of closure and contingency plans of tailings
dams. Risk assessment and the foreseeable scenarios in case of a break, based on
mathematical models, are mandatory in these plans. Different scenarios of rupture of the dam
are established, based on geostatistical methodologies, allowed to build flood maps. These
maps allow not only an a priori evaluation of the areas eventually affected and the impact on
neighboring populations, but also constitute key elements in the implementation of
emergency procedures that must accompany the life of the structure. The developed
methodology was applied in Portuguese new project as a case study, revealing a good

acceptation by the mine project sponsors as well by the authorities.

1 INTRODUCTION

Tailings dams are critical structures whose
project is expected to be buoyed by a
compromise between two opposites: low
cost versus long life. By one hand tailings
dams are intended to store a product without
economic value, but on the other they are
required for a long duration, since these
structures will last long beyond the lifetime
of the mine. Nowadays there exist
alternatives to  tailings disposal, as
deposition in paste, but as tailings are in the
form of pulp with a low percentage of solids,
the most economical solution still the
tailings dams. Based on the construction
method, two types of tailings dams are
possible: self-built dams (downstream,
centerline, upstream, or a combination of
any of the previous); and embankment dams
pre-build with inert material. Due to the
properties of the built material, self-built
tailings dams offer environmental concerns,
since its collapse could lead to long term

environmental damage with huge cleanup
costs (Chambers, 2011), being the last cited
type the best option for new mining projects.
Even so, the tailings dams are the central
structures in an environmental impact
assessment (EIA) study of a mining project.
The Portuguese environmental agency
(APA), in compliance with the SEVESO
directives  (2012/18/EU)  requires the
inclusion in the EIA of two separate plans
for the tailings dam: the closure plan and the
emergency plan. These plans follow the
recommendations  of the  European
Commission document “Best available
techniques for management of tailings and
waste-rock in mining activities” as well the
United Nations document “Apell for mining
- guidance for the mining industry in raising
awareness and preparedness for emergencies
at local level” which can be seen as a tool for
implementing in practice the requirements of
the SEVESO directive.

Risk analysis is an integral part of both
closure and contingency plans, as these
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should be subsequently published and
distributed to various entities.

2 METHODOLOGY

2.1 Closure Plan

A closure plan of a tailings dam should be
seen as a dynamic object that being
developed at the design stage (before the
start of mine) can only take a definite
character when the ore processing facility
stops operating. It starts off as a concept plan
to go evolving, following the life cycle of
the mine, until it becomes a detailed plan at
the closure of the mine. Basically, this is the
definition of action plans order to answer the
following questions: What should be done?
When should it be done? Who are those
responsible? What are the resources
involved? How much does it cost?, aiming to
ensure the physical and chemical stability of
the tailings mine facility.

A closure plan should contain a
description of the following elements:

a) Mining enterprise — ore deposit,
exploitation method, ore processing, rock
wastes and tailings;

b) Mining closure;

c) Tailings dam closure;

d) Risk analysis;

e) Action plan;

f) After-closure monitoring plan;

g) Future land use;

h) Tailings dam closure cost.

2.1.1 Risk Assessment

Risk management in a structure such as a
tailings dam is a process which involves: an
assessment of accident hazard - risk analysis,
and implementing a program of mitigation
and risk control - contingency plan.

Risk analysis includes the identification of
sources of danger and the risks they
represent in the event of an accident and for
the environment (considered in its main
compartments: air, water, soil and biota) for
both neighboring populations. The risk
assessment must be made on a periodic
basis, involving processes for the
identification of the probability of an
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accident. There are several methodologies
for risk assessment, namely:

- Process/system checklists;

- System design models;

- Safety reviews;

- Relative ranking;

- Preliminary hazard analysis;

- “What-if” analysis;

- Probabilistic simulation analysis;

- Fault-tree analysis;

- Event-tree analysis;

- Cause-consequence analysis and human
error analysis;
- Hazard

studies;

- Failure modes, effects (and critically)
analysis (FMEA and FMECA).

For an embankment tailings dam, in the
initial project stage, the risk assessment
methodology ~ recommended is the
FMEA/FMECA with inventory of the causes
of an possible accident associated to a
probability estimated in a qualitative basis
versus the severity of the consequences
sorted by levels estimated through the
environmental assimilative capacity and
sensitivity and the local population features
(occupation health and safety). The
occurrence probability of an accident in a
qualitative basis is estimated on the history
of accidents in similar facilities, on the
project of the tailings dam and on the
available  knowledge of  geological,
topographical, hydrogeological and weather
features of the area.

The potential triggers and failure modes
for a tailings dam are:

- Dam overtopping -
deregulated water balance;

- Dam instability - walls erosion and
piping, liquefaction, pore pressure;

- Foundation instability — karst beneath
dam, subsidence, sliding, seepage, seismic
liquefaction of foundations;

- Structural failures — piping, pumps fail,
pipeline fails, spillways blocked;

- Power failure.

A FMEA worksheet should be composed
by the following columns for each failure
mode listed:

1- Failure mode identification code (ID);

and operability (HAZOP)

wave action,
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2- Failure mode description;

3- Possible effects of each failure mode;

4- Occurrence probability grade (NL —
not likely, L — low, M — moderate, H — high,
E - expected);

5- Mitigation actions;

6- Consequences severity grade (N —
negligible, L — low, M — moderate, H — high,
E — extreme). One column for each of the
fundamental aspects:

a. Direct costs,

b. Biological impacts and land use,

c. Public concern and image and,

d. Human health and safety.

The qualitative grades of probability and
consequences severity have correspondence
to quantitative ranges as showed in the
following tables by Robertson et al. (2003).

Table 1. Likelihood of risk

Likelihood Safety Environment
grade consequences and public
(chance of | concern
occurrence, consequences
events/year) (chance of
occurrence,
events/year)
NL-not likely | <0.01 % <0.1%
L-low 0.01-0.1% 0.1-1.0%
M-moderate 0.1-1.0% 1.0-10.0 %
H-high 1.0-10.0 % 10.0-50.0 %
E-expected >10 % >50%

Table 2. Severity of effects

Consequences severity | Direct costs
grade ($US)

N — negligible <$0.01 M
L-low $0.01- $0.1 M
M — moderate $0.1-$1.0M
H - high $1.0-810.0M
E — extreme >$10.0 M

The results of this worksheet can be
displayed on two dimensional colored risk
matrices. The level of risk increases moving
from bottom left to the top right, from cold
to warm colors, as shown in figure 1.

Likelihood

Not Likelyl Low [Moderate| High |Expected

‘E’ Extreme
s

2 High

g

£ | Moderate
F

2 Low

g

O [Negligible

Legend:

Trivial cases

Serious disasters with low probability
(e.g. accident at a nuclear power plant)

Serious disasters with high probability

Frequent accidents without consequences

Figure 1. Risk matrix model.

2.2 Contingency Plan

Contingency and emergency plans are
established with the objectives of:

- Containing and controlling incidents so
as to minimize their effects, and to limit
damage to man, environment and property;

- Implementing the measures necessary to
protect man and the environment from the
effects of major accidents;

- Communicating the necessary
information to the public and to the services
or authorities concerned in the area;

- Providing for the restoration and clean-
up the environment following a major
accident.

Contingency and emergency plans should
be reviewed on a periodic basis, tested and
widely distributed within the organization
and the potentially affected external
stakeholders. It should be composed by an
action plan, a notification diagram, those
responsible for each action, the emergency
procedures, a risk analysis, preventing
actions and flood maps.

2.2.1 Flood maps - Geostatistical tools

The elaboration of flood maps forced a
detailed survey of the topography of the land
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surrounding the tailings dam. The basic
information in the survey consisted of
27,455.0 geo-referenced records in a regular
grid of 50m x 50m. It was identified two
small streams.

i
=

Figure 2. Topographic survey of the area
surrounding the tailings dam.

The more detailed geomorphological
modeling of the area was made with the use
of geo-statistical methods. Spatial analysis
of the continuity was previously performed
through the experimental variograms and the
respective theoretical model fitting. The
interpolation  method wused for top-
morphology modeling was the ordinary
kriging without external drift, using a
theoretical ~ spherical variogram model
without nugget effect (CO = 0.0), with an
inter-level distance of 2,620.0 (Cl1 =
2,620.0), a range equal to 10,800.0 m (a =
10,800.0 m) a main direction of anisotropy
equal to 5 degree (dir = 5°, and W=0 °) and
an anisotropy ratio equal to 1.6 (r = 1.6).
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Figure 3. Experimental and theoretical
(spherical model) variograms.

2.3 Case Study: A Tailings Dam of a
Portuguese Gold Mine Project

The project under study is holding two
open pit ore deposits with gold
mineralization, located on the vicinities of
the Iberian pyritic belt province. The mine
has a lifetime of five years and it is expected
to extract 1.7 million tons of ore with a grade
in gold of 4.5 ppm.

The ore processing plant will produce a
gold pre-concentrate through the main unit
operations of gravity concentration and froth
flotation. To store the tailings from the
process plant, tailings dam was designed
with a capacity of 2.7 million cubic meters
composed by two embankment walls (the
main embankment wall of 21 m high by 505
m length and the saddle embankment wall
with 15 m high by 430 m length both with
slopes of 2.5H:1V in both upstream and
downstream sides ), taking advantage of the
natural topography of the site.
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Figure 4. Two embankment tailings dam
plant view.

After the mine closure the tailings dam
will remain in place, this is justified as the
type of construction, foundations and
drainage and impervious systems have a
definitive character.

Should be highlighted the main elements
of the closure and contingency plans of the
tailings dam: calculations of the volumes of
solids and liquids that come to the dam from
ore processing plant over time, the risk
analysis and flood maps.

3 RESULTS

3.1 Solid-Liquid Volume Balance

Considering the project data of 39.6 t/h
and 75.6 t/h for the mass flow of solids and
liquids respectively that feeds the dam, an
evaporation of 45%, a precipitation of 750
mm/year and a water reuse of 85% in the
first five years, it was possible to estimate
the volumes in the tailings dam for a long
period after the mine closure. It will raise a
steady state after approximately 12 years, as
can be seen in Figure 3.
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\' Figure 5. Solid and liquid volumes in the
 tailings dam from the mine star-up to a 10

years period after the mine closure.

3.2 Risk Assessment Matrices

Risk matrices are based on the failure
modes list (FMEA). For the tailings dam in
study, that is composed by two embankment
walls (the main embankment wall - MEW
and the saddle embankment wall - SEW), it
was itemized 14 failure modes, as presented
in Table 3.

Table 3. Risk worksheet

ID code | Failure mode Effects

D01 Collapse of MEW,
affecting foundations
caused by water
level rise un the
stored tailings and/or

in foundations.

Carrying of solid
material through
water lines.

D02 Collapse of SEW,
affecting foundations
caused by water
level rise un the
stored tailings and/or

in foundations.

Carrying of solid
material through
water lines.

D03 Collapse of MEW,
affecting foundations
caused by  the
occurrence of an
earthquake of degree
higher than the
nominal values for
the zone or by

Wall

displacements of
large dimension,
liquid and solid
material will be
carried by water
line that may
reach the nearest
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underestimation  of | population. caused by erosion | pore pressure will
the seismicity. and rupture of water | collapse (by
management piping and
D04 Collapse of SEW, | Wall structures in extreme | depression) a
affecting foundations | displacements of flood episodes. located part of
caused by  the | large dimension, dam walls.
occurrence of an | liquid and solid D10 Quality of water | Water discharges
earthquake of degree | material will be seeping from the | to the two
higher than  the | carried by water waste  rock pile | streams located
nominal values for | line that may located upstream of | downstream  of
the zone or by |reach the nearest the tailings dam | the tailings dam.
underestimation  of | population. exceeds the limits on
the seismicity. heavy metals as
D05 Collapse of MEW, | Wall defined by law, due
without affecting the | displacements of to leaching and/or
foundations caused | sufficient weaknesses in  the
by the occurrence of | dimension to impervious layer.
an earthquake of | carry liquids and D11 Disagreement Variable.
degree higher than | solids by water between the
the nominal values |line that may designed and built,
for the zone or by | reach the nearest namely: water
underestimation  of | population. balance and the grain
the seismicity. size properties of the
D06 Collapse of SEW, | Wall tailings.
without affecting the | displacements of D12 Failure of | Variable.
foundations caused | sufficient management and/or
by the occurrence of | dimension to supervision.
an earthquake of | carry liquids and D13 Failure of oversight | Variable.
degree higher than | solids by water by regulatory
the nominal values |line that may authorities.
for the zone or by | reach the nearest D14 Intentional damage, | Variable.
underestimation  of | population. e.g. vandalism,
the seismicity. terrorism.
D07 Clogging of drains | The increase of
due to weathering of | water flow and To each of listed failure modes was
the embankment, or | pore pressure will | attributed a probability level and a grade of
to the formation of C‘.’H.apse (Y| consequences  severity. For each
precipitates or to the | piping) the inner | £, qamental aspect: direct costs, biological
particle carrying into | walls of the dam. . .
the drains. ¥mpacts and land use, public concern a.nd
D08 Cloggine of the | The increase of | 1mage and, human health and safety a risk
gging . .
lower base drainage | water flow and matrlx' was drawn, as showed in the
system  due  to | pore pressure will following figures.
weathering of the | collapse (by
embankment, or to | depression) the
the formation of | inner walls of the
precipitates or to the | dam.
particle carrying into
the drains.
1D09 Failure of  the | The increase of

diversion ditches

water flow and
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Directcosty 3.3 Different Scenarios
[ Likelihood |
= Hieh  Ewected| For the tailings dam was considered the
| possibility of an accident occurring in two
i High distinct periods:
5 - During the mine lifetime;
g | A - After the closure of mining operations.
z Low For any previous circumstances were
x == considered only two possible scenarios:
__ | e | - First scenario, collapse of the main

embankment wall;
- Second Scenario, collapse of the saddle
embankment wall.

Figure 6. Risk matrix for direct costs.

gical impacts and land use

Consequences severity

Figure 7. Risk matrix for biological impacts
end land use.

Figure 10. First Scenario, collapse of the
main embankment wall.

Human health and safety

Consequences severity

Figure 8. Risk matrix for Human health and

safety.
Public coneern sadimage , Figure 11. Second Scenario, collapse of the
Moderae | _High | Ewpeced | S@ddle embankment wall.
Extreme
5 High
3 3.4 Geospatial Representation (3D) of
: — Flood Area
5 - The geostatistical study allowed to the
Neglighlc | development of flood maps with 108,470.0

data points in a grid of 25m x 25m.
Resulting maps with relief modeling,
catchment area, intensity and direction of

Figure 9. Risk matrix for public concern and
image.
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preferential flow in the event of collapse of
the tailings dam.

model.

Figure 13. Preferential flow directions and
intensity in case of collapse of the tailings
dam.

Figure 14. Inundation area in case of
collapse of the tailings dam.
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4 CONCLUSIONS

The most relevant issues in a tailings dam
closure and contingency plans are discussed
from the perspective of an integral part of
any environmental impact assessment (EIA)
and as practical tools to be easily usable by
all stakeholders.

Geostatistical tools allowed a more
detailed definition of inundation areas,
delimiting in space the influence area of the
tailings dam.

Given the importance of the risk analysis
and flood maps in case of failure, they are
here considered key elements in closure and
contingency plans.

The risk analysis showed that for the case
study biological impacts end land use are the
most critical issue to be considered.
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Evaluation of Environmental Performance
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ABSTRACT The assessment of environmental performance has been a concern in business
for an extended period of time which increases the frequency of implementation and
certification of management systems in this area. A more recent concern has been the
inclusion of sustainability issues and the importance of evaluating these within companies as
well as their products and processes, taking into account environmental and social effects.
This method of assesment generates a solid structure for competitive advantage between
various firms in the sector, hence we observe an increase in the study and experimentation of
systems for the evaluation of environmental performance in organizations, among them those
of the mineral sector. Mining companies can be assessed and classified according to their
size, production method and substance exploited. This proposal aims to present and discuss
various options for the evaluation of environmental performance indicators, as well as those
indicators which are directly associated with the state of Minas Gerais, as it is one of the
largest national producers of mineral commodities in Brazil. It will also seek to correlate the
evaluation criteria for both open pit mining and underground mining, verifying the
advantages and disadvantages of each, domestically and internationally, in strong mining
areas. At the end of the study, the aim is to create a cost/benefit comparison analysis for
implementing these systems of evaluation, in order to identify the future sustainability in
mining. Following on from this, an "ideal" model will be established, which can be applied to
ensure optimal performance within businesses with regard to environmental management,
taking into account the specific assumptions which may be relevant to the evaluation.

1. ENTERPRISE PERFORMANCE

The performance evaluation within an
organization is vital factor for that present
high efficiency and effectiveness in its
activities. Because of the importance given
to this performance the increase is evident in
both  academic  research as  well
commercially as a way of implementing
strategies and goals to be employed to
ensure a good performance in the business of
the surveyed companies. For those who
study these performance measures, it is
crucial that they know that management
system supports for any decision to be taken.
It is also necessary that this management

system take action consistently, after all, a
system that acts in a timely manner and / or
isolated, tends to get decisions that can lead
to confusion, erroneous decision.

Nowadays has been observed a growing
concern about the environmental, impacts
and consequences that human activity is
causing to the environment. The ISO 14000
is a reflection of this concern in the early
90's to ISO saw the need to develop
standards of environmental performance to
study the standardization of business
processes that work with products obtained
from nature.

In 1993 the ISO formed a committee with
several professionals with the goal of
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developing standards involved with the
environment, thereby emerged the ISO
14000, which  evaluates  companies
according to compliance with requirements
such as:

*  Compliance
legislation;

* Personnel trained and qualified;

» Standard procedures and action plans to
eliminate or reduce environmental impacts;

» Diagnosis updated environmental aspects
of each activity.

To obtain and maintain ISO 14000
certificate, the institution must submit to
periodic audits, which are performed by a
particular certification company, recognized
and accredited by national and international
organizations. One of the areas hardest hit
with  this  preoccupation  with  the
environment is the mineral sector, sector of
ancient origin, and was responsible for the
intense social and economic development
occurred with the industrial revolution. One
aspect that typifies this activity is not being
renewable, like most natural resources. The
minerals are present mostly in certain
locations, according to the characteristics
and these geological processes, and tend to
exhaust, as they are being withdrawn from
nature.

Being an activity where its impacts are
easily noticeable visually, mining ends up
generating aversion by much of the
population, being frowned upon and
condemned in most cases. From the 70's the
company began to question his way of life,
their style polluter and consumer excess. At
present mining activity, which was being
exercised abusively, without any
environmental controls, then began to be
monitored and suffer legal restrictions as
well as other activities degrading the
environment.

with  environmental

2. MINING
2.1 Mining at Brazil

The arrival of the Portuguese in Brazil in the
seventeenth century was characterized by the
exploitation of Brazil wood, brown sugar,
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tobacco, slave labor, which was somewhat
retarded the process of finding deposits, as
this was not the primary goal of the
expeditions . The discovery of gold in the
beginning of century XVIII produced the
first breakthrough of mining and the
emergence of bases that allow the extraction
and export of metal. After this period, Brazil
experienced a period of decline of this
activity, because they believed that deposits
are exhausted, come back later to discover
new deposits of other minerals too, which
would bring back the full force mining
activity.

Because of its geological constitution and
territorial extent, Brazil is now one of the
countries with the highest potential for
mineral exploration in the world. Our
development has been from the beginning,
linked to the exploitation of mineral
resources. In 2002, mining activity was
responsible for just over 10% of the Gross
Domestic Product of the country. Brazil
produces almost officially a hundred
different minerals present. Nowadays in
Brazil there are numerous companies in the
mining sector, among these companies,
large, medium and small.

Despite being present as self-sufficient in
most substances, the country depends on
imports as vanadium, potassium, phosphate,
sulfur, molybdenum and metallurgical coal

The mineral production has a high
multiplier in the economy, leading to a
virtuous circle in generating employment
and income.

2.2 Mining at Minas Gerais State

The mining activity in the state of Minas
Gerais began in the seventeenth century and
became known as "Economic Cycle Gold".
At the beginning spite of little knowledge in
the area of mining, wealth and ease of
deposits outweigh its exploitation. The little
that is known of mining, was brought slaves
from African regions, which had a little
knowledge of the area, due to contact with
Arab people.



23" International Mining Congress & Exhibition of Turkey « 16-19 April 2013 ANTALYA

The activity presented predatory actions
and violent aggression on the environment
and the precarious life of its producers. The
authorities at the time did not bother to find
solutions to the problems that affected the
population, but charges were intense in the
fifth and in maintaining their
privileges.From the nineteenth century we
will have the presence of British companies,
made some serious investments, which were
consolidated as an example of Morro Velho
Mining S / A, the only mining still exists.
The British firms have introduced new and
revolutionary technologies, especially in
hydrometallurgical process, which allows
the extraction of gold with low degrees of
release for the metal. Besides extraction
processes by chlorination, for example.

Nowadays, according to data provided by
the government of Minas Gerais state is
responsible for 44.05% of the Brazilian
mineral production, which has increased
significantly in the interest of companies to
exploit the large reserves of iron ore,
diamond, gold, phosphate , zinc, aluminum,
limestone and ornamental rocks.

The state is also the largest producer of
niobium mineral extensive use in industries
due to its superconducting properties. And
also in the manufacture of ferro-alloys
Nobio, which are employed in the
construction of turbines and jet propulsion
for aircraft and spacecraft, within other
applications.

Mining is considered a strong generator of
jobs in the state, and is increasing its
importance, because of high investments by
businesses, which is increasing more and
more in number and areas within the state.

3. ENVIRONMENTAL MANAGEMENT

The Environmental Management System
(“EMS”) has been increasingly used in
companies around the world, environmental
protection is not seen more as expense but as
an investment in the future. “EMS” models
often are at the discretion of each company,
which makes an evaluation "good" or "bad",
since each firm is restricted to define what

your goals are in order to "collaborate" with
the environment.

A factor much discussed in “EMS” is
environmental sustainability, which can be
related to the concept of eco-efficiency, thus
evaluating the ability of a company to reduce
its costs and impacts during the many phases
of a product until it reaches the consumer.

The mining activity is currently
considered a mentor of countless
environmental impacts of greater or lesser
degree, due to the extraction of minerals, and
further processing of these. Mining can
cause different impacts according to where it
is established.

3.1 Vale’s environmental management

Vale S.A is a publicly traded company
headquartered in Rio de Janeiro - Brazil and
global presence. The company is the largest
producer of iron ore and pellets, and second
largest producer of nickel, also produce
copper, metallurgical coal, manganese,
ferroalloys, fertilizers, metals cobalt and
platinum group operates in the sectors of
logistics, steel and energy.

Vale has an environmental management
system with emphasis on mitigation of
environmental impacts and prevention of
risks associated with its operations. In 2011
spending on environmental protection and
control surpassed $ 1 billion.

Vale recognizes their impacts about
climate change, due to the use of coal as an
energy source. However, the company has
mechanisms that reduce the emission of
methane in coal mines as well as commit to
invest in research and development for
carbon capture and renewable energy
investments. The company also promises to
reduce emissions by 5% of greenhouse gas
emissions, investing in renewable energy
sources and achieve the level of 20%
biodiesel used in the Brazilian operations.

Vale is one of the first companies to
include biodiesel as fuel in its machinery and
logistics system as a way to diversify its
energy matrix. Assuming the secondary fuel
with biodiesel, the company not only
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reduces the emission of greenhouse gases,
but also recovers impacted areas.

Besides the wide use of renewable
energy Vale actively pursues the increase of
clean sources of energy, and energy self-
sufficiency. One way to achieve these goals
is through the construction of dams, which is
most of the energy consumed by the
company.

Another environmental concern is the
company in relation to reuse of water, which
was 70% in 2011. In the design of new
facilities in Carajas, water is recycled 100%
for making concrete and washing of concrete
mixer trucks.

In 2011 the size of the area was
recovered by Vale of 252 km » 2 area,
equivalent to 2.5 times the Stanly Park in
Vancouver, the largest urban park in Canada.
One area was in Indonesia, where Vale
conducts a recovery work in the region
where it is mined zinc. Concerns take into
account, how to have the land, prioritizing
water drainage, provision of material most
fertile areas of rehabilitation and
revegetation. The project maintains a source
with more than 700,000 trees, which will be
used for reforestation of the land.

3.2 Votorantim’s Environmental

Management

The Votorantim Group was born of a textile
factory in 1918. Since then remained in
continuous growth and diversification of its
activities. In 2001 created the holding
company Votorantim holdings, which
advanced to the internationalization of its
business.

Votorantim Metals focuses on the mining
and metallurgy of zinc, nickel and long steel.
A solid operating structure ensures the
company's performance in the market.
Formed by eight industrial plants and mines,
located in the states of Sdo Paulo, Rio de
Janeiro, Minas Gerais and Goias, and in
Lima, Peru, Votorantim Metals is one of the
top five global producers of zinc, the largest
manufacturer of nickel electrolyte and Latin
American leader in the Brazilian production.

Votorantim has invested in power
generation itself since the 1950s, and thus,
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the dams as pillars of development.
Nowadays the company has about 35 dams
that meet 68% of demand for their
industries. There is also an investment of
different energy sources in order to reduce
costs and emissions. In Niqueldndia Units
(GO) and Tres Marias (MQG), replacing

fuel oil for electricity production in large
scale steam avoided the emission of
greenhouse gases.

Votorantim has invested in power
generation itself since the 1950s, and thus,
the dams as pillars of development.
Nowadays the company has about 35 dams
that meet 68% of demand for their
industries. There is also an investment of
different energy sources in order to reduce
costs and emissions. In Niquelandia Units
(GO) and Tres Marias (MQG), replacing
fuel oil for electricity production in large
scale steam avoided the emission of
greenhouse gases.

In relation the water that circulates
through the company's projects, was made
viable the construction of a pond, which
receives all industrial effluent. After the
treatment, this water is used in the
production process, reducing the water
collection of nearby streams. Besides having
also a well of groundwater extraction, which
supplies water to areas such as boilers,
anodizing and also human consumption.

33 Samarco’s Environmental

Management

Samarco Mining SA is a privately held
company whose shareholders in BHP
(Billiton Brazil Ltda) and Vale SA, which
equally divided control of the company.
According to the Ministry of Development,
Industry and Foreign Trade, the company
won in 2011 the position of fourth largest
exporter in Brazil, having plants in the states
of Espirito Santo and Minas Gerais.

The company believes that the impact on
their areas of influence should be regularly
monitored, in order to obtain better results
and potentiate economic, environmental and
social. These conditions are essential for
companies to obtain a license to operate.
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Samarco uses in their process of mining
thongs which are used to charge 70% of the
ore, and ore pipelines for the transportation
of the pulp, two systems that reduce fuel
consumption, carbon emissions, accident
risks, and mitigate impacts such as noise and
dust.

The reduction of waste has been a major
policy under environmental, for that the
company has been working in operations
that allow the use of iron ore with
increasingly low levels, thus using the ore
that was previously considered waste.

With the Master Plan for Water
Resources, established in 2011, Samarco
plans a seasonal collection of water, which
means collecting the water in a given region,
according to the natural conditions and
availability in the region. Thus, studies are
carried out and there is an internal team to
define these collections, which are often
intensified during the rainy season, when the
water volume is higher than normal flow.

In their production process water is used
in an integrated manner, the ore pulp ore
pipeline after leaving, goes through a
process that separates solid from liquid. The
solid fraction is then directed to the
treatment, while water is led to a treatment
system and subsequently a dam, which
captures all water generated in operations,
thus avoiding water collection of the water
bodies near the plant.

As to energy expenditure, Samarco owns
the hydroelectric plant Muniz Freire, and has
participation  in  Hydroelectric ~ Plant
Guilman-Amorim, which are responsible for
about 20% of energy consumption. The rest
is acquired by contracts with companies
generating energy through hydropower.
Therefore, 100% of the energy consumed by
the company is from renewable sources.
There are also underway, a project to build a
thermal power plant in Espirito Santo.

In the Recovery Plan Altered Areas
(PRAA), we revegetation in areas of mining
and dam. In Minas Gerais, was made the
planting of 28 hectares in area Itacolomi
State, the city of Ouro Preto and Mariana.
This work beyond recovery of vegetation,

also aims at attracting and monitoring of
wildlife in rehabilitated areas

3.4 Alcoa’s Environmental Management

Alcoa is a privately held company in
Brazil, and a world leader in bauxite mining,
alumina refining and primary aluminum
production and processing. Besides the
presence in various states of Brazil, the
mining company has operations in 31
countries. In Brazil since 1965, the company
operates  throughout the  aluminum
production chain from bauxite mining to
production of manufactures.

The main environmental impacts
generated in the aluminum industry are
related to energy consumption, gases
emissions in the atmosphere, including
greenhouse gases, the generation of solid
waste and excessive water consumption.
Accordingly, Alcoa invests in design that
tend to minimize these impacts.

Along with bauxite, electricity is one of
the main assets for manufacturing aluminum.
The company then aims to develop the
power generation projects, the construction
of dams, and better electrical efficiency in
production processes. His goal for the end of
2012 was producing 70% of energy
consumed.

In relation to its residues, Alcoa obtained
a breakthrough in 2011 when he allowed one
of its refinery in the incorporation of fine
alumina retained in electrostatic
precipitators, the composition of alumina
sent to reduce, in order to be transformed
into primary aluminum . Thus, about 6mil
tonnes of this material are no longer
arranged in landfills, significantly reducing
the amount of waste.

Were  performed in  educational
campaigns directed to company employees
and contractors about saving water, which
led to a 12% reduction in consumption in the
year 2011. Another initiative to reduce water
consumption was the adoption of a closed
circuit in the operation of the cooling towers.
Accordingly, Alcoa units in Brazil, recycle
practically all the water from its production
process. In company Pocos de Caldas, Minas
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Gerais, there lakes that store rainwater
during the rainy season, and this excess is
reused in factories.

4 CONCLUSION

The performance evaluation has been a
preoccupation in the business for a long
time. As it is noted in the environmental
management of mining companies listed
above, each company works according to
their area of expertise, ore mined and tends
to look for solutions that mitigate the
impacts caused by them.

This assessment system generates a
structure of competitive advantage among
companies in the same sector, after all it is
increasingly necessary to create a model of
environmental management within each
business so that it can act without harming
the environment in which she acts, working
toward a world less harmed.
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Bir Acik Isletmede Dogaya Yeniden Kazandirma Projesi Se¢imi
Recultivation Project Selection in an Open Pit Mine

B. Lagin Altay
Odak Madencilik ve Miigavirlik, Eskisehir

M. Yavuz )
Eskisehir Osmangazi Universitesi, Maden Miihendisligi Boliimii, Eskisehir

OZET Bu galismada, Tiirkiye’de manyezit sektoriinde iiretim faaliyetleri devam eden bir agik
isletme icin farkli dogaya yeniden kazandirma proje secenekleri hazirlanmstir. Acik isletme
madencilik faaliyetleri bittikten sonra, bu agik ocak i¢in {i¢ farkli dogaya yeniden kazandirma
secenegi projelendirilmistir. Tlk dogaya yeniden kazandirma secenegi agik ocak sahasinin
kismen agaclandirilip yapay bir gol olarak kullanilmasidir. Tkinci proje segenegi, madencilik
sonrasinda tiim sahanin tamamen agaglandirilmasidir. Sonuncusu ise, madencilik sonrasinda
alanin ¢O0p ve moloz sahasi depolama alani olarak kullanilmasidir. Hazirlanan proje
alternatifleri yardimiyla en uygun dogaya yeniden kazandirma projesinin segilebilmesi i¢in
bir karar verme siireci olusturulmustur. Bu karar verme siirecine etki eden biitiin Olgiitler
belirlenmis ve hiyerarsik bir yapiya doniistiiriilmiistir. Cok Nitelikli Karar Verme
yontemlerinden “Bulanik TOPSIS” yaklasimi kullanilarak karar verme problemi ¢oziilmiistiir.
Probleminin ¢6ziimiinde karar verici olarak madencilik faaliyetlerini yiiriiten firmada ¢alisan
yoneticiler ve maden miihendislerinden faydalanilmistir. Bulanik TOPSIS ydnteminin
madencilikteki farkli karar verme problemlerinin ¢dziimiinde karar vericilere yardimei
olabilecek uygun bir yontem oldugu goriilmiistiir.

ABSTRACT In this study, different reclamation project alternatives were prepared for an
open pit mine that is continuing its production activities in magnesite sector in Turkey. After
the end of the open pit mining operations, three reclamation alternatives were projected for
this open pit mine. The first reclamation alternative is usage of open-pit mine area as a partly
afforested artificial lake. The second one is usage of the post mining area as a completely
afforested forest. The last one is usage of the post mining area as a storage space for garbage
and debris. A decision-making process was prepared with the help of the project alternatives
for selecting the most suitable reclamation project. The entire criteria that affect the decision-
making process were identified and transformed into a hierarchical structure. By using Fuzzy
TOPSIS which is one of the multi attribute decision making methods, the problem was
solved. Managers and mining engineers who are working in the open pit mine and the
company’s management were evaluated as an expert in the solving process of decision
making problem. Fuzzy TOPSIS method was found to be a suitable method that can help
decision-makers for solving different decision-making problems in mining.

1 GIRIS nedeniyle ¢evreye zarar veren iretim
sektorlerinin en basinda gelenlerinden birisi

Madencilik son donemde kiiresel 1sinma 5 ot : :
oo " . olarak degerlendirilmektedir. Acik igletme
tehdidi basta olmak iizere bircok olumsuzluk madenciligi ise, yeraltt maden isletmelerine
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nazaran lretim faaliyetlerini daha fazla goz
Oniinde  yiiriittiigii i¢in cevreye zarari
agisindan ciddi miktarda tepki ¢ekmektedir.

Oysaki madencilik faaliyetleri yapilan
alanlarda gerek ekonomik ve gerekse
kiiltirel ~ alanda  6nemli  gelismelerin

goriildiigii de bilinmektedir. Elbette ki, bazi
alanlarda madencilik faaliyetlerinin c¢evre
icin ciddi sorunlar olusturdugu bilinen bir
%ergektlr Ancak, dogaya dost madencilik

aaliyetlerini gehsen ve degisen diinya
icerisinde bir¢ok farkli alanda gérmek de
mimkiindiir.  Ag¢ik  Isletme  yontemi
madencilik  yapilan  alanlarda  gerekli
onlemler alinmaz ise gercekten ¢evreye ciddi
zarar  verilmektedir. Gerek madencilik
faaliyetleri sirasinda ve gerekse madencilik
faaliyetlerinin bitiminde uygulanacak gesitli
eylem secenekleri ile gevreye zarar veren

uygulamalarin en aza indirilmesi
saglanabilmektedir.

Madencilik alaninda yapilan c¢aligmalar
incelendiginde  madencilik  faaliyetleri
sonrasinda dogaya yeniden kazandirma

baslikli ¢esitli calismalar goriilmektedir.
Akpmar vd. (1993) acik ocak maden
isletmeciligi sirasinda bozulan sahalarin
{eniden diizenlenmesi ve iyilestirilmesi, alan
ullanim planlamasinin prensipleri, dnemi

ve asamalarin1  inceleyerek  kullanim
planlama caligmalarindan ornekler
vermisglerdir. |

Ceylan ve Ozkahraman (2000) madencilik
faaliyetleri sonucu olusabilecek c¢evresel
sorunlar1 inceleyerek mevcut sorunlarin
¢oziimiinde uygulanabilecek dogaya yeniden
kazandirma segeneklerini arastirmiglardir.

Kose ve Pamukcu (2003) itlkemizde
faaliyet goOsteren mevcut tasocaklarinin
iretim ve dogaya yeniden kazandirma
asamalarindaki sorunlaria deginerek
bunlara teorik ¢oziim Onerileri getirilmesine
calisarak Izmir’de 2 ayr1 bolgede bulunan
kiregtagi ocaklarinda basamak diizenlemesi
ve arazinin restore edilmesi igin Ornek
modeller gelistirmislerdir.

Pamukgu ve Simsir (2006) [zmir civarinda
iiretim faaliyetleri bitmis kirectas1
ocaklarinda uygulanabilecek dogaya yeniden
kazandirma projesi se¢imini bolgesel [ieoloji,

eralti ve yertsti suyu, flora, iklim ve
%t')lgenin tiretim kapasitesi Olgiitleri 151831nda
degerlendirmislerdir.

Simgir vd. (2007) diinya literatiiriinde
dogaya yeniden kazandirma siireglerinde
kullanilan terim ve tamimlardan bazilarini
aciklayarak, dogaya yeniden kazandirmanin
gliniimiiz ~ madenciligindeki  gerekliligi
anlatmis ve doga onarim kavrami ile doga
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onariminin  agamalarint  detayli  olarak
aciklamiglardir.
. Basgetin  (2007) Seyitomer Linyitleri

Isletmesi agik ocaginda komiir iretimi
tamamlandiktan sonra uygulanacak en uygun
dogaya yeniden kazandirma ydntemi
seciminde Analitik Hiyerarsi Siireci (AHS)

ontemi  temelli bir karar  modeli
ullanmustir.

Mamurekli ve Tekin (2007) komiir

madenciliginde acik ocak maden

isletmeciliginin ¢evreye olan etkilerini, arazi
diizenleme  programinin  Onemini | ve
asamalarini ve tilkemizdeki 6zellikle TKI’ye
bagli  isletmelerde  arazi  diizenleme
¢alismalarini incelemislerdir.

Diizgiin (2009) iiretimi bitmis maden
ocaklariin kapatilmasit ve dogaya yeniden
kazandirma uygulamalari farkli
iilkelerdeki uygulamalari ve iilkemizdeki son
yasal diizenlemeleri irdeleyerek
degerlendirmistir.

Pavloudakis vd. (2009) acik ocak maden
isletmeciligi yapilan bir linyit ocaginda en
uygun dogaya yeniden kazandirma projesi
seciminde cografi bilgi sistemi ve dogrusal
programlama yontemini kullanarak bolge
i¢in en uygun projenin secilebilmesi igin bir
karar destek sistemi gelistirmislerdir.

Cindik ve Acar (2010) faaliyeti bitmis tas
ocaklarinin verdigi zararlar1 ve bu alanlan
dogaya, yore halkina yeniden kazandirmak
icin yapilmasi gerekenleri ve ana hususlar
degerlendirmislerdir.

Bangian vd. (2011) Iran’da kémiir {iretimi
yapilan bir acik ocakta dogaya yeniden
kazandirma projesi se¢iminde Bulanik AHS
yontemini kullanmislar ve 6zellikle dogaya
yeniden kazandirma maliyetleri {izerine

yogunlagmiglardir.
farkli  {ilkelerde

Delibalta  (2011)
yiiriirlikteki  yasal ¢erceve kapsaminda,
madencilik faaliyetleri sonrasinda  agik
isletme  yontemi  uygulanan  sahalarin
ekonomik ve ekolojik acidan yeniden
doniigiimiinii incelemistir.

Kulaksiz vd. (2011) iilkemizde bes adet
maden sahasi i¢in eski maden sahalarinin
yeniden dogaya kazandirma calismalarina
ornek sahalari ve bunlarin uygulamalarim
incelemisler ve bu sahalarda ocak i¢i ve
dokiim harmanlarinin yeniden kazandirma
calismalarini birlikte degerlendirmislerdir.

Malli  vd. (2011) aetk  kOmiir
isletmelerinde  dekapaj malzemelerinden
olugan dokiim yiginlarinin ve iiretimini
tamamlamis ocak c¢ukurlarmin doldurulup
dogaya yeniden kazandirilmasimi teknik ve
ekonomik a¢idan incelemislerdir.
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Vujic vd. (2011) Sirbistan’da faaliyet
gosteren bir komiir ocaginda yapilmasi
planlanan dogaya yeniden kazandirma
faaliyetlerini detayl1 olarak irdelemislerdir.

Bu c¢aligmada, Eskisehir yakinlarinda
faaliyet gosteren bir Manyezit firmasinin
tretim faaliyetleri bittikten sonra ruhsat

alaninda uygulayacagi dogaya yeniden
kazandirma projesi se¢imi Cok Nitelikli
Karar Verme yontemlerinden Bulanik

TOPSIS yontemi kullanilarak incelenmistir.

2 BULANIK TOPSIS YONTEMBILIMi

Karar verme hem fen bilimleri hem de sosyal
bilimler alaninda siklikla kullanilan bir bilim
dalidir. Hem nitelik hem de nicelik olarak
Olgiilebilen Olciitlerin  degerlendirilmesinde
cok  farkli karar verme yOntemleri
kullanilarak en uygun ve dogru kararlarin
alinmasi saglanabilmektedir.

Literatiirde karar verme ¢ok genis bir
uygulama alani bulmug bir bilim dalidir.
Karar verme problemlerinin ¢6ziimii iki ana
grupta incelenmektedir. Bunlar; Cok Amacl
Karar Verme ve Cok Nitelikli Karar Verme
olarak isimlendirilmektedir. Genellikle de bu
iki grup birbiri ile karistirilmaktadir. Eger bir
karar problemi matematiksel olarak ifade
edilebiliyorsa Cok Amagli Karar Verme, aksi
takdirde ise Cok Nitelikli Karar Verme
yontemleri kullanilarak ¢oziilebilmektedir.
Karar verme problemlerinin ¢oziimil igin
gelistirilen bir¢ok Cok Nitelikli Karar Verme
yontemi bulunmaktadir.

Bulanik TOPSIS yontemi Cok Nitelikli
Karar Verme yontemlerinden bir tanesidir.
Bu yontem kullanilarak alternatif
seceneklerden belirli 6l¢iitler dogrultusunda
ve Olciitlerin aldig1 bulanik degerler arasinda
ideal duruma gore karsilastirmasi
gergeklestirilmektedir (Chen, 2000).

Ilk olarak Hwang ve Yoon (1981)
tarafindan bulunmus olan bir Cok Nitelikli
Karar Verme yontemi olan TOPSIS
yonteminin  kullanimiyla  tercih  edilen
secenegin pozitif-ideal ¢oziime en kisa,
negatif-ideal ¢ozlime ise en uzak mesafede
bulunmasi hedeflenmistir. TOPSIS

onteminde “m” tane segenek “n” tane Olgiit
ile degerlendirilmektedir.

TOPSIS ve Bulanik TOPSIS yontemindeki
temel fark ise dilsel degiskenler ve bulanik
ticli sayilarin kullanilmasidir (Eleren ve
Ersoy, 2007).

2.1 Bulanik Kiimeler ve Bulanik Sayilar

Bulanik kiimeler kurami, Zadeh’in klasik
sistem kuraminin matematiksel
yontemlerinin gercek diinyadaki pek ¢ok
sistemle, Ozellikle insanlar1 igeren kismen
karmagik sistemlerle ugrasirken yetersiz
kalmasindan hosnut olmayisindan
dogmustur. Bulanik kiimeler kurami, muglak
ve belirsiz olan problemlerin ¢oziilmesi igin
gelistirilmistir. Zadeh’ten bu yana bulanik
mantik ve bulanik kiimeler kurami pek ¢ok
alanda uygulama bulmus ve hizla gelismistir
(Kaptanoglu ve Ozok, 2006).

Bulanik kiime, stirekli iiyelik derecesine
sahip nesneler kiimesi olarak
tammmlanmaktadir. Bulamik  kiime, her
nesneyi O ile 1 arasinda degisen iiyelik
derecesine sahip 1lyelik fonksiyonu ile
nitelendirmektedir (Zadeh, 1965). E evrensel
kiimesinde tanimlanan, bulanik kiime A4 igin
1:E—[0,1] seklinde ifade edilir. Bulanik A4

kiimesindeki x elemam1 igin iyelik
derecesinin gosterimi:
A={(x,,uA (x))‘er} (D

seklindedir (Zimmermann, 1992). gy iyelik
fonksiyonu [0,1] kapal1 araliginda gercek bir
sayly1 gostermektedir (Zadeh, 1975). Bu
araliktaki sayilardan “0” sayis1 ilgili
nesnenin kiimenin tiyesi olmadigmi, “1”
sayisi ise ilgili nesnenin kiimenin tam {iyesi
oldugunu belirtmektedir. Bu iki deger
arasinda bulanan her hangi bir say: ise ilgini

nesnenin kiimeye kismi iyeligini
gostermektedir.

Bulanik sayilar disbiikey,
normallestirilmig,  smurli-siirekli  iiyelik

fonksiyonlar1 olan bir bulanik kiime olarak
ifade edilmektedir. Bulanik sayilar, bulanik
kiimelerin 6zel bir alt kiimesidir. Yapilan
calismaya gore farkli bulanik sayilan
kullanmak miimkiindiir. Genelde ii¢gen ve
yamuk olmak {izere iki farkli bulanik sayinin
uygulamalarda kullanilmasi s6z konusudur.
Bu c¢alisma igerisinde iiggen bulanik sayilar
kullanilmastir.

Uggen bulanik sayilar, {i¢ tane gercek
sayilyla tanimlanmig bulanik sayilarin 6zel
bir ¢esidi olup (I, m, u) seklinde ifade
edilmektedir. /, m ve u parametreleri sirasiyla
en kiigiik olasi degeri, en olasi degeri ve en
biiylik olasi degeri gostermektedirler. Uggen
bulanik say1 4 nin gosterilisi asagidaki Sekil
1 ile verilmektedir (Kaptanoglu ve Ozok,
2006).
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Hi &

1.0

0.0

A 4

1 m u A

Sekil 1. Uggen bulanik say1, 4

Ucggen bulanik saymin iiyelik fonksiyonu
asagidaki sekilde tanimlanmaktadir:

0, x(1,
(x=0)/(m-1), 1<x<m,
(u—x)/(u—m), m<x<u, @

0, X)u

ulws 4)=

Uggen bulanik sayilarda tanimlanmis birgok
islem bulunmakta olup asagida bu calismada
kullanilan islemler agiklanmustir.
A;=(;,muu;) ve A,=(l,,myuy) iki pozitif
bulanik say1 ve k ise pozitif bir gercek say1
olmak tizere:

1:11@ A~2 = (ll +lzam1 +m2’u1 +u2) (3)

1:11®Iizz(l]'lz, ml'mzsul'uz) (4)
ARk =(I -k,m, -k,u, k) (5)
A =(lam) = (u, m, L) (©)

Ayrica iki liggen bulanik sayi arasindaki
uzaklik Vertex yontemi yardimiyla asagidaki
gibi hesaplanmaktadir (Oztiirk vd., 2008):

d(,;,;j:\/%[(z, N

2.2 Bulanik TOPSIS Yontemi

Bulanik TOPSIS yonteminde ii¢lii bulanik
sayilar kullanilmasiyla yapilan ¢aligmalar ilk
kez Negi (1989)’nin doktora teziyle
baglamistir.  Ancak, Bulamik TOPSIS
algoritmasinin eksiklikleri {izerine birgok
arastirmacilar caligsmiglardir. Bu
arastirmacilardan biri olan Chen (2000) bir
calismasinda bu eksikligi gidermistir. Bu
calismada, Chen (2000) taratindan Onerilen
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yaklagim kullanilarak dokuz adimda sonuca
ulagilmaktadir.

Yontemin uygulanmasinda 1. Adim Karar
verici grubun ve degerlendirme &lgiitlerinin
belirlenmesidir. Segim isleminde
kullanilacak karar verici grubu segimin
yapilacagi grup olup, bu gruba ait
degerlendirme 6Slgiitleri belirlenmektedir.

Yontemin 2. Adimi, her bir dlgiitiin dnem
agirligit ve Onem derecesi i¢in dilsel
degiskenler belirlenmesidir. Ifade veya dilsel
olarak tanimlanan degerlerden olusan
degiskene “dilsel degisken” denilmektedir.
Di%sel degiskenler igclii bulanik sayilarla
ifade edildigi gibi 1, 2, 3, ... seklinde de
ifade edilebilmektedir. Bulamik TOPSIS
yontemi hem nitel hem de nicel Slgiitlerin
puanlamasiyla ugragsmaktadir. Bundan dolay1
¢ok esnek bir yapiya sahiptir. Yontemin
uygulamasinda kullanilacak dilsel
degiskenler Cizelge 1 ve Cizelge 2 ile
verilmistir (Chen, 2000).

Cizelge 1. Olgiitlerin o6nem agirhgm
belirlemede yararlanilan dilsel ifadeler
Simge Agiklama Bulanik Sayilar
l m u

ED Cok Dugik 0.0 0.1 0.1
D Diistik 00 0.1 02
oD OrtaDusik 0.1 03 0.5
o Orta 03 05 07
(0)'¢ Orta Yiiksek 0.5 0.7 09
Y Yiksek 0.7 09 1.0
EY En Yiiksek 09 0. 1.0

Cizelge 2. Olgiitlerin degerlerini belirlemede
yararlanilan dilsel ifadeler

Simge Aqiklama Bulanik Sayilar
/ m u
CZ Cok Zay1f 0 0 1
Z Zayif 0 1 3
(0Y4 Orta Zayif 1 3 5
(0] Orta 3 5 7
(01 Orta lyi 5 7 9
I Iyi 7 9 10
CI Cok Iyi 9 9 10

Karar vericilerin 0l¢iit ve segeneklere
yonelik yapmis olduklar1 degerlendirmeler 3.
Adimda birlestirilir. Bu islem igin Esitlik 8
kullanilarak segenekler i¢in bulanik Tigli
sayilar olusturulur ve Esitlik 9 kullanilarak
Olciitlere ait agirlik degerleri hesaplanir.

®)

_ 1 1 2 k
X, =—\x.+x +...+Xx.
(A ij ij
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] 1 2 k
wlfzg(m/_+w”+...+wi/.) 9
burada; k: Karar verici sayist, wy: 7
olgutunun agirhgl ve x;: “i” segeneginin ‘5
o6l¢iitiinden aldig1 deger olarak
tanimlanmustir.

4. Adimda, bulamik karar matrisi ve
normallestirilmis  bulanik karar matrisi
olusturulur. Normallestirme islemi

yapilirken, Esitlik 10 kullanilmaktadir.

R:l};/men (10)
burada; i=1, 2, ..., mvej=1,2, ..., n
a, b, c,
r,=|—,—,— | ve ¢, =maxc, (11)
c, ¢ c

Agirlikli normallestirilmis bulanik karar
matrisi 5. Adimda olusturulur. Bu adimda,
agirliklar ile matrisin elemanlarinin garpimi
ile yeni bir matris olusturulur.

(12)
(13)

Bulanik pozitif (4") ve bulanik negatif
(47) ideal noktalar j=1, 2, ...., n olmak iizere
6. Adimda tanimlanir.

v=ll,

v.=r ©@w,
= Yy ,

A =) (14)
A =0, v,,v) (15)
vt =(1,11) (16)
v =(0,0,0) (17)

Seceneklerin bulanik pozitif ve bulanik
negatif ideal ¢6ziime uzakliklar1 7. Adimda
hesaplamr

=)

burada; i=1,2,3, ....,

4 =3dl,v,)

(18)
mvej=1,2,3, .., n

(19)

burada; i=1,2,3, ...., mvej=1,2 3, ..., n.

Her bir segenegin yakinlik katsayisi 8.
Adimda agagida verilen baginti yardimiyla
hesaplanir;

cc -2
d'+d

(20)

burada; i=1,2,3, ..... m

Son Adim Yakinlik katsayilarinin azalan
sekilde siralanmasi ile alternatiflerin tercih
sirasi elde edilmesidir.

CC,>CC,>CCy> ...... CC, (21)
3 UYGULAMA
Bu calismada, Eskisehir ili yakininda

faaliyet gosteren Magnesit A.S. agik ocagini
dogaya yeniden kazandirma i¢in hazirlanan
i¢ farkli proje secenegi Bulamik TOPSIS
yontemi yardimiyla degerlendirilmistir.
Magnesit A.S. isletmesi; Eskigehir iline 35
km, Boziiyiik Ilgcesine 29 km uzaklikta olup,

Dutluca Koy’ niin yaklastk 2 km
kuzeydogusunda, maden ruhsath sahada
bulunmaktadir.  Faaliyet yeri, orman

miilkiyetindeki arazilerden olusmaktadir.

Magnesit A.S., yabanci sermayeyi tesvik
yasasl kapmasinda 1963 yilinda
kurulmustur. Magnesit A.S., Tirkiye’nin
500 biiyiik firmasi iginde yer almaktadir.
Magnesit A.S., Tirk manyezit sektoriiniin
gelisiminde daima bir lokomotif gorevi
gormiistiir. Tesiste gerek ham manyezit ve
gerekse sinter manyezit ile harg liretiminde
diinyada gegerli en son iiretim teknolojisi ve
yontemleri uygulanmaktadir.

Maden iiretimi agik ocak isletmeciligi
yontemi  ile  basamak  olusturularak
yapilmaktadir. Maden ocaklarinda delme ve
Eatlatma yontemiyle kazanilan cevherli

iitleler son derece modern cevher hazirlama
ve zenginlestirme tesislerinde zenginles-
tirilerek kullanima hazir hale getirilmektedir.

Mevcut tes1s alaninda, ham manyezit,

ogalgaz sivilagtirtlmis  oksijen

ullanilarak dusey firinlarda (3 adet) ve
doner firinda (2 adet) 1750-2000 °C’de
pisirilmekte ve sinter manyezit haline
getirilmektedir.
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3.1 Dogaya Kazandirma

Secenekleri

Projesi

Magnesit A.S.’ye ait ocak ve igletmelerin
giincel Google Earth goriintiileri Sekil 2 ile
%osterllmlstlr Agik  ocaklarda  {retim

aaliyetlert tamamlandiktan sonra ocak
kapatma faaliyetlerine gegilecegi zaman olan
ocagin planlanan son halinin NetPno Mine
programi ile yapilmis projesi Sekil 3 ile
sunulmustur.

Sekil . Magnesit A.S. agl ocaklari giincel
goriintiileri

Sekil 3. Uretim faaliyetleri bittikten sonra
olusacak ocagin sekli

Uretim faaliyetleri tamamlandiktan sonra
dogaya yeniden kazandirma faaliyetleri ile
ilgili farkli proje secenekleri incelenmistir.
Acgik ocak maden isletmesinin yaninda,
cevher hazirlama ve zenginlestirme tesisleri,
firmlar ve santiye alanlar1 gibi birgok bilesen
cevrenin dogal dengesini bozdugundan
fiziksel, kimyasal ve biyolojik etkenler goz
dniinde. bulundurularak; en uygun dogaya
yeniden kazandirma projesinin se¢im stireci
incelenmistir.
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Isletilmesi sona ermis agik ocaklarin
dogaya yeniden kazandirma amaclh kullanim
olanaklar1 incelendiginde; tarimsal kullanim,
orman amaghi kullamim, nihai ocak
cukurunun gol olarak diizenlenmesi, bina
insa edilmesi, dogal park olusturulmasi, ¢op
veya moloz dokiim sahasi  olarak
kullanilmas1 ve hayvancilik yapilmasi proje

seceneklerinin  literatiirde  yer  aldig
goriilmiistiir (Simsir vd., 2005).

Mevcut proje seceneklerinin
degerlendirilmesi  sonucunda {i¢  proje
secenegi  lzerinde detayli  ¢alismalar
yapilmustir.

Oncelikle maden sahasi ocak ¢ukurunun
bir gol seklinde diizenlenmesi ve ¢evresinin

agaglandiriimasi projelendirilmistir.
Magnesit A.S. vyetkilileri tarafindan da
benimsenen proje  seceneginde isletme

icerisinde mevcut binalarin korunarak tenis
kortlar1 gibi sosyal tesislerin de insa edilmesi
planlanmistir. Bu amagla sirket tarafindan
yaptirilan maketin goriintisii Sekil 4 ile
verilmistir.

Sekil 4. Magnesit A.S. dogaya yeniden
kazandirma projesi maketi

Nihai ocak cukurunun bir g6l seklinde

diizenlendigi dogaya yeniden kazandirma
gro je uygulamasi icin restorasyon plani
aritast Sekil 5 ile gosterilmistir.

Ikinci proje secenegi olarak sahanin orman
amacl ullanim degerlendirilmistir.
Manyezit A.S. halen pasa dokiim
malzemesini serdigi bazi harmanlara daha
once alman st Ortii topragmi sererek
agaclandirma  caligmalarma  baslamistir
(Sekil 6). Uretim faaliyetleri tamamlandiktan
sonra ocak ¢ukurunun pasa  dokim
malzemesi ile tesviye edilmesi lizerine lastik
tekerlekli yiikleyici ile ortii toprag: yayilmasi
planlanmistir. ~ En st  katina  ise
stabilizasyonu saglamak amaci ile tretim
faaliyetlerinin basinda alinan ve depolanan
ist oOrtll topragmmn yine lastik tekerlekli
yiikleyici ile geri serilmesi saglanacaktir.
Daha sonra agaclandirma  ¢alismalari
yapilacak olup tiim bina ve tesisler
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kaldirilarak ormanlik alan olusturulmasi
tasarlanmistir. Orman amagh kullanim igin
dogaya yeniden kazandirma uygulamasi
restorasyon plan1 haritas1 Sekil 7 ile
sunulmustur.

ey SESTORASTON PLANT

Sekil 5. Gol seklinde diizenlenen proje
secenegi restorasyon plani haritasi

Sekil 6. Manyezit A.S.” tarafindan yapilan
pasa dokiim alanin agaclandirilma ¢aligmasi

Son proje secenegi olarak ocagin sehir
merkezine olan yakinligindan dolay1 insaat
atig1 veya ¢Op sahast olarak kullanim
seklinde  degerlendirilmesi ~ planlanmugtir.
Cop (moloz) sahasi olarak kullanim igin

dogaya yeniden kazandirma projesinin
restorasyon plan1 haritast  Sekil 7 ile
gosterilmistir. Magnesit A.S. tarafindan

cevher liretimi yapilan ocak Eskisehir sehir
merkezine yaklasik olarak 30 km uzaklikta
bulunmaktadir. Biitiin sehirlerde istisnalarin
haricinde  goriildiigii gibi  Eskisehir’de
stirekli olarak bati yoniinde biliyiime egilimi
Eostermektedlr Bu durumda, sirket ocaginin
onumu ¢Op veya moloz dokiim sahasi
olarak kullanimi oldukga cazip kilmaktadir.

Sekil 7. Cop (moloz) sahas1 olarak
diizenlenen proje secenegi restorasyon plani
haritas1

3.2 Degerlendirme Olgiitleri

Ug farkli proje segeneginin Cok Nitelikli
Karar Verme yontemlerinden Bulanik
TOPSIS yontemi ile degerlendirilebilmesi
icin behr?lnen Olciitler asagida verilmistir.
Dért ana olgit altinda 21 6lgiit ile en uygun
proje seceneginin belirlenmesine
Qall§llml$tlr Olciitler asagida verilmistir;

A- Ekonomik Olgiitler (0;-0,)

1. Arazi diizenleme maliyeti (ilk yatirim)

2. Isletme ve bakim maliyeti

B- Bolgesel Olgiitler (O3-Og)

1. Topografya (Yikseklik, egim, dokiim

harmani geometrisi)

2. Iklim (Yags, riizgar, nem, 1s1, iklim
tiirii, bilylime mevsimi, mikro iklimsel
yap1)

. Hidroloji ve hidrojeoloji (Yiizey ve
yeralt1 suyu kalitesi degisimi)
. Jeoloji (Stratigrafi, yapi, jeomorfoloji,
ortili tabakasinin kimyasal yapis1)
Toprak ozellikleri (Zirar ozellikler-
ekilebilirlik)
. Ekolojik
ozellikleri)
ogal Olgiitler (Og-O4)
. Lokasyon (konum) ve ulasilabilirlik
. Maden ve civarinin gorselligi
. Sev durumu (Stabilizasyon ve dogaya
0zdes sev olusturulmasi)
Arazi  diizenlenmesi ve  toprak
serilmesi  (Ortli ~ kaplama-arazinin
gecirimsiz tabaka ile kaplanmasi)
5. Vahsi yagam dogal ortami olusturma

hayat (Flora—Fauna

I ww~o < N T N
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6. Arazinin erozyondan korunmasi ve
yeniden bitkilendirilmesi
7. Arazi miilkiyeti (Orman,
hazine arazisi)
8. Arazi ve ¢evresinin kullanim gekli
D- Idari ve Kiiltiirel Olgiitler (O;7,-O3;)
1. Yasalar ve yonetmelikler
2. Sirket politikasi
3. Niifus kestirimi (Degisimi, dagilimi ve
yogunlugu)
4. Bolge halki isgiicii ve istihdami
5. Bolge halki egitim diizeyi ve istekleri.
Magnesit A.S.’de karar verici olarak
bulunan 5 farkli kisiye degerlendirme
Olciitleri ve segenekler ile olusturulan anket

zirai ve

formlar1 verilmis ve yapilan kisa bir
bilgilendirmeden sonra formlari
doldurmalart istenmistir. Bulanik TOPSIS
yonteminin uygulanmasinda anket
formlarindan el(%e edilen degerler
kullantlmistir.

3.3 Bulamk TOPSIS Yontemi ile En

Uygun Proje Seceneginin Belirlenmesi

Karar verme siirecinin ilk asamasinda, karar
vericiler Olciitlerin 6nemini belirlemek igin
daha once Cizelge 1 ile verilen dilsel
degiskenlerini kullanmiglar ve bu
degerlendirme Cizelge 3 ile sunulmustur.

Cizelge 3. Olgiitlerin dilsel 5nem agirliklar:

Olciit KVI _KV2 KV3 KV4 KV5
Of CY CY Y OY CY
02 C¢D CD (D OY D
03 Y CY CY OD Y
o4 Y Y Y O Y
05 Y ¢ Y O Y
06 Y D O O Y
07 O Y O O Y
o8 O Y Y O Y
o Y Y Y Y Y
0l0 oD Y CY OY Y
Oll CY D CY OY OY
O2 Y Y O O0OY OY
013 ¢CD Y OY OY Y
o4 O Y CY Y (Y
015 ¢Y D D O (Y
0Ol6 O Y Y OD Y
017 CY CY CY O (Y
018 O Y CY Y (Y
09 O Y OY O Y
0200 ¢CD Y Y Y Y
021 D O O O0oY O
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Ikinci asamada, karar vericiler her bir
Olgiite  gore  seceneklerin  agirligim
degerlendirmek i¢in daha 6nce Cizelge 2 ile
verilen dilsel degiskenleri kullanmiglar ve
yapilan degerlendirme Cizelge 4 ile
gosterilmistir.

Cizelge 4. Olgiitlere gore karar vericiler
tarafindan verilen ii¢ se¢enegin agirliklar

A3

Ci I of i
Al cz CiI ¢ ci

o1 A2 i M
A3 I i Z ol I
Al CI  z ci ¢ ci
02 A2 C¢CZ ¢z Z M Z
A3 Z Ci | of o
Al ¢z M ¢ c¢i ci
013 A2 CZ Z CZ M C(Z
A3 Z ci c¢i ol I
Al i Z I I I
014 A2 CZ Z M M Z
A3 Z Cci c¢i o1 ci
Al Cz (i Z i ol
015 A2 CZ CZ Z M CZ
A3 ¢z ¢ci z oi c¢z

Oliit  Sec. KV1 KV2 KV3 KV4 KV5
Al z i i ci oz
01 A2 i Z Z Cz i
A3 CZ I i of o0z
Al Ci z ¢z Cc¢i M
02 A2 I i ci ¢z I
A3 CZ Z ¢Z O M
Al I I ci ¢ «ci
03 A2 CZ Z ci c¢i «ci
A3 i i M M O
Al I I I ci «ci
04 A2 0Z Z 0Z M M
A3 i i i M Ci
Al C¢I ¢ ¢ c¢i ci
05 A2 CZ CZ CZ M Z
A3 CZ i M M i
Al CI I i ci ci
06 A2 Z ¢z Of M Z
A3 0Z I CzZ M i
Al i i ¢l ci
07 A2 I cZ ¢z M Z
A3 Z I i M 0Z
Al I I ci ci I
08 A2 CZ CZ Z M (Z
A3 Z i Ci M I
Al I ci I ¢l ci
0 A2 M I I M Ci
A3 M Oi o M «ci
Al I ci I ¢l ci
0 A2 ¢Z ¢z Z M CZ
ci
I
Cz
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Cizelge 4. Olgiitlere gore karar vericiler
tarafindan verilen ii¢ secenegin agirliklar
(devam)

Oliit  Sec. KV1 KV2 KV3 KV4 KV5

Al CI c¢i ci I ci
O0l6 A2 CZ Cz Z M (Z
A3 i Ci_¢i oi i

Al CI ¢ ¢ 1 i
017 A2 CZ Z Z M M
A3 ¢i ¢ ¢ M d

Al CI  C¢I ¢ ¢ di

018 A2 ¢z Z CZz Z CZ
A3 Ci i o M I
Al I ci I M I
019 A2 I M M M (CZ
A3 Z Ci M M I
Al CI i ci ol «ci
020 A2 ci M of o1 ¢z
A3 M 7 i ol i
Al CI M M Ol I
021 A2 CZ M Z Oi ¢z
A3 M M M ol I

Sonraki asamada, bulanik karar matrisini
olusturmak i¢in her bir Ol¢ilitiin  bulanik
agirhigini belirlemek i¢in dilsel
degerlendirmenin ti¢gensel bulanik sayilara
doniisiimii yapilmistir. Elde edilen bulanik
sayilar yardimiyla her segenck igin bulanik
karar  matrisleri ve  olusturulmustur.
Olusturulan  bu  matrislere  Oncelikle
normallestirme islemi uygulandiktan sonra
normallestirilmis bulanik agirliklandirilmis
matrisler elde edilmistir. Her bir secenegin
sirastyla bulanik pozitif ideal ¢oziim ve
bulanik negatif ideal ¢dziimden uzakliginin
hesaplanmasi1 yapilmis ve Cizelge 5 ile
verilmisgtir.

Cizelge 5. Her bir segenek i¢in hesaplanan
negatif ve pozitif ¢ziimden uzakliklar

Negatif Ideal Pozitif Ideal
Secenek Coziime Coziime
Uzakhk Yakinhk
Al 13.434 8.687
A2 6.567 15.330
A3 9.462 10.743

Son asamada ise hesaplanan negatif ve
pozitif ¢dziime wuzakliklara bagh olarak
hesaplanan yakinlik katsayilar1 Cizelge 6 ile
gosterilmistir. Yakinlik katsayisina gore, ii¢
secenegin siralama derecesi Al, A2 ve A3
olarak  gergeklesmistir. Bu  durumda,
belirlenen Olgiitlere ve karar vericiler
tarafindan yapilan degerlendirmelere gore en
uygun se¢cim Al kodlu “Maden sahasinin
golet olarak kullanimi” segenegi olmustur.

Cizelge 6. Hesaplanan yakinlik katsayilar

Secenek Yakinlik Katsayis1  Siralama
Al 0.607 1
A2 0.300 3
A3 0.468 2

4 SONUCLAR VE ONERILER

Bu c¢alismada, Eskisehir ili  simirlan
icerisinde faaliyet gosteren bir Manyezit
iireticisinin agik ocaginda tiretim faaliyetleri

tamamlandiktan ~ sonra  uygulanabilecek
dogaya  yeniden kazandirma  projesi
secenekleri Bulanmik  TOPSIS  yOntemi
ardimryla degerlendirilmistir. Dilsel

ifadelerin kullanilmasiyla gerek olgiitler ve
gerekse Olglitler karsisinda segeneklerin
aldig1 degerler kolayca bulanik sayilara
donugstiriilmiis ve son derece gergekei bir
degerlendirme yapilmistir. Ug proje segenegi
arasinda maden sahasmnin golet olarak
degerlendirilecegi proje secenegi yapilan
degerlendirmeler sonucunda en uygun
segenek olarak belirlenmistir.

Bulantk TOPSIS yonteminin Maden
Miihendislerinin ~ karsilastigt  diger ¢ok
nitelikli  karar verme  problemlerinin
¢Oziimiinde kullaniminin miimkiin oldugu
goriilmiigtiir. Benzer Cok Nitelikli karar
Verme yontemleri ile karsilagtirildiginda
gerek uygulama ve gerekse hesaplama
kolayligi bakimindan Bulanik TOPSIS
yonteminin son derece avantajli oldugu
goriilmektedir.

Bulanik TOPSIS yontemin veya benzer
Cok Nitelikli Karar Verme yodntemlerinin
kullanilmasiyla ~maden  mihendislerinin
onemli kararlar1 en az hata ile verebilmeleri
s0z konusu olacaktir.

TESEKKUR

Bu ¢alismaya, bélge madenciligine ve Maden
Miihendisligi egitimine verdikleri destekten dolayt
Magnesit A.S. yonetimine bildiri yazarlar: tegekkiir
etmektedir.
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Farkli Metaltirjik Atiklarin Cevresel Agidan Degerlendirilmesi

Assessment of Environmental Impact Potential of Various
Metallurgical Wastes

I. Alp, H. Deveci, E.Y. Yazic, T. Tiirk, O. Celep

Karadeniz Teknik Universitesi, Maden Miihendisligi Béliimii, Trabzon

OZET Endiistriyel faaliyetlerin bircogunda oldugu gibi madencilik, cevher zenginlestirme ve
metalurjik iglemlerde de onemli miktarlarda atiklar meydana gelmektedir. Ortaya ¢ikan bu
atiklar genellikle zararli olup, toprak ve su kirliligi gibi 6nemli g¢evresel etkilere neden
olabilmektedir. Atiklar depolanirken cevreye potansiyel etkilerini belirlemek icin ¢esitli
fiziksel ve kimyasal testlerden gecirilebilir. Bu c¢alismada, pirit kilii, bakir curufu,
siyaniirleme atig1 ve borik asit atig1 (borjipsi) gibi metalurjik atiklarmin g¢evresel agidan
degerlendirmeleri i¢in TCLP ve SPLP testleri yapilmig ve bu atiklarin potansiyel etkileri
tartigilmustir.

ABSTRACT As is in most industrial activities, a considerable amount of waste is generated
in mineral processing and metallurgical operations. The waste products in these operations
are often hazardous in character and can lead to important environmental problems including
soil and water pollution. Various physical and chemical tests are used to determine the
potential impact of these wastes on environment when stored in a disposal site. In this study,
the leachability tests (TCLP and SPLP) were performed for the environmental
characterization of the metallurgical wastes including pyrite ash, copper slag, cyanidation
waste and boro-gypsum. Their potential impacts on environment were discussed.

1 GIRIiS
Diger bircok endiistriyel faaliyetlerde
oldugu gibi  madenlerin isletilmesi
sonucunda da atiklar meydana gelmektedir
(Cetiner v.d., 2006). Madenlerin iiretilmesi,
cevher zenginlestirme ve metaliirjik
islemler sirasinda ortaya ¢ikan atiklarin
uygun olmayan bir sekilde g¢evreye
birakilmasi, hava, toprak ve su kirligi gibi
¢evre sorunlarina yol acabilmektedir.
Maden, zenginlestirme ve metaliirjik
proses atiklart atik Dbarajlarinda  veya
sahalarinda depolanmaktadir. Bu depolama
alanlart ¢ok fazla yer kaplamakta ve
giderek daralmaktadir. Depolama
alanlarina olan gereksinimin ve c¢evre

kirliliginin azaltilmas1 amaciyla atiklarin
degerlendirilmesi veya uygun bir bigimde
bertaraf edilmesi gerekir. Avrupa’da maden
atiklarinin  depolandig1 atik barajlarinda
meydana gelen kazalarin ciddi gevresel
sorunlar yaratmasi, bu konu Tizerindeki
calismalart  yogunlastirmustir. Biiyiik
yigmlar halinde veya biiyiik havuzlarda
depolanan zenginlestirme atiklari, bu
yigmlarin  kaymasi, havuzlarin ¢okmesi
veya barajlarda olusan catlamalar sonucu
cevre, insan sagligi ve gilivenligi lizerinde
ciddi  etkilere neden olabilmektedir
(Varinca ve Goniilli, 2006).

Yiginlar halinde veya atik barajlarinda
depolanan atiklarin fiziksel ve kimyasal
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durayliligi olduk¢a &nemlidir. Ince taneli
maden atiklar1 atmosferik kosullardan daha
kolay etkilenir; iri boyutlu atiklara nazaran
karalilig1 daha diisiiktiir ve alic1 ortamlara
daha kolay tasimabilir. Kirlilik, akimtilarla
ve nehirler yoluyla tasmabilecegi gibi
sizma ve stiziilme yollartyla yeralti sularina
karigsarak da tasinmaktadir.  Ornegin,
yagmur sular1 veya madencilik faaliyetleri
sonucu olusan sular metal salinimina neden
olabilir (Giiney, 2004). Su kirliligine sebep
olan bazi agir metaller ve sinir degerleri
Cizelge 1’de sunulmustur. Agir sivilar,
askida kati maddeler ve reaktifler de
kirletici 6zellige sahip olabilirler.

Atiklarin kontrolil konusunda iilkemizde
ve diinyada benimsenen atik yOnetim
stratejisi;

e atiklarin kaynaginda azaltilmasi yani az

atik tiretimi,

e miimkiin oldugu durumlarda atiklarin

tekrar kullanilmasi,

e atiklarin  geri  kazanimi/doniistimii

seklindedir (Uzunoglu, 2007)
Ulkemizde maden  atiklarina  6zgii
yonetmelik olmamasi nedeniyle bu atiklar
ozellikle “Tehlikeli Atiklarin Kontrolii
Yonetmeligi” kapsaminda
degerlendirilmektedir (Cetiner v.d., 2006).
Atiklar, kaynagima, igerigine, kullanilan
iretim ve zenginlestirme teknolojilerine
gore degisiklik ozelliklere sahiptirler. Bu
nedenle Cevre ve Orman Bakanligi’nda
Atik Yonetimi Daire Bagkanligi’na bagh
olarak “Maden Atiklart ve Tehlikesiz
Atiklarin  Yonetimi  Sube Midiirliigi”
kurulmustur. Bu Midirligin  goérevleri
maden atiklar1 ve tehlikesiz atiklarin ¢evre
ile uyumlu bir sekilde ydnetimini
saglayacak esaslari belirlemek ve gerekli
diizenlemeleri yapmak olarak
belirlenmistir. Ayrica Cevre ve Orman
Bakanligi tarafindan “Atiklarin  diizenli
depolanmasina iliskin yonetmelik” taslagi
lizerinde c¢aligmalar devam etmektedir. Bu
taslaga gore maden atiklar1 &zelinde ayri
bir yonetmelik yayimlanip yiiriirliige girene
kadar, maden atiklar1 bu yonetmelik hiikmii
altina alinmaktadir (RG 2753, 2010).
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Maden ve metaliirjik atiklarin gevresel
acidan  karakterizasyonu, bu atiklan
potansiyel etlilerinin degerlendirilmesi ve
gerekli Onlemlerin  alinmasi agisindan
biliyiilk Onem tasimaktadir. Uygulamada
kolon testleri, tank testleri ve yerinde

testler yapilmakla birlikte genellikle
laboratuarda gercgeklestirilen kesikli
calkalama testleri standartlagmig

bulunmaktadir. Atiklarin karakterizasyonu
icin yaygin olarak kullanilan testlerden
bazilar1 sunlardir (Townsend v.d., 2003);

e TCLP-Toxicity Characteristic Leaching
Procedure (USEPA Method 1311),

e SPLP-Synthetic Precipitation Leaching
Procedure (USEPA Method 1312),

e EP-Tox-Extraction Procedure Toxicity
(USEPA Method 1310),

e MEP-Multible Extraction Procedure
(USEPA Method 1320),

e WET-Waste Extraction Test (California
Code of Regulations),

o ASTM-Extraction Test (ASTM D
3987-85),

e German Batch Leaching Procedure
(DIN 38414 S4),

e France Batch Test for Mineral Waste
(AFNOR X 31-210),

e Netherlands Standard Leaching Tests
(NEN 7341 ve 7349)

Bu testler, depolama alanlarinda gevresel
faktorlerin  etkisiyle atiklardan metal
saliniminin belirlenmesi amaciyla
gelistirilmigtir. Eger kontrol edilmesi
ongoriilen metallerin salinimi  belirlenen
limit degerlerin iizerinde ise atiklar
gevresel acgidan “zararl1” olarak
smiflandirilmaktadir. Bu testlerin sonucuna
gore atiklar cevreye uyumlu bir sekilde
bertaraf edilmektedirler (Varinca v.d.,
2006, Townsend v.d., 2003).

Testler arasindaki temel farklilik; lig
¢ozeltisi, stvinin kati orani ve ekstraksiyon
isleminin siireci ve miktaridir. TCLP
testinde kati atigin agik arazide maruz
kalabilecegi sartlar1 benzetmek icin organik
asitle (asetik asit) hazirlanmig ¢ozelti
kullanilmaktadir. SPLP testinde ise iki
inorganik asitle (nitrik ve siilfiirik asit)
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hazirlanan ¢6ziicii asidik yagmur sularini
benzetmek i¢in kullanilmaktadir. TCLP
testlerinden elde edilen sonuglar USEPA
tarafindan 8 metal icin yasal olarak kabul
edilen smnirlar igin degerlendirilmektedir.
SPLP test sonuglart ise genellikle igme
suyu standartlart ile karsilastirilmaktadir
(Townsend v.d., 2003). Standart
yontemlerde atitk malzeme igerisinde
bulunmayan veya ¢ok az miktarlarda
bulunan ve  tamaminin  ¢Ozlinmesi
durumunda bile limitlere ulasmas1 miimkiin
olmayan metaller izlenmemektedir.

Kati atiklarin uygun yonetim
seceneklerinin belirlenmesi genellikle risk
degerlendirmesine baglidir. Insan ve cevre
sagligi temelinde kati atiklarin  risk
degerlendirmesi yapildig zaman
kirleticilerin yer altt suyuna karigmasi
anahtar haline gelmektedir. Cozlinme
riskinin degerlendirmek icin ¢ok sayida
¢oziindiirme testlerinin gelistirildigini ve
cok farkli atik ydnetim senaryosu igin
yaygin  bir sekilde kullanilmaktadir.
Cozinme testleri tizerine temellendirilmis
katt atiklar igerisindeki kirleticilerden
kaynaklanan risklerin belirlenmesi 4 temel
asamada gerceklestirilebilir. ilk asamada
TCLP test sonuglar1 sinir degerleri agmasi
durumunda tehlikeli atik smifina dahil
edilerek islem yapilir. Eger atik sinir
degerlere ulagsmayacak sekilde kirlenmeye
sebep oluyor ise bu asamada atik materyal
tizerine SPLP testleri uygulanarak elde
edilen sonuglar su kalite standartlart ile
karsilagtirilarak olasi risk degerlendirmeleri
yapilmalidir. Eger elde edilen degerler
standartlarda istenen degerlerden yiiksek
ise atiklarin sizdirmaz alanlarda
depolanmasini gerektirir. Eger elde edilen
¢Oziinme degerleri risk olusturmuyor ise
atigin  toplam konsantrasyonu dikkate
alinarak tekrar kullanim i¢in degerlendirme
yapilabilir. Eger toplam konsantrasyon
dogrudan bosaltim seviyesinden daha az ise
bile ilave ¢oziindiirme testleri uygulanacak
attk yOnetimi senaryolarina gore gerekli
olabilir. Bu ¢oziindiirme testleri pH,
sivi/kati orant ve zaman gibi 0Ozel test
kosullar altinda gergeklestirilebilir.

Pirit kiilii, stlfiirik asit iiretiminde pirit
konsantresinin akigkan yatakli firinlarda
kavrulmast sonucu olusan atiklardir.
Stlfiirik asit iiretiminde, onemli
miktarlarda pirit kili (teorik olarak
konsantredeki  piritin =~ %67’si)  ortaya
¢ikmaktadir (Tugrul v.d., 2005, Tugrul v.d.,
2007, Alp wv.d.,, 2009a). Bakir izabe
tesislerinde bakir konsantrelerinin ergitme
islemleri sirasinda {retilen yliksek bakir
icerikli ciiruflar flotasyon islemi ile
temizlenmektedir. Bu tesislerde Onemli
miktarlarda flotasyon atig1 iiretilmektedir.
Atik depolama alanlarinda milyonlarca ton
ctiruf birikmektedir (Alp v.d., 2008). Borik
asit iretim tesislerinde ise kolemanit
konsantresi siilfiirik asitle isleme sokularak
borik asit iiretimi yapilmakta ve proses
sonucunda olusan atiklar (borojips) atik
barajlara atilmaktadir. Au/Ag
cevherlerinin siyaniir ligi sonrasi yapilan
kati-sivi ayrimi sonucu elde edilen katilar
(tesislerin kapasitelerine bagli olarak yilda
yaklagik 1-2 milyon ton) atik barajlarina
atilmaktadir.

Bu caligmada pirit kiilii, bakir ciirufu,
bor jipsi ve siyaniirleme atiklarinin gevresel
acidan degerlendirmeleri icin TCLP ve
SPLP testleri yapilmistir. Elde edilen
sonuglar, bu atiklarin olasi ¢evresel etkileri
degerlendirilmistir.

2 MALZEME VE YONTEM

2.1 Malzeme

Bu calismada; siilfiirik asit tesisi atig1 pirit
kiilii (PK), bakir izabe tesisi flotasyon atig1
olan bakir curufu (BC), borik asit tesisi
atig1 borojips (BJ) ve siyaniirleme tesisi
atigr  (SA) kullanilmistir. S6z  konusu
atiklardan alinan temsili 6rnekler filtreleme
ve kurutma sonrasinda 6rneklenmistir

2.2 Yontem

Orneklerin kimyasal bilesimi XRF ve ICP
cihazlar ile Acme Analiz Laboratuvarinda
(Kanada), mineralojik bilesimleri Rigaku
Geigerflex XRD cihaz1 ile (26=5-65°) ve
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tane boyut dagilimi Malvern Mastersizer
(Hydro MU2000) yardimiyla belirlenmistir.

USEPA TCLP ve SPLP li¢ testleri,
metaliijik  atiklarin ~ ¢evresel  agidan
karakterizasyonu i¢in uygulanmistir. TCLP
testinde uygun ¢oziicii se¢imi pH testlerine
gore belirlenmis ve buna gore, testlerde
Cozelti 1 (asetik asit, NaOH ve saf su ile
hazirlanan pH degeri 4.93 olan ¢ozelti)
kullanilmistir. SPLP testinde ise 40/60
oraninda nitrik/stlfiirik asit ve saf su ile
hazirlanan ve pH degeri 4,20 olan ¢oziicii
kullanilmistir. Lig testleri plastik kaplarda
(200 ml) ve 1/20 kati/s1v1 oraninda (7,5 g, -
1 mm katt ve 150 ml li¢ ¢dzeltisi)
gergeklestirilmigtir. Ornek kaplart
hazirlandiktan sonra 30 devir/dk hizla
donen deney diizenegine yerlestirilmis ve
ters yiliz edilecek sekilde 18 saat siireyle
karigtirilmastir (Sekil 1).

[ = e o

[ao- 2 e} |,£‘i Cheanditrm s e r— n‘
= |I dL tutwnlan

‘ - _/-[J'— I— _[ -’j].J

| |

Sekil 1.
gerceklestirildigi
cihazi (USEPA, 1997)

Siire sonunda ¢ozelti 0,8 pum filtre
kagidindan siiziilerek katisindan ayrilmig
ve pH’s1 Olciilmiistiir. Siiziintiiden alinan
50 ml 6rnek igerisine konsantre nitrik asit
(3 ml) ilavesi ile ¢ozelti pH’s1 ayarlanmis
(<pH 2) ve ICP-AES cihaz1 ile ¢oziinmiis
metal icerigi belirlenmistir. Li¢ testleri ve
analizler paralel olarak yapilmis olup
ortalama degerler sunulmustur. Atiklar
igerisinde tamaminin ¢Oziinmesi
durumunda limitlere ulagsmayacagi goriilen
metaller izlemeye almmamistir. Cizelge
1’de  verilen elementler igin analiz
sonucunda elde edilen sonuglar; TCLP
testleri i¢in USEPA limitleri (USEPA,
1997), SPLP testleri i¢in ise igme suyu
standart degerleri (TS 266, 1997) ile
karsilastirilmistir.

TCLP ve SPLP testlerinin
dondiirme/karigtirma
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Cizelge 1. TCLP ve SPLP testlerinde
kontrol edilmesi Ongodriillen metaller igin
limit degerler (TS 266, 1997; Townsend
v.d., 2003)

TCLP SPLP
Element US EPA (mg/l) TS 266 (mg/l)

Ag 5,0
Ba 100,0 -
Cr 5,0 0,5
Pb 5,0 0,1
As 5,0 0,1
Mn - 0,2
Cu - 1,0
Ni - 0,2
Fe - 0,5

3 BULGULAR VE TARTISMA

3.1. Atik Malzemelerin Ozellikleri

Bu calismada kullanilan  metalurjik
atiklarin tane boyu dagilimi, mineralojik ve
kimyasal bilesimleri karsilastirmali olarak
sirastyla  Sekil 2, 3 ve Cizelge 2’de
sunulmustur. XRD analizlerinde; BJ’nde
CaS0O,.H,O; SA’nda kuvars ve Dbarit;
PK’nde manyetit, hematit, kuvars ve barit,
BC’nda fayalit, kuvars ve manyetitin
baskin olarak bulundugu belirlenmistir.
Tane boyut analizlerinde ise %80’inin
gectigi  boyut agikligimin  BC’nda 80
mikron, PK’nde 60 mikron, SA’nda 140
mikron ve BJ’de 45 mikron oldugu
goriilmektedir. BJ atiklar1 oldukga ince
taneli, potansiyel kirletici olarak nispeten
yiiksek oranda As ve B,0; icermektedir.
PK, SA ve BC basta As olmak iizere ve
degisen oranlarda Pb, Cr, Zn ve Cu
igermektedir.

——Firt ki ——Glmig alk Bakw cunihi - R!VHKl
100 . —

Toplam sizk aki, %
A n - =

1 il 1M 1000 10000
Tane boyubs, miknon

Sekil 2. BJ, SA, PK ve BC’nun tane boyut
dagilimlari
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A Cizelge 2. Deneylerde kullanilan metaliirjik
2 atiklarin kimyasal bilesimi
% BI SA PK  BC
o Si0, 9,89 50,69 6.71 30,60
& . ALO; 1,92 730 191 296
§ a0 . Fe,0; 0,79 572 8650 59,08
Ca0 3330 677 059 0,66
1 IV T Y . S MgO 226 294 048 092
T L " SO; 47,60 5,17 138 1,01
- Na,0 006 000 0.1 001
\ v Kavare 50, KO0 115 213 0.13 048
o S e P,0s 0,03 024 002 0,03
T o TiO, 0,11 020 012 0,13
. v SO 182 0,15 - 001
7 1 ) Cr,0; - 003 001 006
doolifb er o MnO 0,02 143 001 0,03
i Y PO - 140 002 029
20() NiO - 0,01 0,01 -
o Cu0 - 003 134 063
y - ZnO0 001 289 0.6 2,52
- BaO - 98 003 0,10
8o | Co05 - - 033 0,06
£ 30| " As;0; 060 1,54 0,13 0,02
=1 PR Zr0, - 0011 001 001
"L ke kel b Sb0s - 084 - :
20 25 30 35 26(;:0 45 50 55 60 1\/[003 - - - 0,08
B,O; 280 - - -
q AgO - 005 - -
’ cl 001 003 001 003
F 047 057 - 030
. S - 011 041 040
5 . , " H0 1783 - - -
20 2‘5 3‘0 3‘5 4‘0 4'; 50 5‘5 60

26

Sekil 3. BJ (a), SA (b), PK (c) ve BC (d)’'na
ait XRD grafikleri
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3.2. TCLP ve SPLP Test Sonuclari

TCLP testinde ozellikle Cr, Ba, Ag, Pb ve
As elementlerinin konsantrasyonuna baglh
olarak atiklar degerlendirilmektedir. TCLP
test sonuglaria bakildiginda (Cizelge3), bu
elementlerin salinimmin US EPA sinir

SA’ndan As salimiminin yiiksek oldugu ve
kontrol edilmesi gerektigi goriilmektedir.
Benzer olarak, PK ve BC’nun Co, Cu ve
Zn gibi agir metaller bakimindan kirlilik
kaynag1 olabilecegi goriilmektedir. Testler
sonucunda pH degisimine bakildiginda ise
PK ve BJ’ nin ekstraksiyon sivist ile

degerlerinin altinda gergeklestigi muamelesi sirasinda baslangigtaki pH’n

bulunmustur (Sekil 3). Sonug¢ olarak bu diistigii, BC ve SA’nn pH’mm ise
atiklar ¢evresel acidan ‘“zararsiz” olarak yiikseldigi gozlenmistir.

smiflandirilabilir. Ancak, O6zellikle BJ ve

Cizelge 3. TCLP test sonuglari

TCLP pH | pH
(ppb) | Co | Ni Cu Ag | Fe | Ti | Cr Zn Ba Mn Pb As | ilk | son
BC 439,2151,3179749,2| 0,8(535,4| 4,5| 2,0| 32769,1| 65,6| 285,7|1075,2| 19,3|4,93|4,98
PK |2365,9(39,5/90091,8| 1,2(394,4(10,1| 3,2| 66344 19,1| 291,4| 32| 952(4,93|4,84
BJ 27,3176,3 23,8166,6 |409,3|22,6|14,1 284,0 8,911073,1 | 309,3|1695,3 (4,93 4,68
GA 14,6(48,7| 284,0| 4,6| 34,6| 9,3|11,9|136043,6|5224,3|6081,0| 425,4|2006,9 (4,93 |5,36
SPLP testlerinde kullanilan li¢ ortamu, maliyetlerinin  azaltilmast  bakimindan

karakteristik olarak asidik yagmur sularina
benzer ve bu nedenle atmosferik kosullarda
depolanan atiklarin yagmur sularinin etkisi
altindaki davraniginin kestirilmesine olanak
saglar. Cizelge 4’te Ozetlenen SPLP test
sonuglart  Sekil 4’te TS 266 smir
konsantrasyonlari ile karsilagtirmali olarak
sunulmustur. Buna gore atiklarin yiizey ve
yeralti sularimi kirletebilecegi ve
dolayistyla  kontrolli ~ bir  bigimde
depolanmalar1 gerektigi goriilmektedir.
Metaliirjik atiklarin tekrar kullanilmasi
ve geri kazanimi/doniisiimii, bu atiklarin
cevresel etkilerinin ve atik ydnetimi

Cizelge 4. SPLP test sonuglari

biiyiik 6neme sahiptir. Bununla ilgili olarak
Ozellikle son yillarda arastirmalar hizla
artmistir. Alp vd (2008, 2009a) tarafindan
yapilan caligmalarda, pirit kiillerinin ve
bakir cliruflarinin  ¢imento {iretiminde
demir kaynag1 olarak kullanilabilecegi
endiistriyel ~ Olgekli  testlerde  ortaya
konmustur. Benzer sekilde, borojips
atiklarinin ¢imento sanayinde kullanimina
yonelik yiiriitiilen arastirmalarda, bunlarin
algt tas1 yerine priz ayarlayici olarak
kullanilabilecegi bulunmustur (Alp v.d.,
2009b)

SPLP pH | pH
(ppb)| Co | Ni Cu |Ag| Fe Ti | Cr Zn Ba Mn Pb As ilk | son
BC | 456,7|46,3|17212,8|6,1| 65,1| 0,9 -129492,4| 44,8| 244,0| 45,1 61,8| 420| 4,85
PK |2700,4|37,3{90497,6|1,3|1361,7| 3,8 -| 7086,4| 13,7| 328,3| 9,0| 642| 420| 4,18
BJ 23,4172,0 9,6/0,7| 336,4|19,3| 9,9| 148,5| 15,1|1160,4| 0,0(1313.4| 4,20| 5,20
GA 1,8| 5,7 32,419,6(1418,3| 4,0| 58| 3628,6|1693,2| 760,7|653,2|3751,8| 4,20| 7,85
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4 SONUCLAR

Metaliirjik atiklar, cevher 6zelliklerine ve
metaliirjik islemlere bagh olarak degisen
oranlarda metaller igerir ve bu nedenle
genellikle potansiyel kirlilik  kaynagi
durumundadirlar. Bu ¢alismada, pirit kiilii
(PK), siyaniir li¢i atiklart (SA), borojips
(BJ) ve bakir ciirufu (BC) atiklari tizerine
TCLP ve SPLP testleri uygulanarak,
cevresel acidan degerlendirilmistir. TCLP
sonuglari, kontrol edilmesi 6ngoriilen
metaller bakiminda bu atiklarin “zararsiz”
olarak siniflandirilabilecegini gostermistir.
Ancak, SPLP test sonuclar1 da dikkate
alindiginda, atiklardan As basta olmak
tizere Cu, Zn, Pb gibi agir metallerin
salmiminin nispeten yiiksek oldugu ve bu
atiklarin =~ agir  metaller  bakimindan
potansiyel kirlilik kaynagi olabilecegi
gorillmistiir.
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