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ABSTRACT

ASSESSMENT OF OPEN PIT DEWATERING REQUIREMENTS AND RIAKE
FORMATI ON FOR KI KLADAJ-TBRREYD MI NE, Uk AK

l'nsal , Bur cu
Ph.D., Department of Geological Engineering
Supervisor: Prof . Dr . Hasan Yazéc

June 2013,45pages

The main purposes of this research are (1) to quantify the dewategngements for
Kekl adaj g oilTutkeynn order td ptbride lstable and dry conditions for mining
during the operational period, (2) to assess the pit lake formation ktlpsate period, and

(3) to assess the impacts of these effects on graatedwesources. Following the
development of the site conceptual model, a numerical groundwater flow model is set up and
calibrated under steady state conditions and sensitivity analyses are conducted. The
calibrated model is used as a tool for the deteation of groundwater flow rates into the

pit, applying two different simulation approaches: steady state and transient. The results
show that steady state simulated-ipftow rate was almost half of the maximum rates
calculated by the transient simulatg The average pibflow rates however are very close

to each other indicating the reliability of the model results. Following the cessation of
dewatering activities during the pedbsure period, a pit lake is expected to form. Pit lake
water balance alculations are conducted to predict the lake levels with time until the
equilibrium conditions are reached. The results show that pit lake levels stabilize at 816 m,
585 years after dewatering ceases. The results also show that 829 m is a critida¢lewel,
which pit will behave as a sink and for the higher levels, it will be a flowthrough system
which may adversely affect the quality of downstream groundwater resources.

Keywords: groundwater, dewatering, pit | ake,



¥z

KIkLADAJ ALTIN MADENK A¢CI K OCAK SUSUZLAKTI RI LMASE
OLUKUMUNUN DEJERL ENDKHAKRMKY KE

l'nsal , Bur cu
Doktor a, Jeol oj i M¢hendi sl ji BO1l ¢ mg¢
Tez Y°neticisi: Prof. Dr . Hasan Yazéc:¢

Haziran 2013, 45 sayfa

Bu araktérmanén t emel ama- | laT¢r k(ily)e )K éak-1eakd ad c aA | én
i Kl et me d° nemi boyunca, madenci |l ik a-éseéendan
sajl anabil mesi i -in ger ekl i ol an susuzl akt ér me
d°nedmei nocak g°l ¢ olukumunun dejerlendiril mesi v e
sisteminde yaratacajé etkilerin ortaya koyul mas
ol ukturul masénén ardéndan, sayeésal bém vyeraltés
kokull aré alténda kalibre edilerek, duyarl él ek
araceéelejeyl a, i ki farkl é& yaklakém uygul anar ak (|
gel ecek yeraltésuyu mi ktaré abemi kKlokmumil atrier .al $ @1
hesapl anan yeraltésuyu akém mi ktar éneéen, karar sé
yeraltésuyu akém miktarénén neredeyse yar éseéna
akem Kkokull ar é altéenda has hpl| aankaénm okrotkaul | al naar € mi a
hesapl anan akém mi ktaréna olduk-a yakén ol masé
koymakt adeéer . Kapama d°neminde ise, susuzl akteérm
a-ék ocakta ©bir ocak g>rclagk al°d ku mnmsuu bbektl-eensnie k o le wl &
sistem denge «kKartlaréna ulakéncaya kadar ge-en
dejikim belirlenmiktir. Sonu-Ilar, ocak g°l ¢négn s
585 yel sonra 816 um akxeaviaj @&fniéndge® sdemgneke edi r . B
yapélan sim¢glasyonl arén sonucunda, 829 ménin kri
al écé bir ortam olukturan ocak g°l ¢ngén, daha vyg¢
davranacaj é ae&éekdobhapgegeseghdaki yeraltésuyu Si s
etkileyebileceji ortaya konul muktur.

Anaht ar Kel i mel er : yeralteésuyu, susuzl akt &r ma, 0
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CHAPTER 1

INTRODUCTION

One of the most significant environmental issues of bulk mining is the impact on
groundwater resources. Bulk mining, by means of which low grade ore is extracted,
generally requires deep excavations that shall be completed under the static groundwater
levd. In order to provide safe and staktenditions for mining during the operational petiod

it is required to dewater the excavation area and attain relatively dry operating conditions.
Once dewatering ceases after the closure of such operations, greemamdisurface water
flows into the pit together with the rainfall, contribute to the formation of a pit lake.
Depending on the components of the pit lake water budget, it may take many years until an
equilibrium state is reached and water level of the liskstabilized. Determination of this
equilibrium conditions is very crucial in the sense they reflect the interactions of the pit lake
and surrounding groundwater system. Therefore, this permanent modification on the
groundwater system has to be investiggl in detail.

This study presents the dewatering scheme
operation phase, pit lake formation process in the -gdosture period and finally
characteristics of the ultimate pit lake.

1.1 Purpose and Scope

The purpose of this study is to;

1 Quantify the dewatering requirements bgdticting the discharge rates (groundwater
inflow to pit) during the operational period as the excavation advances to final
operational depth;

9 Assess the impact of dewatering opierag on the surrounding groundwater system,

9 Predict the future pit lake level after closure and filling period for long term daily
meteorological conditionand

9 Characterize the hydraulic relation between the ultimate pit lake and surrounding
groundwatesystem.

In order to meet the purposes given above, a numerical three dimensional groundwater
model is constructed and used as a tool to simulate the operational and tb®quust
groundwater system. The modeling process, simulating the operatiosal gihiée mine, is
completed within three stages. Initially a conceptual groundwater model is constructed with
the data provided by T} PRAG and the dat a
groundwater flow model is constructed in accordance with theceptual model and
calibrated to site conditions (with the observed groundwater levels). Finally, dewatering



simulations are completed using the calibrated madelapplying two different approaches:
steady state and transiefithe aim of these simuians is to quantify the groundwater
inflows to pit as a consequence of dewatering actions throughout the operational period and
to predict the potential impact on the groundwater resources in the close vicinity of the area.
As the mining operations wibe finalized in 2030, the dewatering program will be ceased.
Thus, a lake is expected to foimn K & k | a ddaring tlee pestiosupei periodAt this

point a spreadsheet model is integrated with the numerical groundwater flow model, which is
used to dtermine the groundwater inflow rates to the Rit.lake water balance calculations

are conducted to simulate the lake levels with time until the equilibrium conditions are
reached ando predict the steady pit lake level. The pit lake water balancalaatms are
completed for a 80§ear period with the spreadsheet model with the daily evaporation and
precipitation data set, preparby the repetition ofhe long term daily meteorological data.
Finally, the resulting steady pit lake level is imtnged to the numerical groundwater model

in order to predict the hydrologic status of the ultimate pit lake at its steady state conditions.

1.2 Location and Extent of the Study Area

Kekl adaj Gol d Mi -weatraliTerkey beteveen thedmajoentersnodemir,

lying 180 km to the west on the Aegean coast, and the capital city Ankara, 350 km to the
northeast. The Mine site is |l ocated 35 km
near the village of G ¢ myithik a frame covering a1 araadof e s
around 440 kin(Figure 1.1).

The mine site is | ocated on the water di vi

Basins. Open pit and present heap leach pad facility is located in the Gediz River basin and
the present waste rockoragear ea i s | ocat ed iwverbasimel oBhey ¢ k

planned expansion facilities (proposed leach pad and waste rock storage areas) are within the

Gediz River BasinThe elevations in the area range from approximately 1300 masl in the
hilly areas to 600 masl at the base of the valldyihvare draining these hills.
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Figure 1.1. Location of the study area




1.3 Mining Activities at Kékl adaj

Kekl adaj open pit gold mine has been operating

of heap leach pad, waste rock storage area, plaRt, crushing plant and ancillary buildings
Currentfenced areaf the mineis around 8.5 kfh The mine operation is a standard drill and

blast truck and shovel open pit operation. The mine operates 24 hours a day seven days a

week.

The ore is processl in a standard heap leach facility containing a three stage crushing plant,
conveyors, a stacker for placing the ore and also a carbon adsorption facility (ADR plant) for
recovering the gold. The carbon is treated on site in a refinery and the finatipiod gold

dor® bar. The heap | each pad is a permanent

compacted layer of low permeability clay soil, with a 2 mm thick HPDE/LLDPE synthetic
liner.

¢
-

ac

Kekl adaj Gol d Project r atecip PO0E (ENCON, 200Frand Posi t i v e
2005.

completed the construction of the mine in
180 million tons of ore for a period of 17 years. Then within time, with the exploration of
new resources and positive change in thed goining economy, a capacity increase is
planned to produce 600 million tons of ore (for the whole life of mine) by 2029. In addition
to ore, over 1 billion tons of waste rock will be moved to waste rock storage areas.

The excavation will end up with giant pit having almost 2000 m by 1600 m of crest
dimensions and more than 700 m total depth from the original topograpayultimate pit

will cover 268ha aredigure 1.2 shows the mine layout by the end of 2012, while final mine
layoutis givenin Figre 1L.3Kékl adaj open pit wild]l be one
its ultimate geometry with the current design. In order to give an insight on how big the
Kekl ada] o pisdimgnsioncanvhedomparbdetq that of the greatest rmade
excavation which is the Bingham Canyon MinBingham Canyon Minealso known as the
Kennecott Copper Minds an opefpit mining operation extracting a large porphyry copper
deposit southwat of Salt Lake City, UtahThe mine has been in production sin®64, and

has resulted in the creation of a pit 080 mdeep,4 km wide and covering 770 ha
(http://en.wikipedia.org/wiki/Bingham_Canyon_Mine

Figure 1.4 shows the cressctions passing through the open pit i#dvEand NS directions.

On these crossections present (by the end of 2012) and final (by the end of 2029) pit
layouts are shown, together with the present groundwater table. The edxtsvedtthe open

pit will continue under the static groundwater level after the pit bottom reaches the
groundwater level which is around 870 m elevation (by the end of 2013). Thus, further
operations in the pit will include a dewatering program until thee &frproduction in 2029.
After 2029 once the mining ceases, a pit lake is expected to form in the pit.
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Figure 1.2. Mine site layout by the end of 2012
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Figure 1.3. Planned mine site layout by the end of 2029
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1.4 Previous Studies

Many studies have been completed on the geology, hydrology, hydrogeology and water
resources for the Kéxkladaj Gold Mine. S o me
mine site while others covered the region. These studies are summarized below.

1.4.1 Previous Studies on Geology

i General Directorate of Mineral Research and Exploration have completed 1/50,000
and 1/ 25,000 scaled geol ogalc,al Exnag@,s Wloub

Banaz, G¢re and Sivasl e.
T T, PRAGG6s exploration group completed det
vicinity of the mine site. Ot her than T,



consultants) completed several studies, especially ostthetural geology of the
area. These studies are given below:
o A report on geological map and structur al
(Lewis Geoscience Services Inc., 2002)
0 Structural interpretation for 179/33 coded Landsat ETM+ satellite image
(Murphy Ceological Services, 2004)
Structur al Mapping of Keékladaj] Gold Mine
Geol ogy oSaexdkndmrjea (Hudson, 2009)
Kekl adaj Structur al Geology (Herod ve Hod
Geol ogy of North of Kékladaj (ARC, 2011)

O O O o

1.4.2 Previous Stdies on Hydrology

)l

Detailed hydrologic studies have been compl €
(2011) for the evaluation of the surface water potential. During this study, data on
surface water discharge rates have been evaluated to obtain thecoeffidfents.

1.4.3 Previous Studies on Hydrogeology

f

Initial regional hydrogeological study was completed by State Hydraulic Works

(DSI') for the water supply of the villages o
Then in 1960, DSI completed a hydre ol ogi c al study on Uxkak, Bart
Plains and completed 13 investigation wells. A report on this study was published in

1976 by Ko- et al

In 1979, DSI 1. District completed the repoi
on Water Resources ofkUa k 6  (187A2)s Latar,in 1985, in an extensive region,

covering Ban-Banazil vabllaheyd{ ark aatk a plbirs), 55U |b

District completed another hydrogeological investigation study. This study has been

publ i shed i n 129iBAs abojlow Bp studyi BSU corapietdd nine

investigation wells between 1987 and 1990.

After 1990, an additional drilling program was completed to the south and 6 more

investigation wells were completed. Then these studies have been compiled by

Kadéeopl 1993 and the report on HBamhz ogeol ogi ca

UlubeySi vasl & and Karahall é& Plains have been pu
Most recent study was completed in 2006 by V
Ti c. Lt d. kti. on theUkdaki nkndg i Wadeog eroelsoogui
l nvestigation onSuUgak°Cent ArabhoDreporttwas pr
Ulubey aquifer is the most i mportant aquifer

et al. (2008) completed a study for the characterization of BameansBasin and
development of groundwater management plan for the Ulubey aquifer system in an
area covering 3972 KmDuring this study, hydrogeological characterization of the
Ulubey and Asartepe Formations have been completed and a numerical groundwater
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model was utilized to develop and test groundwater management plans for the future
water supply for irrigation cooperatives and the districts for the next 20 year period.

T I'nitial hydrogeol ogi cal study in the vic
byYazéecegi l et al . (2000) for the water
mi ne. Foll owing Yazeéecégil et al . (2000) ,
studies for Kékladaj Gold Mine. These st

0 Surface and Groundwater Monitong Pl an f or Kékl adaj C
2002)
0 Groundwater Sampling and Analyses Report (SRK, 2003)
0 Water Supply Studieis Aquifer Test (SRK, 2003)
0 Groundwater Exploration Studies (SRK, 2005)
0o Conceptual Mo del Studies for Keéxkladaj
o Potental Impact of Waste Rock Dump on Groundwater Resources (SRK,
2007)
o Pit Lake Formation and Potential Impact on Groundwater Resources (SRK,
2007)

o Kékl adaj Open Pit Dewatering / Depres:
o0 Evaluation of Dewatering Performance with Vertiééells (SRK, 2013)

Among all, a recent study that compiled and analyzed all the previous data, as well as new

site characterization for the plannedp ansi on acti viti es, was com
(2013). Within the scope of this study averytdai | ed fAHydr ogeol ogi cal
Kékl adaj Gold Mine Siteo was accompl i shed.

Anot her recent study, which is in fact a con
(2013), was completed by Yazéctéigtille da nidA s|snessasl

of Dewatering of Open Pit, Pit Lake Formation and Potential Impacts on Groundwater at
Kekl adaj Gold Mineo, f ocused oestudyboaduateden pi
by Yazeéecéegil and | nsal (2013) formed the bas
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CHAPTER 2

LITERATURE SURVEY

2.1Literature Survey on Theory of the Pit Lake Formation

Pit lakes occur at the eraf open pit mining activities that are conducted below the pre
mining groundwater levels. In such situations, where dewatering is performed during the
mining activities; water table tends to recover to its original position, as soon as the
dewatering opet@ns ceases. Groundwater flow into the pit, together with the direct
precipitation and surface runoff contributes to the formation of a pit lake (Castendyk and
Eary, 2009). Hydrogeology determines how rapidly open pit mines fill with water after
closure,and also influences the final steady state water budget of the lake that is formed
(Gammons et al., 2009).

Time for a pit lake to reach steady state and hydrologic status of the pit lake and surrounding
groundwater regime at the steady state depend ony ptaysical processes controlling pit

lake hydrodynamics. These include the shape, orientation of the lake, and climatic conditions
at the site (Miller et al., 1996; Huber et al., 2008). Under natural filling conditions, large
open pit lakes can take a vegng time (decades to centuries) to fill with water. This is
particularly true in arid or serairid areas where precipitation and surface water inflow
components are minimal. The rate of groundwater input varies quite a bit from mine to mine,
and dependsn the site geology, topography, and climate. A rough estimate of groundwater
inflow can be obtained by noting the amount of water that was pumped during active mining
operations, at least during the early stages of flooding. However, this rate will csatige

pit fills with water, depending on the cressctional area of the flooded portion of the lake,
and hydraulic gradient, in the zone of groundwater capture surrounding the lake. As the pit
floods and the surface of the lake rises, the hydrauliagradill decrease. However, this
effect is offset by the fact that the value of crsastional area increases with time as the
volume of the lake increases. The net result of these offsetting factors is that the filling rate
of a pit lake may actually arease with time during the initial period of flooding, but will
eventually level off and then slowly decrease to zero as the lake surface approaches its final
equilibrium elevation. Once a pit lake has filled to its ultimate surface elevation, input and
output components of the lake water budget will be equalized and lake level is stabilized
except seasonal changes (Gammons et al., 2009).

There are two types of systems can form when the system reaches steady state: flowthrough

conditions and terminal coitibns. These final states of the system, and also the transitions
in between are defined by Niccoli (2009) as follows:

11



i.  Flowthrough conditions: surface and/or groundwater flows into and out of this type

of lake (Figure 2.1). This type of pit lakes is aoon in humid areas. They may also
form where the bottom of the pit is above the water table and is filled by surface
water. In such cases, outflows consist of vertical leakage and evaporation as shown
in Figure 2.2.

ii.  Terminal conditions: groundwater flowsrto the pit and outflow occurs only as
evaporation as shown on Figure 2.3. This type of pit lakes is common in arid areas.

iii. Moreover, with seasonal or long term climatic changes, the hydrologic status of a pit
lake may fluctuate between terminal and flowtigh.

Precipitaton
aporation

Direct
Precipitaton

Pit Wall
Runoff

Groundwater Flow

Figure 2.1. Flowthrough pit lake below the groundwater table (modified after Niccoli, 2009)

Precipitaton

Direct

Precipitaton ’
Pit Wall

Runoff

Leakage

Groundwater Flow

Figure 2.2. Flowthrough pit lake above the groundwater table (modified after Niccoli, 2009)
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Precipitaton

Direct

Pregijtaton Pit Wall Runoff

Groundwater Flow

Figure 2.3. Terminal pit lakémodified after Niccoli, 2009)

M¢el | er et al . (2010) states that pit | akes
environmental risks and, as such, raise significant environmental issues for the mining
industry. Increased social expectationcls as legislation and regulation and desired end

uses by local communities, are increasingly requiring higher standards of environmental
assessment and management for pit | akes (Mgl
the final characteristicsfa pit lake is very crucial in terms of environmental and social
concerns. For this purpose, for every pit lake a water budget has to be set up amddime
changes in each component of the lake water budget has to be determined until a steady state
equiibrium is reached. Moreover, the level at which the lake will stabilize at steady state
conditions is also very important. As stated by Braun (2002), depending on the magnitude of

net evaporation, the steady state pit lake elevation can be lower thaurtbending
groundwater aquifer, resulting in passive hydraulic containment. Under this scenario, the
lake acts as a solute sink and the only outflow is by evaporation. Alternatively, groundwater
outflow occurs, passive containment is lost, and the pi¢ kater can interact with
groundwater down gradient of the pit.

Hence, it is critical to have a good idea of how fast the pit lake will fill; if the pit lake is part
of the final plan for a closed mine states Naugle and Atkinson (1993). There are many
modeling approaches for the solution of this problem, with diffelévgls of complexity
(Gammons et al., 2009). Below is a summary of the models that could be applied for the
solution of such problems, togetheith thefundamentals of the modeling theory.
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2.2 Literature Survey on the Use of Groundwater Models
2.2.1 Description of the Model

Models are the tools that are used to comprehend the mechanisms of the real world systems
and to predict the responses of these systems under different pressures. In order to represent
a real world system using a model, progienplifications and assumptions should be made.

A groundwater model, in this sense, is any computational method that represents an
approximation of an underground water system (Anderson and Woessner 1992).

There are basically three types of groundwateders: physical, analog and mathematical
models. A physical model is the replication of the real world systems in a different scale, for
instance sand tank models are miniature aquifer systems demonstrating flow and transport
mechanismss shown in Figur@.4. An analog model is based on the similar characteristics
and processes of different systems, even if they are physically irrelevant; for example flow of
water can be associated with electrical current, where flow rate, hydraulic gradient, hydraulic
corductivity are represented by electrical current, potential difference and resistance,
respectively. A mathematical model differs from other models in its attempt to simulate the
actual behavior of a system through the solution of mathematical equatibmga(&cet al.,

1990). Two different approaches are used to solve the governing equations that represent
groundwater flow and transport processes in mathematical models.

e, "‘.“." ! 4 ~
(31 ¢ CLAY LavER p
T T —— ‘ s UNCONTINED AQULrER a :
iy
e il

Figure2.4. Sand tank modévww.envisionenviroed.ngt
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These equations can either be solved by analytical methods, which provide exact solutions to
equations that describe very simple conditions, or by numerical methods, which utilize
approximations of equations (finite differesceor finite elements) that describe very
complex conditions (Mandle, 2002). An analytical model makes simplifying assumptions to
enable solution, such that properties of the aquifer are considered to be constant in space and
time. On the contrary, a nuneal model uses space and/or time discretization so that
features of the governing equations and boundary conditions can be specified as varying over
space and time. This enables more complex, and potentially more realistic, representation of
a groundwatesystem than could be achieved with an analytical model (Barnett et al, 2012).

Both groundwater flow and transport mechanisms can be modeled numerically. Groundwater
flow models are capable of simulating the hydraulic head distribution and groundweter fl
rates within and across the boundaries, as well as providing estimates of water balance of the
systems under consideration. On the other hand, solute transport models, which are based on
the groundwater flow models are used to simulate the concentditisibution for the
substances dissolved in groundwater.

While groundwater models are, by definition, a simplification of a more complex reality,
they have proven to be useful tools over several decades for addressing a range of
groundwater problems dnsupporting the decisiemaking process (Barnett et al, 2012).
Mandle (2002) lists, widely used applications of groundwater flow and transport models, as
follows:

Evaluation of regional groundwater resources

Prediction of the effect of future groundwatéthdrawals on groundwater levels
Prediction of the possible fate and migration of contaminants for risk evaluation
Tracking the possible migration pathway of groundwater contamination

Evaluation of design of hydraulic containment and pwamgtreat systms

Design of groundwater monitoring networks

Wellhead protection area delineation

=4 =4 -4 8 —a —a -9

2.2.2 Use of Models in Mining Applications

Besides the above mentioned applications, groundwater models are widely and efficiently
utilized in the solution of groundwater related problems associated with mining industry.
Groundwater is a major issue that has to be taken into account during athgjes of
mining, form the operation to the closure phases. Rapantova, et. al (2007) groups
applications of the groundwater models for mining operations according to the development
stage of the mine, namely active or closed. For the active mines, grdendwaalels can be

used as tools in development of dewatering strategies and determination of discharge water
quality/quantity. At closed mines, numerical modeling can be used to predict the future
responses of the system under the pressures exerted diyatigees in both the groundwater
pow pattern and the natur al drainage base
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2007). For modeling at mine sites, among a variety of hydrologic and geochemical codes, the
most commonly used numerical groundwdtew code is MODFLOW (Harbaugh et al.,
2000), while the most widely used code for modeling water quality (including geochemical
speciation and reaction path) is PHREEQC (Parkhurst, 1995).

2.2.3Use of Models for Simulating Dewatering Operations and Pitake Formation

Models are widely used to quantify the dewatering requirements, to design dewatering
systems and to test the effectiveness of such systems. Moreover, many research have been
conducted so far in order to determine the pit lake filling @secand the steady state
characteristics of the final pit lake by means of models.

Several analytical and numerical methods are applied depending on the size-gpelcHite
conditions of the problem. For instance, if the pit lake is planned to bd filipidly by
diverted surface water or rapidly pumped groundwater; then the dominant component of the
lake budget is quantitatively very well known and the contribution of natural groundwater
inflow rate is negligible. In such cases, a simple spreadshed¢l could suffice. It is also
possible to estimate the initial rate of groundwater flow into an open pit using relatively
simple analytical equations. For more sophisticated modeling, especially foralogeg
predictions or in cases where the lake ipested to fill slowly, a & numerical
groundwater flow model will be needed to predict the rate of groundwater seepage into or
out of a pit lake (Gammons et al., 2009). As also stated by Marinelli and Niccoli (2000),
numerical modeling may be required advanced stages of mine planning, while simple
analytical equations for estimating pit inflow rates can be informative during the initial
stages of mine development. Fontaine et al. (2003) provides a brief but substantial summary
on the applicability of nonerical and analytical methods: Numerical modeling is commonly
used to estimate the time of recovery and groundwater inflows, which by necessity requires
extensive hydraulic data, time, and resources that are usually unavailable at the preliminary
stages bmine planning. As an alternative, analytical methods, which are easily applicable
and reliable, can be used as tools to provide preliminary estimates for mine feasibility studies
and to determine potential environmental impacts.

2.24 Types of ModelsUsed to Simulate Dewatering Operations and Pit Lake
Formation

Analytical Models:

Many analyticalmodels can be found in the literature for prediction of groundwater flow
into the mine excavations. These models often are developed based on somecikey spe
assumptions and boundary conditions that restrict their applicability in many mining
situations. Among those analytical models, most widely known model used to calculate
groundwater inflow rate to a mine pit, is that suggested by Marinelli and N{268I0). As
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this model is also based on several simplifying assumptions, the applicability of the solution
to a real mine site is directly related to the consistency of these assumptions with the actual
site conditions. However, Marinelli and Niccoli (Z)0states that the solution is capable of
representing the hydrogeological conditions that may be encountered at many mine sites.
Applicability of the solution is proven by a case study where this analytical model is applied
to an actual pit lake existirgt a noroperating gold mine in Nevada. The groundwater flow
rate into the pit that is calculated by the analytical method is compared to that calculated by a
detailed pit lake water balance considering all components (such as groundwater inflows,
piped irflows from other areas of the mine site, direct precipitation onto the pit lake, surface
water inflows, evaporation and changes in pit lake storage volume). Finally, it is stated that
both methods result in similar groundwater flow rates. Marinelli andcdlic(2000)
mentioned that this method assumes steady state flow conditions, which is reasonable for
moderate to high permeability materials and mine pits that are excavated over a period of
years.

Fontaine et al. (2003) also states that the solutionrnmemnded by Marinelli and Niccoli
(2000) cannot be used to estimate transient inflows during pit lake recovery, and/or require
that the final pit lake elevation be known a priori. In contrast, the Jagbiman equation
(Jacob and Lohman, 1952) can be useddtimate the time required to fill the pit lake and
estimate transient inflow rates without a priori knowledge of the final pit lake level. It is a
well-accepted, easigvaluated equation that provides reliable estimates of inflow into a
large diametevoid based on the head difference between static ground water levels and the
water level in the void space. It should be noted that the dagtwhan equation is based on

the assumption that the aquifer is homogeneous, isotropic, and laterally extemsive, t
transmissivity and storativity are constant, and that inflow enters the pit horizontally. These
are reasonable assumptions for many eméermines because vertical conductivity is
typically much lower than horizontal. Moreover, Hanna et al. (1994) dstraied that the
JacobLohman equation could be used for estimates of groundwater inflow for pit
dewatering, and modified the equation to account for partial penetration of the pit and for
possible effects of vertical flow (Fontaine et al., 2003).

A recent analytical model is the CRYPTIC (Comprehensive Realistic Yearly Pit Transient
Infilling Code) suggested by Fontaine et al. (2003). This model is based on the Jacob
Lohman equation; however, it is modified to include the pit geometry and effects of
precpitation and evaporation from the pit lake surface, as well as the input/output of external
flows. It assumes that the aquifer is homogeneous and isotropic with laterally extensive
horizontal flow but differs from other methods in that it includes trahgidows.

1 CRYPTIC was used to successfully model the Berkeley Pit Lake (Butte, Montana)
recovery data, which is one of the best documented pit lakesrgoostery) in the
worl d. Underground mining began in the
encoungred at depths of-622 m by the earliest shafts. In 1955, development of the
Berkeley Pit, was initiated. The water levels in the area were drawn down to about
600 m below the bottom of the Berkeley Pit, as underground mining was performed
in conjunctionwith open pit mining. The pumps were turned off in 1982 and a pit
lake was allowed to form. Recovery curve calculated by CRYPTIC model is
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compared with the lake stages measured during the 15 years period between 1982
and 1997; and it is observed an exatliggreement is attained with 0.3% of error.

1 Moreover, the predictions made by CRYPTIC are also compared favorably with
results from the Pipeline Pit (nortentral Nevada) numerical model. Numerical
model developed for Pipeline pit is selected becausisafjood calibration and
excellent posmodel agreement with measured dewatering rates over a 53 month
period between April 1996 and August 2000. The mine plan requires dewatering to
continue for another nine years, at which point the pumps will be tofhedd a pit
lake will be allowed to form. It is a useful case study because the model structure has
undergone numerous reviews and is well validated with over four years of data and
also, it is well documented that 97% of the flow to the pit duringh@liinflows
horizontally compared to only 3% vertically (Geome899), hence meeting the
lateral flow condition of the analytical solution. The numerical model also includes a
number of faults that act as partial barriers to flow; these were simulated using the
horizontaiflow barrier (HFB) package for MODFLOW. Pit Ka filling was
simulated using the LAK2 package (CoundiP97) and MODFLOWSURFACT
(HydroGeologic 1999). CRYPTIC is observed to be in excellent agreement with the
numerical model in estimating the correct pit level and transient inflow rates
(Fontaine eal., 2003).

However, as stated by Fontaine et al. (2003), while this analytical approach provides useful
hydraulic insights at the feasibility stage of mine planning, more detailed analysis is required
to determine critical mine permitting requirementsr Example, the lateral extent of the
drawdown cone, time to maximum extent of dewatering, and temporal effects on springs and
seeps require deployment of a full numerical code and substantially more data (Fontaine et
al., 2003).

Numerical Models:

Barand OO0Donnel |l (1983), <criticize the applicatio
dewatering systems, stating that these analytical models are based on restrictive assumptions

which may result in oversimplification of the groundwater flow systetmawation geometry

and construction sequence and necessitate the use of large safety factors, resulting in
overdesigned dewatering systems. Numerical models, on the other hand, are not restricted by

many of the assumptions required by analytical modeld,therefore, can provide more

accurate solutions to problems involving complex geologic and hydrologic conditions. As

stated by Bair and O6Donnel |l (1983), numer i cal
hydrogeological problems involving complex boundarynditons, heterogeneous and

anisotropic aquifers, irregularly shaped aquifers, steady state and transient flow conditions,

leakage from confining beds, non uniform recharge and evapotranspiration, variable

pumping rates, partially penetrating wells, imétion, confineeunconfined transitions and
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other hydrologic phenomena. Therefore, numerical models can be used to aid in the design
of dewatering and depressurization systems

There are several numerical models that have sefidy been used to simulate open pit
dewatering and pit lake formation processes, depending thspsitdfic nature of each
problem. As it is mentioned above, MODFLOW (Harbaugh et al., 2000) is the most
commonly used numerical groundwater flow code usesimulate mine sites. MODFLOW
requires a large amount of sipecific information including climate, topography, sources

of groundwater recharge and discharge, and information on the hydrogeologic properties of
geologic units in the suburface, inclughg both the vadose zone and zone of saturation.
Below is a short list of the widely used versions used in mining applications, together with
the included package and/or coupled model.

Application of MODFLOW96 Model for Simulating Canisteo Mine Pit:

Jones (2002) reports a study conducted by the U.S. Geological Survey, in cooperation with
the Minnesota Department of Natural Resources, to characterize groundwater flow
conditions between the Canisteo Mine Pit and surrounding aquifers in Minnesota. Since
mine abandonment in 1985, water level in the pit has been continuously rising. The lake
level reached to 397 m elevation, while the lowest pit wall altitude is 404 m. Therefore,
concern exists that as the lake level continues to rise, mine water mayadlyesischarge

from the pit over land surface, resulting in undesirable downgradient erosion and localized
flooding. Hence, the objective of the study was to estimate the amount of-stataly
groundwater flow between the mine and surrounding aquiférgitawaterlevel altitudes

below the level at which surfaseater discharge from the pit may occur. Groundwater flow
rates into and out of the pit were estimated using a calibrated steady state groundwater flow
model developed using MODFLOMW6 code (Harbhagh and McDonald, 1996). A series of
steady state simulations at constant pit lake level altitudes between 396 and 404 m was
completed to assess the effect of current and potential future pit lake levels on groundwater
inflow and outflow from the pit. Itd noted that when the pit lake level is at 396 m, the model
calculated the groundwater inflow to the pit as 39.6 L/s, while groundwater discharge to
local aquifers as 1.7 L/s. On the other hand, when the pit lake level rises to 404 m,
groundwater inflow tothe pit decreases to 28.3 L/s and groundwater discharge to local
aquifers increases to 25.8 L/s. This study is important in the sense that it presents the
changing behavior of the pit lake from terminal (where the groundwater outflow is almost
negligible)to flowthrough while the lake level rises by 8 m. Although, the change in the lake
level does not seem too much (8 m), changing behavior of the pit lake is very critical in
terms of environmental concerns as it has potential to affect the downgradiemdgaber
system.

19



Application of MODFLOW Model and Manual Pit Lake Water Budget Calculations for
Simulating Sleeper Mine:

An important example of numerical modeling applications in mine dewatering and pit lake
formation is documented by Dowling et al. (2004), which is applied at the Sleeper open pit
gold mine in Nevada, USA that was operated from-t880s to the mid990s. Mning
operations were mostly conducted below groundwater level. The final open pit was
approximately 1675 m in length, 760 m in width, and had a maximum depth of about 177 m
below the original ground surface. Groundwater was original®45n below thesurface

and at the end of the dewatering activities; it was lowered by about 180m. Major dewatering
operations commenced in 1986 and peaked at a flow rate of approximately 930 L/s in 1993.
At the time, this represented one of the largest mine dewateriaatmms worldwide.
Predictive assessments of water level recovery in the pit and dewatered groundwater system
were made using the MODFLOW code and manual water budget estimations. Evaluations
were made of natural recovery and alternative rapid fillinghates. Because of the
environmental concerns, rapid filling option is applied during the-glostire period and it

is observed that actual filling time closely matched the predictions made by coupling
numerical groundwater flow model and manual pit lakder budget calculations (Dowling

et al., 2004).

Application of MODGLUE and MODFLOW Models for Simulating Collie Basin:

In a recent study, by M¢ll er et al . (2010)
that have formed within the Collie Basin, which is a small sedimentary basin in the south
west of Western Australia. There are an estimated 1,330 Mt of coalkcesa the basin of

which extractable reserves account for 480 Mt (Varma, 2002). Underground and open cut
coal mining has taken place in the Collie basin since 1898. There are more than 15 mine
lakes in Collie, with surface area betweé&i @ ha, depth beteen 1070 m and age between

1i50 years. The numerical modeling software used in this project aims to reflect the
physical, chemical, and biological processes of these pit lakes. In order to model this pit lake
system, modeling knowledge from differentestific domains such as groundwater, lake
circulation, hydrochemistry, and limnology needs to be combined. The pit lake system is
simulated by MODGLUE (MODel for Prediction of Groundwater and Erosion influenced

Lake Water Quality Using Existing Models) neod (Mgl 1 er, 2004) , wh i

coupling three models;

T PCGEOFI M (Sames et al . 2005, M¢l 1 er et
flow and transport model that is specifically designed for mining andmiosbg
areas. It allows the subsurfagarameters to be specified as tidependent,
allowing for modeling the excavation of mine pits, filling with overburden and
creation of lakes all in one model run. While working with a regular grid, multiple
nested grid refinements that may overlap canubed to get higher resolution in
areas of special interest. Groundwater recharge may be specified as constant in time
or depending on groundwater level below surface. This model provides a simple but
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very useful mechanism to account for the interactidietween lakes and
groundwater. The lake is represented as a water-Vel@e relationship. Inflows
and outflows (such as groundwater and rivers) are budgeted. Precipitation and
evaporation yield a new lake water volume and hence a new water level.afais w
l evel is used as head for Cauchy boundar
(Blankenburg et al., 2012).

1 CE-QUAL-W2 (Cole and Buchak, 1995) is afinite difference lake circulation
water quality and hydrodynamic model.

1 PHREEQC (Parkhurst1995) is the most commonly used geochemical speciation
and reaction path code (Maest et al., 2005), designed to perform a wide variety of
agueous geochemical calculations.

MODGLUE has been successfully applied to several lakes in Germany for prediction o
water quality and evaluation of effects of lake treatments. It can work without feedback to a
groundwater model taking only specified inflows and outflows as input data. Therefore,
MODGLUE can work with results input from other groundwater models ukiisgoff-line
approach. Furthermore, the online coupling with PCGEOFIM is designed as a loose
coupling: only spatially distributed inflow and outflow fluxes are exchanged at every time
step. These fluxes can be provided by a different groundwater modél@EE@BOFIM.

In this application, groundwater inflow rates are calculated by the MODFLOW models,
where the lakes were modeled as constant head boundary conditions by specifying the lake
stage. Furthermore, the development of lake water levels could beutmmpvith
MODGLUE and used for the groundwater model as input for the boundary conditions
representing the lakes in MODFLOW model. In turn, the resulting groundwater inflows
could be used by the lake models as data inputs. This feedback loop would alloaréo
accurate groundwater inflow calculations.

Anot her model |, i s t he The Pit Lake Mo d el (
established models were engaged, coupled, and extended, rather than developing a totally
new model. It is based on the @ling of the three codes mentioned above(QEAL-W2,

PHREEQC and PCGEOFIM) and also MODMST (Boy et al. 2001), which is a groundwater

pow and transpodti medepotwor THenef bye, it car
groundwater model instead ofCBEOFIM when density effects are of importance. This
pbexi bl e model atslpews yad aapteiden (tMg, | 4 ietre and Eul

Application of MODFLOW SURFACT Model and LAK2 Package for Simulating Rosemont
Pit:

Rosemont Copper Company (Rosemontplanning the development of an open pit mine
southeast of Tucson, Arizona. Operations will occur for approximately 22 years, during
which the open pit will be incrementally expanded and dewatered.
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Three numerical models were developed to simulate thereliit stages of the project: pre
mining, miningphase, and posfosure. The prenining model was calibrated based on
existing wateilevel measurements and stream flows under steady state conditions and it
formed the basis for the subsequent transiemt fiocodels. Results of the calibrated pre
mining model were subsequently used as the start of the transient piidiag model
simulating the stevise deepening of the open pit during they22r operational period.
Dewatering of the open pit was simulateidh drain cells, which removed water from the
model when water levels reached a specified elevation below the bottom of the pit.
Conditions simulated at the end of the minplgase model were used as the input to the
postclosure model, in which the LAKpackage (Council, 1999) is used to simulate the
refilling of the pit following the end of dewatering. All three models used the {inite
difference model code MODFLOVSURFACT (HydroGeologic 1999).

MODFLOW SURFACT is a finite difference code applicable imendewatering projects.

As stated by Ugorets (2012), this code goes beyond the standard MODFLOW code to
simulate saturated/unsaturated conditions (multiple water tables), open pit excavation (using
seepage face cells and collapsing model grid), and demgteells using the fractured well
package. This model is widely used (1) to evaluate the most efficient dewatering option and
to reduce residual passive inflow to the mine where active dewatering is required, (2) to
define the optimal pumping rates andlivepacings for the dewatering system (3) to reduce
both pumping costs and hydrogeological risks to the project, optimising the mine plan, where
hydrogeological conditions are complex (Ugorets, 2012).

Following is a brief summary of the planned mininggass and simulation results obtained
from the consecutive three stages of numerical modeling work: Dewatering of the proposed
open pit will result in groundwater levels being lowered to approximately 920 m elevation,
which is about 670 m below the pm@ining water level. The projected bottom of the pit is at
930 m elevation. Following the cessation of dewatering, the pit will naturally refill with
water. The postlosure numerical groundwater flow model predicts the refilling process will
take 700 to 1000ears to reach an equilibrium or steadgte condition. At this point, the
equilibrium lake stage is predicted to be around 1300 m elevation. Due to the high
evaporation rate in the area, the pit lake is predicted to be a hydraulic sink. A capture zone
will exist around the pit, perpetually drawing groundwater into the pit otakst
Flowthrough conditions, or a ndaarminal pitlake, would exist should the lake stage reach

an elevation of 1430 m elevation. Sensitivity analyses were run on various roedatiss

and model input parameters, such as changes in the evaporation rate and in groundwater
recharge contributions from meteoric precipitation. None of the sensitivity model runs,
however, caused the lake stage to reach the elevation of this groundiwializ
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Application of MODFLOWSURFACT Model and LAK3 Package for Simulating an
Ephemeral Pit Lake:

Gabora et al. (2006) integrated LAK3 packa@derritt and Konikow, 2000) into
MODFLOW-SURFACT in order to solve an ephemeral pit lake problem associated with a
proposed hard rock quarry in northern California. As a result of the climate and low
permeability of the bedrock in the vicinity of the quarry, an ephemeral pit lakexysected

to form upon cessation of mining activities. Utilization of MODFLEBMRFACT permitted

free movement of the steeply dipping water table in unconfined layers adjacent to the
dewatered quarry. While, the LAK3 package was required because it dtiowfficient

drying and rewetting of lake cells. The rewetting procedure in the LAK3 package uses the
average hydraulic head in the cells underlying the lake cells, which, due to steep hydraulic
gradients associated with the pit, created unrealisticirgjalteads during rewetting. A
modified rewetting procedure was implemented in the LAK3 package to accurately simulate
shallow ephemeral ponding in the reclaimed quarry whereby the lake stage was set to the
quarry bottom plus a nominal head of 1.5 cm (Galtral., 2006).

Lake (LAK3) Package documented by Merritt and Konikow (2000) is widely used to
simulate lakegroundwater interactions. Hunt (2003) states that this package is a very
effective replacement of the previous approach of simulating lake hes sjpecified head
boundary, or by general head boundary; or even askigtnderson et al., 2002) nodes for

the simulation of lakgroundwater interactions. Each of these approaches has some
weaknesses such that the first two requires that lake levels knmown a priori, while the

latter one may introduce some convergence difficulties. With the Lake package, the stage in
the lake is computed by MODFLOW based on the water budget. The water budget is a
function of inflow/outflow resulting from head diffences between the aquifer and the lake.
The flow budget also includes the effect recharge, evaporation, and anthropogenic inflow
and discharge. The storage capacity of the lake is determined automatically based on the lake
geometry. The Lake Package canused for either steady state or transient simulations.
Moreover, as it is mentioned by Hunt (2003), LAK3 package is superior to other lake
simulation techniques. lIts ability to simulate lake stage is an improvement over lake
simulations using constant tisaor head dependent flux boundaries because changes in lake
stage can have appreciable effects on the groundwater system. Although $iighlations

and LAKS3 results reported to compare well both at steady state and transient stages, it is
known that LAK3 simulations are more stable and require less computational time.

However, like all the other models Lake Package is also based on many assumptions and
limitations documented by Merritt and Konikow (2000), several of which are listed below:

1 In some cass, a finer horizontal discretization in the vicinity of the lake and a finer
vertical discretization than would be necessary to simulate heads in the aquifer, may
be required to define the lake volume.

1 When the option of rewetting dry cells is not impleriesl, the model user must use
the lakebed leakance specification to represent the combined leakance of the lakebed
and the aquifer in the vertical direction.
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1 Lakeaquifer simulations may experience stability problems if inappropriate
parameter values arpexified in the input data for the setup of the-aist option.

1 If the head in the aquifer drops below the bottom of a lake still containing water, the
seepage rate from the lake is limited to that which would occur if the aquifer head
were the same as tlk&vation of the bottom of the lake.

1 In using the explicit method of updating lake stages, the time step length should be
small enough that lake stages from the previous time step provide good estimates of
lakebed seepage in the current time step. Whdimguthe explicit method of
updating lake stages, there will be a limitation on time step size that must be
observed to prevent timeise oscillations in lake stage. Therefore, compared to the
explicit method of updating lake stage, the senplicit and wully-implicit methods
require more iterations, more run time, and tighter convergence criteria to minimize
the percent discrepancy in the aquifer water budget. However, it should be noted that
only explicit method of updating lake stage can be used wieehake Package is
used as part of a MODFLOW steastate simulation.

1 The method used for computing lake stages as part of a MODFLOW steady state
solution can fail if the initial estimate is substantially different from the solution
value, so the user shauthoose an initial value that is as close as possible to the
anticipated solution value.

1 When the Lake Package is used as part of a MODFLOW steady state solution, the
option for simulating coalescing and dividing lakes will not work, and its use should
not be attempted.

1 The Lake Package is not suitable for simulating tilted aquifer systems having a tilted
grid because the package assumes that lake stage is uniform across the entire surface
area of the lake.

Application of MODFLOW and MINEDW Codes for Sintating an Open Pit in western US:

Ding and Hodge, (2013) simulated the groundwater flow into an open pit mine in the
western United States using a finrd#ference code, MODFLOW and a finisdement code,
MINEDW. MINEDW is a 3D Finite Element groundwet flow model designed specifically

for mining applications, developed from FEMFLOW 3D by USGS (Durbin and Bond). Itis
used at more than 50 mines throughout the world for miréteded issues in diverse
hydrogeological and climatic conditions. It is abfe of simulating open pit and
underground mining operations for dewatering design and input to slope stability analysis. It
is also capable of simulating excavation and subsequent pit lake infilling to represent
different mining schedules, as well as thieraction between groundwater and surface water
(Ding and Hodge, 2013).

Ding and Hodge (2013) compared the relative time and facility of using the above mentioned
two codes to simulate mine dewatering aneake formation. Groundwater flow modelsear

developed to simulate mining and pit lake formations, pumping to dewater a pit lake, and
current and future dewatering requirements to maintain ‘dry’ working conditions. To simulate
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these mining sequences, four separate model simulations were neededusitgn
MODFLOW and only two model simulations were needed when using MINEDW.
Moreover, they encountered convergence issues using MODFLOW due to the gradients that
resulted from complex geologic conditions and using the LAK3 package. However, it is
noted tkat the MINEDW model generally had no convergence issue. Thus, using MINEDW
can save considerable time on a modeling project. Additionally, MINEDW is able to
represent pit geometry using a collapsing mesh, while MODFLOW is limited by
discretization and theise of the LAK3 package. This study shows the ability of both
groundwater models to simulate open pit mining and pit lake infilling. The comparison
suggests, however, that MINEDW has the advantage of simulating complex geology and
groundwater systems witbibconvergence problems and can simulate mine sequences with
one single model.

Up to now, several examples where MODFLOW code is used to simulate the dewatering and
pit lake formation processes in mining applications. Apart from MODFLOW, another code,
of which applicability has recently beexpandedj s FEFL OW. Rapia,nt ov §
describes the applicability of FEFLOW and advantages over MODFLOW code in the
simulation of mining operations as follows: tREFLOW (Diersch, 2006), overcomes the
problems in conceptualization and modeling of the mining environment with its ability t
describe and quantify the hydraulic properties of preferential pathways (by simulating double
porosity flow as well as preferential flow along mine workings). Moreover, the flexibility of
finite elements mesh design enables the geometrization of theitdepoan acceptable level

of simplification. In addition to ® elements it is possible to work with combination of
planar and linear elements applicable for simulation of fractures and vertical and horizontal
mine workings. Within these elements thesaichoice of hydraulic calculations after either
Darcy law for porous media or Hag@wiseuille law for fracture flow or Mannirgtrickler

law for channel flow.

Above, a list of the widely used models (both analytical and numerical, and sometimes
couplal) is presented. It is obvious that there are many modeling applications to simulate
open pit dewatering and pit lake formation processes, depending Hspesiféic nature of

each problem. Examining the applications listed above, it is possible to dertblat the
site-specific nature of each problem, reveals the advantages of a model over the others.
Consequently, a model that is advantageous for any problem cannot be applicable to another.
Therefore, when selecting the model to be applied and the dudtlgy to be followed for

any groundwater related problem during the operational andclusstre phases of the
mines, it should be noted that each problem issgigific and there is no single and correct

way to set up a solution.

Wels et al. (2012) tates that the selected model should meet the modeling objectives,
include relevant aspects of the conceptual model, and should be consistent with data
available for model calibration. Furthermore, selection of the code that will solve the flow
equations W depend, for example, on the level of assessment required (simple or complex;
analytical or numerical), dimensionality-[2 plan, 2D crosssection, axisymmetric or-B)
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and the required outputs (Wels et al., 2012). If the groundwater inflow to arpbpeito be
modeled specifically, it is noted that excavation of the pit and associated dewatering tend to
create a significant drawdown in the surrounding aquifer somewhat analogous to a pumping
well. In most mining projects, open pits reach significdepths and a representation of the
vertical flow field is important. If the pit geometry is regular and the surrounding
groundwater flow field is relatively uniform, a cressctional model may be adequate to
simulate flow to the pit. However, in a morengolex setting, a fully  representation of

the open pit and the surrounding aquifer may be required (Wels et al., 2012).

Maest et al. (2005) approaches the above discussed issues by stating that individual codes
have slight advantages and disadvantagegending on the application, but the experience

of the modeler, the choice of input parameters and data and the interpretation of the
modeling output are more important than the choice of the code itself. Moreover, it should
also be noted that all theseodels can be coupled depending on the needs and the site
specific nature of the problem. Moreover, several models may also be used tocheass

the solutions.
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CHAPTER 3

DESCRIPTION OF THE STUDY AREA

3.1 Topography

The study areaspecifically the mine sitds located on the water divide between the Gediz

and B¢gy¢k Menderes River Basins (Figure 3.1
heap leach pad area lies within the Gediz River Basin and waststooalearea lies within

the B¢yéek Menderes River Basin. Al of t he
pad and waste roctorageareas) are within Gediz River Basin.

Since the mine site is located on the water divide, only ephemeral creeks are present in the
area. The surface water features that are draining the mine site to the north are discharging to
the branches of the Gediz River, while southerly ones dischatghte br anches of t
Menderes River.

The elevations in theavhole studyarea range from approximately 1300 masl in the
mountainous areas to 600 masl at the base of the valleys which are draining these mountains.

The terrain in the vicinity of the me site is rolling hills from approximately 950 in the

|l each pad area to 1300 m to the top of the K

Digital Elevation Model (DEM) of the project site is initially produced from the digitized 10
m interval contours from 811/25000 scaled maps. For the mine site and very close vicinity,
this DEM is refined with the 1 m interval contours obtained from a more detailed
topographical mapping study. Resulting DEM with a grid size of 10m is presented in Figure
3.1.

3.2 Morphology

The morphology of the region is characterized by {teneplainssituated on the
metamorphic basement rocks the westand flat to nearly flat plateaus originated by
Neogeneaged sedimentary rocks on the e8sgtween these features of the west and the east

sides of the area, there are a number of young volcanic cones forming typicalilkdome
morphological features. On the other hand, the physiographic features rofnibhesite are

mainly characterized by thpresence of two volcanic cones on the -SW direction

measuring 10 km in length by 9 kminwidthBe y d aj € oann ds okmehehhesesty t

The Kékl adaj gold deposit is assoamet gdKekt h
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As it is mentimed above, topography of the study area is formed by the valleys having base

elevations down to 600 masl, mountains having top elevations upto 1300 masl and gentle
slopes in between. This topography is formed by the erosion of the plateau of metamorphic
basement rocks overlain by laterally intercalating lacustrine limestones and volcanic rocks.

Topographical highs are generally represented by the volcanic rock formations.
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Figure 3.1. Digital Elevation Model of the study area
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3.3 Geology
3.3.1Regional Geology

Regi onal geol ogy of the study area has beer
following description of the regional geology is a brief summary from this study.
1 The oldest rocks forming the basement in the study area are thtise pérme
triassic aged Menderes Metamorphic Complex, consisting of granitic gneisses and

aplites of the G¢gneyk©yyg Formati on over
gnei sses and augen gneisses of t he EkKme
marblefYazéeceéegil) et al ., 2008

T Thebasement rocks are over |l ai ncompyisedoie Ter t
a series of congl omer at es, sandstones, C
Group consists of t hree formations, name
Formations.

T The Hacébey Group is overl ain Iblggedbfhe Kna
sedi mentary rocks known as the Ahmet!| er F
Ulubey Formation, a widely distributed sequence of lacustrine limestones.

1 Asartepe Formationof Plioceneage,unconformably overlies he Knay Gr oup.
consists of conglomerates, sandstones and siltstones of various compositions with
minor lenses of marl and claystooecurring in some locations.

1 The alluvium consisting of gravels, sands, silts, and clays deposited along river
courses, alluvial fan deposits, and colluvium represent unconsolidated Quaternary
sediments on a regional scale.

Figure 3.2 represents the generalized columnar semtidrFigure 3.3 shows thlgeological
mapof the study area
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After this brief description of regional geology, the units observed in the study are, which

can be seen in the generalized columnar section (Figure 3.2), are given below in detail:

T Exk me F o r Quicrtops ofrthis formation is observed in the vicinity of Takmak,
Ekme and Kayal é. Schists and gneisses of E K
For mati on

basement (Yazéecéegil et al ., 2008) .
that schists cover the gse core.

1 Ahmetler Formation: Within the study area, Ahmetler Formation is observed
unconformably above the basement rocks. In general, it forms a fining upward

sequence made up of conglomerates, sandstone, tuffite, claystone and

mar

( Yazéc é gobg). Thestformation is madle up of the following three members

(Ercan et al., 1978):

0 Merdivenlikuyu Member:This unit is made up of the angular blocks

forming an old alluvial fan of wdlistinct layers, originating from the

metamorphic basement rocks. Ooms of this unit having thicknesses of

about 60 m, have very limited extension within the study area.

o0 Bal - €kl éd eThie unitj evaellyimg the Merdivenlikuyu Member

conformably, is made up of alternating fluvial conglomerate, sandstone
tuffite, claysbnes, marl and limestones. Tuffites of the units are originated
ve outcro
southwest of the Inay village, while smaller outcrops are also observed north

from Beydajé Volcanics. Extensi

and northwest of the mine site, especiallpngl the valley bottoms.

Thickness of the unit is less than 200 m, with almost horizontal layers of

fining upward sequence.

0 Gedikler MemberThis unit is made up of siltstone, claystone and tuffite

alternations, whi ch c¢ on fMemberavoltagic
sedi ments of the wunit are origin

unit is the same as Beydajaoun¥adimc
Outcrops are observed in the vicinity of Ahmetler and Gedikler villages.

overlies

ated from
the volcanic bombs and blocks of the same origin indicate that the age of the

anics.

1 Beydaj & VIbi$ andesitic coganics of Miocene age are known to provide
sediment input for the lower layers of Ahmetler and Ulubey Formations. This
formation is made up of lavilow, agglomerates and tuffites. Extensive outcrops are

observed at the study area.

1 Ulubey Formation: This formation, overlying Ahmetler Formation conformably, is
made up of intercalating siltstone, claystone, marl and clayey limestones at the
bottom and dcustrne limestones at the top. Thin layers of sandstone and

conglomerates are also observed within the limestone. Limestones of middle to
layers, having irregular cracks and kardgaaturesare locally silicified. Age of the

thick

formation is determined advliocene Deposits of this formation have extensive
outcrops especially east of the studgaamwithin the Banaz Stream Basin, in the

vicinity of Uk a k, Ulubey and Knay.

| t i s al

study area. Typical outcrops of the unit can be observed along the canyon formed by
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Yavu Creek, east of the study area, where noptis outcrops of alternating
limestone and clayey limestone and/or marl can be observed.

1 Asartepe Formation: This formation, overlying the older units unconformably,
consists of alternating weakly cemented conglomerates, sandstones and siltstones
with local lenses of marl and claystone. Conglomerates are generally of
metamorphic origin, grains are wetlunded to suangular and matrix is made up
of sand, silt and clay sized grains. Middteck layers are gently dipping to
horizontal. Thickness of thefimation is about 200 m. Asartepe Formation is formed
in a fluvial environment irPliocene The most extensive outcrops of this unit are
observed in the vicinity of Ekme and al sc

1 Quaternary Units: alluvial fan deposits, colluviums and alluvium are the
Quaternary units of the study area. They are observed along the river beds and made
up of conglomerate, sand and silt sized sediments.

3.3.2 Site Geology

The volcanic stratigraphin the mine site is very complex partially as a result of several
successive phases of volcanic activity forming overlapping stratovolcanoes. Locally, the
mine site occurs within intrusive, extrusive, and volcanoclastic rocks of an eroded
stratovdcano, which is emplaced within and overlies the schists and gneisses of the
Menderes Metamorphic Complex. Therefore, main rock units in the vicinity of the mine site
can be |isted as extrusives and intriecssi ves
formed by the erosion of these, together with the underlying metamorphic units forming the
basement. Intrusives of Miocene age are emplaced within the Paleozoic basement rocks
made up of schists and gneisses. Although overlain by a thick sequendeanfiocvoocks,

these basement rocks can be observed at the surface as a result of erosion. Extrusive and
intrusive rocks of Beydajé Volcanics have b
close vicinity. Most of the volcanic sequence consists ofseocfiagmental rocks, flows, and
porphyritic intrusions, representing lithofacies proximal to the volcanic center. Further away
from the mine site, these rocks partially interfinger with and grade into clastic sedimentary
rocks of the Ahmetler Formation @facustmelimestones of the Ulubey Formation.

Volcanic units at the mine site (Figure 3.4) are classified into six primary units by Lewis
Geoscience Inc. (2002), as follows:
i.  monolithologic volcanic breccias (PBb);

i.  massive flowbanded latite flows (PBf);

iii. stratified tuffaceous and epiclastic rocks (PBvc);

iv.  quartzphyric latite flows (PBQ);

v.  monolithologic volcanic conglomerate (PBcg); and

vi.  porphyritic hypabyssal intrusions (PBi), which are locally further dividedl intee

subunits (PBil, PBi2 and PBi3)

A crosssection in NS direction passing through the ore within the open pit area is given in
Figure 3.5.
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Geology of the mine site and close vicinity is studied in 2008 in 1:5000 @datson,

2009). Later on concurrent with the planned capacity increase, this mapping study is

extended to the north of the mine site (ARC, 2011). The detailed geological map of the mine

site and its close vicinity, comprising these two studies, are giveligure 3.6. The

combined boundary of these two studies covers almost all planned expansion areas (Figure

3.6). Geological crossections are also provided along the lines shown on the map given in

Figure 3.6. Among these, cressctions passing throudgihe lines AA 6 6-B 6 8& 6 ,-0CAD

and EE 6 , prepared by Hudson (2009) are given in F|
thelinesHF6 aGd, Gprepared by ARC (2011) are given in

These two studies, providing more precise boundarieeeofjéological units compared to
the regional geological map, is very beneficial for hydrogeological site characterization.
However, on the other hand, both of these studies include description of the units in too
much detail, which is not required for tperpose of hydrogeological characterization and
for the scope of this study. Therefore, within the content of this study, in order to make
hydrogeological classification, detailed units determined with the two above mentioned
studies are classified so th#tey are consistent with those provided in the regional
geological map as follows:

T Quaternary units

1 Asartepe Formation

1 Ulubey Formation

T Beydaj e §udaHercgeompedcirdo three units, as intrusives, lava flow, finally

tuffs and agglomerates)
1 E Kk nfrermation

Resulting geological map showing these major groups are presented in Figure 3.9.
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Figure 3.8. Geologicalcrossect i ons FF6 and GG6 ( ARC, .
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3.3.3 Structural Geology

With the two studies conducted at 1:5000 scale (Hudson, 2009 and ARC, 2011), only small
local faults are determined which do ri@ve a unique trend and continuation within the
study area. In the study conducted by Lewis Geoscience Inc. (2002) no major fault offsets of
lithologic units was recognized. On the other hand, a couple of fault/fracture zones were
identified. However thesfaults were not confirmed by the drilling data. The strikes of main
fracturejoint directions from the oriented core data are 20&, N6875E and N27W. Dips

of these features range between vertical and approximately 55 degrees.

These, together witgenerally gently dipping stratigraphic layering and limited development

of outcropscale fractures and faults indicated the low intensity of deformation of the units

within the study area. As a result, it can be concluded that a significant fault system o
regional importance is neither observed during the field studies nor determined with logging.
Therefore, as in the previous studi es, Keékl
deformed at all.

3.4 Climate and Meteorology
Detailed research on ehclimate and meteorology of the study area is completed in a

previous study conducted by Yazeceéegil (2013)
previous studies.

Kekl adaj Gold Mine is |l ocated in thensborder
wher e Mediterranean Transition Climat e c hail
Medi terranean Transition Cli matebs di stinct
springs.

Turkish Meteorological General Directorate (MGM) installed a metegical station near

Ukak city center in 1929 and this station i
from this station, l ong term annual average
mm. The hottest months are noted as July and Augigtre the coldest month is noted as

January. Figure 3.10 shows the Il ocation of

with the mine site together with the elevation profile between this station and the mine site.
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Figure 3.10. Locati on (orho dlikfaike dVe @tfatod2®tt)l Yvaya &@d g iSlt

On April 2000, T, PRAG started to operate a mete
then sites peci fic meteorol ogical data has been <coll e
3.11). Initially temperature, wet/dry bulb temperatures, wind speed andtiatitec

precipitation and evaporation data was being recorded manually (three times a day, at 7:00,

14:00 and 21:00) at this station. Later in August 2005, an automatic meteorological station

(AWOS) was installed at the same location, to collect barometésspre, temperature,

relative humidity, wind speed and direction, solar radiation and precipitation data, on five

mi nute intervals. At the same ti me, TI PRAG cont
collect precipitation and evaporation data. Furthermarsecond automatic meteorological
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station was installed in the open pit, in April 2010. However operational period of this
station was not long enough to use its data in this study.

The precipitation and evapor an200@mand@E2ame col | €
evaluated during this study. Furthermore, a statistical analyses was conducted on daily data

of precipitation and evaporation for the period between 1975 and 200Qfrorztation to

generate long term daily precipitation and evapot i on data set for KeéKk
19752012 period. In addition to this, temperature and relative humidity data collected by
Kekl adaj AWOS is analyzed202r the period bet

Table 3.1. Information on the meteorological stations

Station Operator | UTM-X | UTM.y |Elevaton| Operational
(m) Period
Kekladaj N T| PRA| 687692 | 4262462| 997 | 04/2000to date
Kekladaj | T! PRA| 687692 | 4262462| 997 | 08/2005t0 date
Kekladaj Op| T| PRA| 687130 | 4260476| 1026 | 04/2010to date
UK a k MGM | 708760 | 4284370| 930 | 19250 date
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3.4.1Precipitaton

Since the meteorological station for Kékl ad:
(20002012), long term precipitatiomat a f or K é k Ibayd arja ziesx éaad Il ¢ welt a te
with correlating the long term dat-200ol |l ect
(Yazéceéegil et al ., 2011).

Ukak meteorological station is | ocigtatend 29 Kk
data collected from Kékladaj and Ukak Meteor

between 2000 and 2012 (where the collected data overlaps). Using this correlation, long term
precipitation data is extrapolated for the period betwee®»19A nd 2000 f or Keékl
result, long term (1972012) meteorological data is obtained for the mine site. Figure 3.12

shows the obtained long term precipitation data and cumulative deviation from the average

annual preci pi tAa tan e motedl vom Figueek3l12, doagjterm average
annual precipitation for Kekl adaj is calcul
precipitation for Kéekl adaj is noted as 491
data).

Accor di ng t dernkKpzekipitatidnadfta, theodriegt year is 2004 (283 mm) and the

wettest year is 2012 (693 mm). Furthermore, periodic wet and dry periods can be determined

from the cumulative deviation graph given in Figure 3.12. According to this figure; 1978

1981, 19972002 and 20022012 covers the wet periods, while 198396, 2002008 covers

the dry periods. When the operational per i c
significant dry period is noted until 2008, followed by a wet period starting from 2009.

Calculated long term (1978012) and measured short term (2@@1L2) average monthly
precipitation data is given in Figure 3.13 and Figure 3.14, respectively. Both data indicate
significant seasonality, where winter is wettest and summer is driest seasons.

When the monthly distribution of the average precipitation is exan{ifigdre 3.14) it is
determined tha#ti2% of the annual precipitation occurs during winter, followed by 26% in
spring, 9% in summer and 23% in falloreover, & shown on Figure 3.14he wettest
month is December (71.5 mm) and driest month is August (9.14 mm).
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Measured Monthly Average Precipitation (2062012)
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Figure 3.14. Mont hly Average Prec20f2i tati on

3.4.2Temperature

The monthly average t empe-2043)is givenif Kigure X1dk |l adaj
The hottest and coldest months in the mine site are AB&sPC) and January2.23C),
respectivel y. Kekl adaj 6s aver a{CAcemingua | t e my
average annual minimum temperature data, coldest months are JartudrSC) and

February {9.6°C) which indicates icing and snow cover for winter and early spring (Figure

3.16). According to average annual maximum temperature data, July@37s the hottest

mont h for Keékladaj (Figure 3.17).
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Measured Monthly Average Temperature (202®12)
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Measured Monthly Average Maximum Temperature(2006
2012)
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3.4.3 Relative Humidity

The monthly
Figure 3.18 for the period 20®12. According to this figure, relativAumidity is
considerably low for summer (between 38% and 50%), indicating hot and arid summers. On
the other hand, relative humidity is noted as 75% for the wet and cold winters.
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3.4.4 Evaporation
Daily evaporation at Keéexkladaj is measured gener
and 2012 period. This data set has some missing measurements and consequently, a set of

correlation isconducted y Y a z € ¢ é g itolestimdte the missing data.1 1 )

First estimation is completed for the period where the evaporation measurements are missing

for seven consecutive days or | ess. For this col
is presentthe datais nt r oduced t o, wika eolredatioa factod aaltutatedsbg t
Yazeéeceéegil.lfedt,itis estimatedwiti calulating the average evaporation rate for

four days before and Sedondeestimatidnes complstedifonthe day s 6 da
period where the evaporation measurements are missing for more than seven consecutive

days. For this condition, i f Ukak Meteorologic
i ntroduced t o aso@ithlaadaj edataomsetactor calcul at ed
(2011) . Ot her wi s e, as estimated by Yazeécéegil et
utilizing Penmann Equation (Dalgg¢n, 1988) . Furt

evaporation data is missing,eth evapor ati on rates calcul ated b
introduced to the data set.

Similar estimations are completed for the missi:H
Stations data, as described above. In order to generate the long term dailytevagata,
by Yazeéecégidondeted statistical @ral§sks] imilar to precipitation analyses,

for Kéexkladaj and Ukak Meteorological Stations ev
and 2012 (where the collected data overlapd$ing this analyses, long term daily
evaporation data is generated for the period b

result, long term (1972012) daily evaporation data set is generated for the mine site.

Monthly average evaporation rates measdr at Kékl adaj Met eor ol ogi cal
2012) are given in Figure 3.19. Cal cul ated mont
Meteorological Station for long term (192812) is given in Figure 3.2@ccording to these

figures, it can be noteithat short and long term data show similarity. The stesrh (2000

2012) data indicates that the highest evaporation is observed in July and August, as 233 mm

and 226 mm, respectively. The loengrm data indicates that the lowest evaporation is

observedn December as 15.7 mm.

A comparison is given in Figure 3.21 for the calculated annual precipitation and evaporation
data. From this figure, it can be noted that the evaporation rate is considerably high between
April and October. For the winter periodiepipitation rate is higher than the evaporation,

due to low temperatures. Thus, it can be noted that the highest recharge to groundwater is
expected for the winter period.

Calculated long term (1978012) annual evaporation data is given in Figure.3[2% data
set indicates that the |l ong term average annua
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Between years 1990 and 1999 the annual evaporation rate is below theriorgyverage,
while it is above the average after 2000.

Figure 3.19. Calculatd
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Monthly Average Evaporation and Precipitation (192912)
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CHAPTER 4

HYDROGEOLOGY

4.1 Water Resources
4.1.1 Surface WaterResources

The study area and specifically the mine site are located on the water divide between the
Gediz and B¢yék Menderes River Basins (Figur
water divide, only ephemeral creeks are present in the arémugh only seasonal flow is

generally observed along these creeks, heavy rainfall may result in sudden runoff. The
surface water features that are draining the mine site to the north are discharging to the
branches of the Gediz River, while southerly odeéss c har ge t o t he branct
Menderes River.

In the whole study areapn the other handhere are both perennial and ephemeral creeks

(Ge- emek, Dej i r me n, Th&kmajobceegka Within abdaroarsl the raitiec . ) .
site are ekkr fdjoaMiengCrwest of the mine site al
the mine site, with its tributaries, namel
Dejirmen Creek (Figure 4.1). These two majo
project areaand discharges to the Gediz Riv®adial drainage networkf these surface

waters is caused by the presence of the volcanic cones within the study area.

Six weirs were installed at different dates in order to monitor the surface flow along the
major creeks draining the mine site. Weirs 1 through 4 were installed in June 2005; while
Weir-5 was installed in March 2008. The last one, Weivas installed in €ober 2011 in

order to monitor the flow discharging from the planned expansion areas in the north.
Locationsand drainage basins of the weirs are shown in Fig@ewhile data regarding

these weirs, such as drainage areas and operational periods are given in Table 4.1. As it can
be seen from this figurdrainage areas of the first five weirs, (Weir 1 to 5), cover all the
surface flow occurring at the presentnmisite and the last one (Wsy covers most of the
drainage from the planned leach pad area north of the present mine site.
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Table 4.1. Drainage area and operational period of the weirs

Weir ID Drainage Area (ha) Measurement Period
Weir-1 234.98 1/6/2005i present
Weir-2 761.13 1/6/2005i present
Weir -3 161.88 1/6/2005i present
Weir -4 164.58 1/6/2005i present
Weir -5 610.04 1/3/2008i present
Weir -6 506.29 1/11/201% present

Figure 4.3 shows the average daily flow measurements (isclalg) together with the
precipitation values plotted against time. Accordioghis graph, flows start to increase by
November and start to cease after March. Maximum flows are generally observed in
December, January, February and March, while almost no flow is observed during July,
August and September. Moreover, it is noted theerage daily flow seldom exceeds 200
L/s and only for a couple of times and only for a very short duration reaches to 1000 L/s.

4.1.2 Springs and Fountains

The springs having high yields (Karabol, Avgan,
Hask y and Sivaslé& Springs) discharge from the Ul u
at eastern and northern parts of the study area. Among thesg highl d springs, only
Spring is located within the boundaries of the study area. This spring legisakimately

7 km away from the mine site (Figure 4.1), i s th

Village. Discharge of this spring is measured by DSI (State Hydraulic Works) during the

period between the years 1986 and 1988. During this penieekt discharge is observed as

2 L/s (in January 1988) and highest discharge is observed as 13 L/s (in July 1986) while
average discharge is calculated as 8.5 L/s (Yazé

Apart from highyield springs, there are several lgveld (<0.25L/s) springs, seeps and

fountains in the vicinity of the mine site. Eleven of these are included in the monitoring
program, which was initiated in 2000 by T,; PRAG.
conducted for water quality. Locations of these nwimyg points are shown in Figure 4.4

and data regarding these points are given in Table 4.2.
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Figure 4.4 Monitored springs, fountains and seeps
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