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ABSTRACT 

 

 

ASSESSMENT OF OPEN PIT DEWATERING REQUIREMENTS AND  PIT LAKE 

FORMATION FOR  KIķLADAĴ GOLD MINE, UķAK-TURKEY 

 

¦nsal, Burcu 

Ph.D., Department of Geological Engineering 

Supervisor: Prof. Dr. Hasan Yazēcēgil 

June 2013, 145 pages 

 

 

 

 

The main purposes of this research are (1) to quantify the dewatering requirements for 

Kēĸladaĵ gold mine (UĸakïTurkey) in order to provide stable and dry conditions for mining 

during the operational period, (2) to assess the pit lake formation in post-closure period, and 

(3) to assess the impacts of these effects on groundwater resources. 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 determination of groundwater flow rates into the 

pit, applying two different simulation approaches: steady state and transient. The results 

show that steady state simulated pit-inflow rate was almost half of the maximum rates 

calculated by the transient simulations. The average pit-inflow rates however are very close 

to each other indicating the reliability of the model results. Following the cessation of 

dewatering activities during the post-closure period, a pit lake is expected to form. Pit lake 

water balance calculations 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 critical level, below 

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 lake, numerical modeling, Kēĸladaĵ 
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¥Z 

 

 

KIķLADAĴ ALTIN MADENĶ A¢IK OCAK SUSUZLAķTIRILMASI VE OCAK G¥L¦ 

OLUķUMUNUN DEĴERLENDĶRĶLMESĶ, UķAK-T¦RKĶYE 

 

¦nsal, Burcu 

Doktora, Jeoloji M¿hendisliĵi Bºl¿m¿ 

Tez Yºneticisi: Prof. Dr. Hasan Yazēcēgil 

Haziran 2013, 145 sayfa 

 

 

 

 

Bu araĸtērmanēn temel amalarē (1) Kēĸladaĵ Altēn Madeni (Uĸak ï T¿rkiye) aēk ocaĵēnda 

iĸletme dºnemi boyunca, madencilik aēsēndan g¿venli ve kuru kazē ĸartlarēnēn 

saĵlanabilmesi iin gerekli olan susuzlaĸtērma miktarēnēn belirlenmesi, (2) kapama 

dºneminde ocak gºl¿ oluĸumunun deĵerlendirilmesi ve (3) b¿t¿n bu s¿relerin yeraltēsuyu 

sisteminde yaratacaĵē etkilerin ortaya koyulmasēdēr. Sahayē temsil eden kavramsal modelin 

oluĸturulmasēnēn ardēndan, sayēsal bir yeraltēsuyu akēm modeli kurulmuĸ ve kararlē akēm 

koĸullarē altēnda kalibre edilerek, duyarlēlēk analizleri yapēlmēĸtēr. Kalibre edilen model  

aracēlēĵēyla, iki farklē yaklaĸēm uygulanarak (kararlē ve kararsēz akēm koĸullarē), aēk ocaĵa 

gelecek yeraltēsuyu miktarē belirlenmiĸtir. Sonu olarak, kararlē akēm koĸullarē altēnda 

hesaplanan yeraltēsuyu akēm miktarēnēn, kararsēz akēm koĸullarēnda hesaplanan maksimum 

yeraltēsuyu akēm miktarēnēn neredeyse yarēsēna eĸit olduĵu gºr¿lm¿ĸt¿r.  Ancak, kararsēz 

akēm koĸullarē altēnda hesaplanan ortalama miktarēn, kararlē akēm koĸullarē altēnda 

hesaplanan akēm miktarēna olduka yakēn olmasē model sonularēnēn g¿venilirliĵini ortaya 

koymaktadēr. Kapama dºneminde ise, susuzlaĸtērma faaliyetlerinin son bulmasē ile birlikte 

aēk ocakta bir ocak gºl¿ oluĸumu beklenmektedir. Ocak gºl¿ su b¿tesi oluĸturularak, 

sistem denge ĸartlarēna ulaĸēncaya kadar geen s¿rede, gºl su seviyelerindeki zamansal 

deĵiĸim belirlenmiĸtir. Sonular, ocak gºl¿n¿n susuzlaĸtērma faaliyetlerinin sona ermesinden 

585 yēl sonra 816 m seviyesinde dengeye ulaĸacaĵēnē gºstermektedir. Bunun yanē sēra, 

yapēlan sim¿lasyonlarēn sonucunda, 829 mônin kritik bir seviye olduĵu, bu seviyenin altēnda 

alēcē bir ortam oluĸturan ocak gºl¿n¿n, daha y¿ksek seviyelerde akēĸē ileten bir ortam gibi 

davranacaĵē ve dolayēsēyla akēĸ aĸaĵēsēndaki yeraltēsuyu sistemini olumsuz yºnde 

etkileyebileceĵi ortaya konulmuĸtur. 

 

Anahtar Kelimeler: yeraltēsuyu, susuzlaĸtērma, ocak gºl¿, sayēsal modelleme, Kēĸladaĵ 
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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 

level. In order to provide safe and stable conditions for mining during the operational period, 

it is required to dewater the excavation area and attain relatively dry operating conditions. 

Once dewatering ceases after the closure of such operations, groundwater and surface 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 lake is stabilized. 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 investigated in detail.  

 

This study presents the dewatering scheme of Kēĸladaĵ Gold Mine during its 17 years of 

operation phase, pit lake formation process in the post-closure period and finally 

characteristics of the ultimate pit lake. 

 

 

1.1 Purpose and Scope 

 

The purpose of this study is to; 

¶ Quantify the dewatering requirements by predicting the discharge rates (groundwater 

inflow to pit) during the operational period as the excavation advances to final 

operational depth;  

¶ Assess the impact of dewatering operations on the surrounding groundwater system, 

¶ Predict the future pit lake level after closure and filling period for long term daily 

meteorological conditions and  

¶ Characterize the hydraulic relation between the ultimate pit lake and surrounding 

groundwater system. 

 

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 the post-closure 

groundwater system. The modeling process, simulating the operational phase of the mine, is 

completed within three stages. Initially a conceptual groundwater model is constructed with 

the data provided by T¦PRAG and the data collected from the site. Then a numerical 

groundwater flow model is constructed in accordance with the conceptual model and 

calibrated to site conditions (with the observed groundwater levels). Finally, dewatering 
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simulations are completed using the calibrated model and applying two different approaches: 

steady state and transient. The aim of these simulations 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 will be finalized in 2030, the dewatering program will be ceased. 

Thus, a lake is expected to form in Kēĸladaĵ open pit during the post-closure period. At this 

point a spreadsheet model is integrated with the numerical groundwater flow model, which is 

used to determine the groundwater inflow rates to the pit. Pit lake water balance calculations 

are conducted to simulate the lake levels with time until the equilibrium conditions are 

reached and to predict the steady pit lake level. The pit lake water balance calculations are 

completed for a 800-year period with the spreadsheet model with the daily evaporation and 

precipitation data set, prepared by the repetition of the long term daily meteorological data. 

Finally, the resulting steady pit lake level is introduced 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 

 

Kēĸladaĵ Gold Mine is located in west-central Turkey between the major centers of Ķzmir, 

lying 180 km to the west on the Aegean coast, and the capital city Ankara, 350 km to the 

northeast. The Mine site is located 35 km southwest of the city of Uĸak (population 170,000) 

near the village of G¿m¿ĸkol. The studies are conducted within a frame covering an area of 

around 440 km
2
 (Figure 1.1). 

 

The mine site is located on the water divide between the Gediz and B¿y¿k Menderes River 

Basins. Open pit and present heap leach pad facility is located in the Gediz River basin and 

the present waste rock storage area is located in the B¿y¿k Menderes River basin. All of the 

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

Gediz River Basin. The elevations in the area range from approximately 1300 masl in the 

hilly areas to 600 masl at the base of the valleys which are draining these hills. 
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Figure 1.1. Location of the study area 
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1.3 Mining Activities at Kēĸladaĵ 

 

Kēĸladaĵ open pit gold mine has been operating since 2006 with surface facilities consisting 

of heap leach pad, waste rock storage area, ADR plant, crushing plant and ancillary buildings 

Current fenced area of the mine is around 8.5 km
2
. 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 processed 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 final product is a gold 

dor® bar. The heap leach pad is a permanent facility employing a two part liner system of a 

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

liner. 

 

Kēĸladaĵ Gold Project received its EIA Positive certificate in 2003 (ENCON, 2003) and 

completed the construction of the mine in 2005. The initial plan of T¦PRAG was to produce 

180 million tons of ore for a period of 17 years. Then within time, with the exploration of 

new resources and positive change in the gold mining 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 a giant pit having almost 2000 m by 1600 m of crest 

dimensions and more than 700 m total depth from the original topography. The ultimate pit 

will cover 268ha area. Figure 1.2 shows the mine layout by the end of 2012, while final mine 

layout is given in Figure 1.3. Kēĸladaĵ open pit will be one of the greatest when it reaches to 

its ultimate geometry with the current design. In order to give an insight on how big the 

Kēĸladaĵ open pit will be, its dimensions can be compared to that of the greatest man-made 

excavation which is the Bingham Canyon Mine.  Bingham Canyon Mine, also known as the 

Kennecott Copper Mine, is an open-pit mining operation extracting a large porphyry copper 

deposit southwest of Salt Lake City, Utah. The mine has been in production since 1906, and 

has resulted in the creation of a pit over 970 m deep, 4 km wide and covering 770 ha 

(http://en.wikipedia.org/wiki/Bingham_Canyon_Mine).  

 

Figure 1.4 shows the cross-sections passing through the open pit in E-W and N-S directions. 

On these cross-sections present (by the end of 2012) and final (by the end of 2029) pit 

layouts are shown, together with the present groundwater table. The excavations at the 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 the end of production 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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Figure 1.4. Cross-sections showing open pit layout in 2012 and 2029 

 

 

 

1.4 Previous Studies 

 

Many studies have been completed on the geology, hydrology, hydrogeology and water 

resources for the Kēĸladaĵ Gold Mine. Some of these studies have been completed for the 

mine site while others covered the region. These studies are summarized below. 

 

 

1.4.1 Previous Studies on Geology 

 

¶ General Directorate of Mineral Research and Exploration have completed 1/50,000 

and 1/25,000 scaled geological maps for the area covering Uĸak, Eĸme, Ulubey, 

Banaz, G¿re and Sivaslē. 

¶ T¦PRAGôs exploration group completed detailed geological studies in the close 

vicinity of the mine site. Other than T¦PRAG, many researchers (academics and 
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consultants) completed several studies, especially on the structural geology of the 

area. These studies are given below: 

o A report on geological map and structural geology of Kēĸladaĵ Gold Mine 

(Lewis Geoscience Services Inc., 2002) 

o Structural interpretation for 179/33 coded Landsat ETM+ satellite image 

(Murphy Geological Services, 2004) 

o Structural Mapping of Kēĸladaĵ Gold Mine Open Pit (Kuĸu, 2008). 

o Geology of Kēĸladaĵ-Sayacēk Area (Hudson, 2009) 

o Kēĸladaĵ Structural Geology (Herod ve Hodkiewicz, 2010) 

o Geology of North of Kēĸladaĵ (ARC, 2011) 

 

 

1.4.2 Previous Studies on Hydrology 

 

¶ Detailed hydrologic studies have been completed for Kēĸladaĵ by Yazēcēgil et al. 

(2011) for the evaluation of the surface water potential. During this study, data on 

surface water discharge rates have been evaluated to obtain the run off coefficients. 

 

 

1.4.3 Previous Studies on Hydrogeology 

 

¶ Initial regional hydrogeological study was completed by State Hydraulic Works 

(DSI) for the water supply of the villages of Karahallē and Ulubey districts in 1955. 

Then in 1960, DSI completed a hydrogeological study on Uĸak, Banaz and Sivaslē 

Plains and completed 13 investigation wells. A report on this study was published in 

1976 by Ko et al. 

¶ In 1979, DSI II. District completed the report ñHydrogeological Investigation Report 

on Water Resources of Uĸakò (Aysan, 1979). Later in 1985, in an extensive region, 

covering Banaz Plain (Uĸak-Banaz-Sivaslē-Ulubey-Karahallē Sub-plains), DSI II. 

District completed another hydrogeological investigation study. This study has been 

published in 1986 by Bilgisu and ¢il. As a follow up study, DSI completed 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 

Kadēoĵlu in 1993 and the report on hydrogeological investigation on Uĸak-Banaz-

Ulubey-Sivaslē and Karahallē Plains have been published. 

¶ Most recent study was completed in 2006 by Vaytaĸ Sondaj Ķnĸaat Turizm San. ve 

Tic. Ltd. ķti. on the drinking water resources of Uĸak and ñHydrogeological 

Investigation on Uĸak Centeral District-Susuzºren Areaò report was prepared. 

¶ Ulubey aquifer is the most important aquifer in regional sense. Therefore, Yazēcēgil 

et al. (2008) completed a study for the characterization of Banaz Stream Basin and 

development of groundwater management plan for the Ulubey aquifer system in an 

area covering 3972 km
2
. During 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. 

¶ Initial hydrogeological study in the vicinity of Kēĸladaĵ Gold Mine was completed 

by Yazēcēgil et al. (2000) for the water supply alternatives of the proposed gold 

mine. Following Yazēcēgil et al. (2000), SRK Consulting completed a series of 

studies for Kēĸladaĵ Gold Mine. These studies can be summarized as; 

o Surface and Groundwater Monitoring Plan for Kēĸladaĵ Gold Mine (SRK, 

2002) 

o Groundwater Sampling and Analyses Report (SRK, 2003) 

o Water Supply Studies ï Aquifer Test (SRK, 2003) 

o Groundwater Exploration Studies (SRK, 2005) 

o Conceptual Model Studies for Kēĸladaĵ Gold Mine (SRK, 2005) 

o Potential Impact of Waste Rock Dump on Groundwater Resources (SRK, 

2007) 

o Pit Lake Formation and Potential Impact on Groundwater Resources (SRK, 

2007) 

o Kēĸladaĵ Open Pit Dewatering / Depressurizing Study (SRK, 2012) 

o Evaluation of Dewatering Performance with Vertical Wells (SRK, 2013) 

 

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

site characterization for the planned expansion activities, was completed by Yazēcēgil et al. 

(2013). Within the scope of this study a very detailed ñHydrogeological Survey Report for 

Kēĸladaĵ Gold Mine Siteò was accomplished. 

 

Another recent study, which is in fact a continuation of the one conducted by Yazēcēgil et al. 

(2013), was completed by Yazēcēgil and ¦nsal (2013). This final project titled ñAssessment 

of Dewatering of Open Pit, Pit Lake Formation and Potential Impacts on Groundwater at 

Kēĸladaĵ Gold Mineò, focused on the open pit. It should be noted that the study conducted 

by Yazēcēgil and ¦nsal (2013) formed the basis of the thesis. 
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CHAPTER 2 

 

 

LITERATURE SURVEY  

 

 

 

2.1 Literature Survey on Theory of the Pit Lake Formation 

 

Pit lakes occur at the end of 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 operations 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 on many physical 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 very long time (decades to centuries) to fill with water. This is 

particularly true in arid or semi-arid areas where precipitation and surface water inflow 

components are minimal. The rate of groundwater input varies quite a bit from mine to mine, 

and depends on 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 change as the 

pit fills with water, depending on the cross-sectional 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 hydraulic gradient will decrease. However, this 

effect is offset by the fact that the value of cross-sectional 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 increase 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 conditions. These final states of the system, and also the transitions 

in between are defined by Niccoli (2009) as follows: 
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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 common 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 flows into 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 flowthrough. 

 

 

 

 
 

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

 

 

 

 
 

Figure 2.2. Flowthrough pit lake above the groundwater table (modified after Niccoli, 2009) 
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Figure 2.3. Terminal pit lake (modified after Niccoli, 2009) 

 

 

 

M¿ller et al. (2010) states that pit lakes are both potential water resources and potential 

environmental risks and, as such, raise significant environmental issues for the mining 

industry. Increased social expectation, such as legislation and regulation and desired end 

uses by local communities, are increasingly requiring higher standards of environmental 

assessment and management for pit lakes (M¿ller et al., 2010). Therefore, determination of 

the final characteristics of a 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 and time-wise 

changes in each component of the lake water budget has to be determined until a steady state 

equilibrium 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 than the surrounding 

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 pit lake water 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 differing levels of complexity 

(Gammons et al., 2009). Below is a summary of the models that could be applied for the 

solution of such problems, together with the fundamentals 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, proper simplifications 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 groundwater models: 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 

mechanisms as shown in Figure 2.4. 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 

conductivity 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 equations (Schwartz et al., 

1990). Two different approaches are used to solve the governing equations that represent 

groundwater flow and transport processes in mathematical models.  

 

 

 

 

 

Figure 2.4. Sand tank model (www.envisionenviroed.net) 

 

http://www.envisionenviroed.net/
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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 differences, or 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 numerical 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 groundwater system 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 groundwater flow 

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 concentration distribution 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 and supporting the decision-making 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 groundwater withdrawals 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 pump-and-treat systems 

¶ Design of groundwater monitoring networks 

¶ Wellhead protection area delineation 

 

 

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 all the stages 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, groundwater models 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 by the changes in both the groundwater 

þow pattern and the natural drainage base due to geomorphologic changes (Rapantova, et. al, 
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2007). For modeling at mine sites, among a variety of hydrologic and geochemical codes, the 

most commonly used numerical groundwater flow 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).  

 

 

2.2.3 Use of Models for Simulating Dewatering Operations and Pit Lake 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 process and the steady state 

characteristics of the final pit lake by means of models.  

 

Several analytical and numerical methods are applied depending on the size and site-specific 

conditions of the problem. For instance, if the pit lake is planned to be filled rapidly 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 spreadsheet model 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 for long-range 

predictions or in cases where the lake is expected to fill slowly, a 3-D 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 at 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 numerical 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 of mine 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.  

 

 

2.2.4 Types of Models Used to Simulate Dewatering Operations and Pit Lake 

Formation  

 

Analytical Models:  

 

Many analytical models can be found in the literature for prediction of groundwater flow 

into the mine excavations. These models often are developed based on some very specific 

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 Niccoli (2000). 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 (2000) states 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 existing at a non-operating 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 inflows 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 and Niccoli (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 solution recommended 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 Jacob-Lohman equation 

(Jacob and Lohman, 1952) can be used to estimate 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, easily-evaluated equation that provides reliable estimates of inflow into a 

large diameter void based on the head difference between static ground water levels and the 

water level in the void space.  It should be noted that the Jacob-Lohman equation is based on 

the assumption that the aquifer is homogeneous, isotropic, and laterally extensive, that 

transmissivity and storativity are constant, and that inflow enters the pit horizontally. These 

are reasonable assumptions for many open-pit mines because vertical conductivity is 

typically much lower than horizontal. Moreover, Hanna et al. (1994) demonstrated that the 

Jacob-Lohman 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 

precipitation 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 transient inflows.  

¶ CRYPTIC was used to successfully model the Berkeley Pit Lake (Butte, Montana) 

recovery data, which is one of the best documented pit lakes (post-recovery) in the 

world. Underground mining began in the area during 1870ôs, and groundwater 

encountered at depths of 6-122 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 conjunction with 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 excellent agreement is attained with 0.3% of error. 

 

¶ Moreover, the predictions made by CRYPTIC are also compared favorably with 

results from the Pipeline Pit (north-central Nevada) numerical model. Numerical 

model developed for Pipeline pit is selected because of its good calibration and 

excellent post-model 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 turned off and 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 during filling inflows 

horizontally compared to only 3% vertically (Geomega, 1999), 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 

horizontal-flow barrier (HFB) package for MODFLOW. Pit lake filling was 

simulated using the LAK2 package (Council, 1997) and MODFLOW-SURFACT 

(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 et al., 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 requirements. For 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: 

 

Bair and OôDonnell (1983), criticize the application of the analytical models in designing the 

dewatering systems, stating that these analytical models are based on restrictive assumptions 

which may result in oversimplification of the groundwater flow system, excavation 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 models, and therefore, can provide more 

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

stated by Bair and OôDonnell (1983), numerical models offer the capability to solve 

hydrogeological problems involving complex boundary conditions, 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, infiltration, confined-unconfined 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 (Bair and OôDonnell, 1983).  

 

There are several numerical models that have successfully been used to simulate open pit 

dewatering and pit lake formation processes, depending the site-specific nature of each 

problem. As it is mentioned above, MODFLOW (Harbaugh et al., 2000) is the most 

commonly used numerical groundwater flow code used to simulate mine sites. MODFLOW 

requires a large amount of site-specific information including climate, topography, sources 

of groundwater recharge and discharge, and information on the hydrogeologic properties of 

geologic units in the sub-surface, including 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 MODFLOW-96 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 may eventually discharge 

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 steady-state, 

ground-water flow between the mine and surrounding aquifers at pit water-level altitudes 

below the level at which surface-water 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 MODFLOW-96 code (Harbaugh 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. It is 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 to the 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 downgradient groundwater 

system. 
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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 mid-1980s to the mid-1990s. Mining 

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 originally 4.5-9.0 m below the surface 

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 dewatering operations 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 filling scenarios. Because of the 

environmental concerns, rapid filling option is applied during the post-closure period and it 

is observed that actual filling time closely matched the predictions made by coupling 

numerical groundwater flow model and manual pit lake water budget calculations (Dowling 

et al., 2004). 

 

 

Application of MODGLUE and MODFLOW Models for Simulating Collie Basin: 

 

In a recent study, by M¿ller et al. (2010) numerical modeling is applied to simulate pit lakes 

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 coal resource in 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 between 1ï10 ha, depth between 10ï70 m and age between 

1ï50 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 different scientific 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) model (M¿ller, 2004), which is capable of 

coupling three models;  

¶ PCGEOFIM (Sames et al. 2005, M¿ller et al. 2003) is a finite volume groundwater 

flow and transport model that is specifically designed for mining and post-mining 

areas. It allows the subsurface parameters to be specified as time-dependent, 

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 can be used 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 interactions between lakes and 

groundwater. The lake is represented as a water level-volume 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. This water 

level is used as head for Cauchy boundary conditions that act jointly as ñthe lakeò 

(Blankenburg et al., 2012).  

¶ CE-QUAL-W2 (Cole and Buchak, 1995) is a 2-D finite difference lake circulation 

water quality and hydrodynamic model.  

¶ PHREEQC (Parkhurst, 1995) is the most commonly used geochemical speciation 

and reaction path code (Maest et al., 2005), designed to perform a wide variety of 

aqueous geochemical calculations.  

 

MODGLUE has been successfully applied to several lakes in Germany for prediction of 

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 using this off-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 model than PCEGOFIM.  

 

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 be computed with 

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 allow for more 

accurate groundwater inflow calculations.  

 

Another model, is the The Pit Lake Model (M¿ller 2004), which is created such that 

established models were engaged, coupled, and extended, rather than developing a totally 

new model. It is based on the coupling of the three codes mentioned above (CE-QUAL-W2, 

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

þow and transport model for density-driven þow. Therefore, it can be used as an alternative 

groundwater model instead of PCGEOFIM when density effects are of importance. This 

þexible model allows adaption to site-speciýc needs (M¿ller and Eulitz, 2010). 

 

 

Application of MODFLOW SURFACT Model and LAK2 Package for Simulating Rosemont 

Pit: 

 

Rosemont Copper Company (Rosemont) is planning 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 the different stages of the project: pre-

mining, mining-phase, and post-closure. The pre-mining model was calibrated based on 

existing water-level measurements and stream flows under steady state conditions and it 

formed the basis for the subsequent transient flow models. Results of the calibrated pre-

mining model were subsequently used as the start of the transient mining-phase model 

simulating the step-wise deepening of the open pit during the 22-year operational period. 

Dewatering of the open pit was simulated with 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 mining-phase model were used as the input to the 

post-closure model, in which the LAK2 package (Council, 1999) is used to simulate the 

refilling of the pit following the end of dewatering. All three models used the finite-

difference model code MODFLOW-SURFACT (HydroGeologic 1999). 

 

MODFLOW SURFACT is a finite difference code applicable in mine dewatering 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 dewatering wells 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 and well spacings 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 mining process 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 pre-mining 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 post-closure numerical groundwater flow model predicts the refilling process will 

take 700 to 1000 years to reach an equilibrium or steady-state 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 

wil l exist around the pit, perpetually drawing groundwater into the pit or pit-lake. 

Flowthrough conditions, or a non-terminal pit-lake, would exist should the lake stage reach 

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

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 groundwater divide.  
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Application of MODFLOW-SURFACT Model and LAK3 Package for Simulating an 

Ephemeral Pit Lake: 

 

Gabora et al. (2006) integrated LAK3 package (Merritt 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 lake was expected 

to form upon cessation of mining activities. Utilization of MODFLOW-SURFACT 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 allows for efficient 

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 unrealistic starting heads 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 (Gabora et al., 2006). 

 

Lake (LAK3) Package documented by Merritt and Konikow (2000) is widely used to 

simulate lake-groundwater interactions. Hunt (2003) states that this package is a very 

effective replacement of the previous approach of simulating lake as either specified head 

boundary, or by general head boundary; or even as high-K (Anderson et al., 2002) nodes for 

the simulation of lake-groundwater interactions. Each of these approaches has some 

weaknesses such that the first two requires that lake levels to be known 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 differences 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 can be used for either steady state or transient simulations. 

Moreover, as it is mentioned by Hunt (2003), LAK3 package is superior to other lake 

simulation techniques. Its ability to simulate lake stage is an improvement over lake 

simulations using constant heads or head dependent flux boundaries because changes in lake 

stage can have appreciable effects on the groundwater system. Although High-K simulations 

and LAK3 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: 

¶ In some cases, 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. 

¶ When the option of rewetting dry cells is not implemented, 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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¶ Lake-aquifer simulations may experience stability problems if inappropriate 

parameter values are specified in the input data for the setup of the wet-dry option. 

¶ 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 the elevation of the bottom of the lake. 

¶ 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. While using the explicit method of 

updating lake stages, there will be a limitation on time step size that must be 

observed to prevent time-wise oscillations in lake stage. Therefore, compared to the 

explicit method of updating lake stage, the semi-implicit and fully-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 when the Lake Package is 

used as part of a MODFLOW steady-state simulation. 

¶ 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 should choose an initial value that is as close as possible to the 

anticipated solution value. 

¶ 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. 

¶ 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 Simulating 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 finite-difference code, MODFLOW and a finite-element code, 

MINEDW. MINEDW is a 3-D Finite Element groundwater flow model designed specifically 

for mining applications, developed from FEMFLOW 3D by USGS (Durbin and Bond).  It is 

used at more than 50 mines throughout the world for mining-related issues in diverse 

hydrogeological and climatic conditions. It is capable 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 the interaction 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 and pit-lake formation. Groundwater flow models are 

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 needed when using 

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 that 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 the use 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 without convergence 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 been expanded, is FEFLOW.  Rapantov§ et al. (2007), 

describes the applicability of FEFLOW and advantages over MODFLOW code in the 

simulation of mining operations as follows: the FEFLOW (Diersch, 2006), overcomes the 

problems in conceptualization and modeling of the mining environment with its ability to 

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 the deposits on an acceptable level 

of simplification. In addition to 3-D 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 there is a choice of hydraulic calculations after either 

Darcy law for porous media or Hagen-Poiseuille law for fracture flow or Manning-Strickler 

law for channel flow.  

 

Above, a list of the widely used models (both analytical and numerical, and sometimes 

coupled) is presented. It is obvious that there are many modeling applications to simulate 

open pit dewatering and pit lake formation processes, depending the site-specific nature of 

each problem. Examining the applications listed above, it is possible to conclude that 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 methodology to be followed for 

any groundwater related problem during the operational and post-closure phases of the 

mines, it should be noted that each problem is site-specific and there is no single and correct 

way to set up a solution.  

 

Wels et al. (2012) states 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 will depend, for example, on the level of assessment required (simple or complex; 

analytical or numerical), dimensionality (2-D plan, 2-D cross-section, axisymmetric or 3-D) 
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and the required outputs (Wels et al., 2012). If the groundwater inflow to an open pit is to 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 significant depths 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 cross-sectional model may be adequate to 

simulate flow to the pit. However, in a more complex setting, a fully 3-D 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 disadvantages, depending 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 these models can be coupled depending on the needs and the site-

specific nature of the problem. Moreover, several models may also be used to cross-check 

the solutions.  
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CHAPTER 3 

 

 

DESCRIPTION OF THE STUDY AREA  

 

 

 

3.1 Topography 

 

The study area, specifically the mine site, is located on the water divide between the Gediz 

and B¿y¿k Menderes River Basins (Figure 3.1). At the mine site, open pit and the present 

heap leach pad area lies within the Gediz River Basin and waste rock storage area lies within 

the B¿y¿k Menderes River Basin. All of the planned expansion facilities (proposed leach 

pad and waste rock storage areas) 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 discharge to the branches of the B¿y¿k 

Menderes River.  

 

The elevations in the whole study area 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 mine site is rolling hills from approximately 950 m in the 

leach pad area to 1300 m to the top of the Kēĸladaĵ Mountain (Figure 3.1).   

 

Digital Elevation Model (DEM) of the project site is initially produced from the digitized 10 

m interval contours from the 1/25000 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 the peneplains situated on the 

metamorphic basement rocks on the west and flat to nearly flat plateaus originated by 

Neogene-aged sedimentary rocks on the east. Between these features of the west and the east 

sides of the area, there are a number of young volcanic cones forming typical dome-like 

morphological features. On the other hand, the physiographic features of the mine site are 

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

measuring 10 km in length by 9 km in width (Beydaĵē on southwest and Kēĸla on northeast).  

The Kēĸladaĵ gold deposit is associated with the northeastern stratovolcano, namely Kēĸla.   
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As it is mentioned 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.  

 

 

 

 

 
 

Figure 3.1. Digital Elevation Model of the study area 
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3.3 Geology 

 

3.3.1 Regional Geology 

 

Regional geology of the study area has been described by Yazēcēgil et al. (2000).  The 

following description of the regional geology is a brief summary from this study. 

¶ The oldest rocks forming the basement in the study area are those of the permo-

triassic aged Menderes Metamorphic Complex, consisting of granitic gneisses and 

aplites of the G¿neykºy¿ Formation overlain by calcareous schists, crystalline 

gneisses and augen gneisses of the Eĸme Formation and, finally, the Musadaĵē 

marbles (Yazēcēgil et al., 2008).   

¶ The basement rocks are overlain by the Tertiary aged Hacēbey Group, comprised of 

a series of conglomerates, sandstones, claystones, and limestones.  The Hacēbey 

Group consists of three formations, namely K¿rtkºy¿, K¿¿kderbent and Yenikºy 

Formations.   

¶ The Hacēbey Group is overlain by the Ķnay Group, comprised of an assemblage of 

sedimentary rocks known as the Ahmetler Formation, the Beydaĵē Volcanics and the 

Ulubey Formation, a widely distributed sequence of lacustrine limestones.   

¶ Asartepe Formation, of Pliocene age, unconformably overlies the Ķnay Group.  It 

consists of conglomerates, sandstones and siltstones of various compositions with 

minor lenses of marl and claystone occurring in some locations.   

¶ 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 section and Figure 3.3 shows the geological 

map of the study area. 
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Figure 3.2. Generalized columnar section of the study area 
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Figure 3.3. Geological map of 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: 

 

¶ Eĸme Formation: Outcrops of this formation is observed in the vicinity of Takmak,  

Eĸme and Kayalē. Schists and gneisses of Eĸme Formation form the crystalline 

basement (Yazēcēgil et al., 2008). Formation is made up of schists and gneisses such 

that schists cover the gneiss core. 

¶ 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 marl 

(Yazēcēgil et al., 2008). This formation is made up of the following three members 

(Ercan et al., 1978): 

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

forming an old alluvial fan of un-distinct layers, originating from the 

metamorphic basement rocks. Outcrops of this unit having thicknesses of 

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

o Balēklēdere Member: This unit, overlying the Merdivenlikuyu Member 

conformably, is made up of alternating fluvial conglomerate, sandstone 

tuffite, claystones, marl and limestones. Tuffites of the units are originated 

from Beydaĵē Volcanics. Extensive outcrops of this unit are observed 

southwest of the Inay village, while smaller outcrops are also observed north 

and northwest of the mine site, especially along the valley bottoms. 

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

fining upward sequence.  

o Gedikler Member: This unit is made up of siltstone, claystone and tuffite 

alternations, which conformably overlies the Balēklēdere Member. Volcanic 

sediments of the unit are originated from the Beydaĵē Volcanics. Presence of 

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

unit is the same as Beydaĵē Volcanics.  Thickness of the unit is around 60 m. 

Outcrops are observed in the vicinity of Ahmetler and Gedikler villages.  

¶ Beydaĵē Volcanics: This andesitic volcanics of Miocene age are known to provide 

sediment input for the lower layers of Ahmetler and Ulubey Formations. This 

formation is made up of lava flow, agglomerates and tuffites. Extensive outcrops are 

observed at the study area. 

¶ Ulubey Formation: This formation, overlying Ahmetler Formation conformably, is 

made up of intercalating siltstone, claystone, marl and clayey limestones at the 

bottom and lacustrine limestones at the top. Thin layers of sandstone and 

conglomerates are also observed within the limestone. Limestones of middle to thick 

layers, having irregular cracks and karstic features are locally silicified. Age of the 

formation is determined as Miocene. Deposits of this formation have extensive 

outcrops especially east of the study area within the Banaz Stream Basin, in the 

vicinity of Uĸak, Ulubey and Ķnay. It is also observed in the northern parts of the 

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 continuous outcrops of alternating 

limestone and clayey limestone and/or marl can be observed. 

¶ 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 well-rounded to sub-angular and matrix is made up 

of sand, silt and clay sized grains. Middle-thick layers are gently dipping to 

horizontal. Thickness of the formation is about 200 m. Asartepe Formation is formed 

in a fluvial environment in Pliocene. The most extensive outcrops of this unit are 

observed in the vicinity of Eĸme and also in the northern parts of the mine site. 

¶ 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 stratigraphy in 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 

stratovolcano, 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 listed as extrusives and intrusives of the Beydaĵē Volcanics and the volcanoclastics 

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 sequence of volcanic rocks, 

these basement rocks can be observed at the surface as a result of erosion. Extrusive and 

intrusive rocks of Beydaĵē Volcanics have broad extension within the mine site and in the 

close vicinity. Most of the volcanic sequence consists of coarse fragmental 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 and lacustrine limestones 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);  

ii. massive flow-banded latite flows (PBf);  

iii.  stratified tuffaceous and epiclastic rocks (PBvc);  

iv. quartz-phyric latite flows (PBq);  

v. monolithologic volcanic conglomerate (PBcg); and  

vi. porphyritic hypabyssal intrusions (PBi), which are locally further divided into three 

sub-units (PBi1,  PBi2 and PBi3) 

A cross-section in N-S direction passing through the ore within the open pit area is given in 

Figure 3.5. 
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Figure 3.4. Geological map of the mine site (SRK, 2005) 
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Geology of the mine site and close vicinity is studied in 2008 in 1:5000 scale (Hudson, 

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 given in Figure 3.6. The 

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

3.6). Geological cross-sections are also provided along the lines shown on the map given in 

Figure 3.6. Among these, cross-sections passing through the lines A-Aôô, B-Bôôô, C-Cô, D-Dô 

and E-Eô, prepared by Hudson (2009) are given in Figure 3.7, while those passing through 

the lines F-Fô and G-Gô, prepared by ARC (2011) are given in Figure 3.8. 

 

These two studies, providing more precise boundaries of the geological 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 the purpose 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 that they are consistent with those provided in the regional 

geological map as follows: 

¶ Quaternary units 

¶ Asartepe Formation 

¶ Ulubey Formation 

¶ Beydaĵē Volcanics (further grouped into three units, as intrusives, lava flow, finally 

tuffs and agglomerates) 

¶ Eĸme Formation 

 

Resulting geological map showing these major groups are presented in Figure 3.9.   
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Figure 3.8. Geological cross-sections FFô and GGô (ARC,2011) 
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Figure 3.9. Generalized geological map of the mine site and close vicinity (modified after 

Hudson, 2009 and ARC, 2011) 
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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 not have 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 these faults were not confirmed by the drilling data.  The strikes of main 

fracture-joint directions from the oriented core data are N10-20E, N68-75E and N27W.  Dips 

of these features range between vertical and approximately 55 degrees. 

 

These, together with generally gently dipping stratigraphic layering and limited development 

of outcrop-scale 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 of 

regional importance is neither observed during the field studies nor determined with logging. 

Therefore, as in the previous studies, Kēĸladaĵ mine site could be defined as almost not 

deformed at all. 

 

 

3.4 Climate and Meteorology 

 

Detailed research on the climate and meteorology of the study area is completed in a 

previous study conducted by Yazēcēgil (2013). Below is a brief summary compiled from the 

previous studies. 

 

Kēĸladaĵ Gold Mine is located in the border between Aegean and Central Anatolian regions, 

where Mediterranean Transition Climate characteristics are dominant (T¿rkeĸ, 1996). 

Mediterranean Transition Climateôs distinct character is its relatively wet winters and 

springs.  

 

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

Uĸak city center in 1929 and this station is still operating. According to the data collected 

from this station, long term annual average precipitation for Uĸak is determined as 531.7 

mm. The hottest months are noted as July and August, where the coldest month is noted as 

January. Figure 3.10 shows the location of the Uĸak Meteorological Station in comparison 

with the mine site together with the elevation profile between this station and the mine site. 
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Figure 3.10. Location of Uĸak Meteorological Station (modified after Yazēcēgil et al., 2011) 

 

 

 

On April 2000, T¦PRAG started to operate a meteorological station at mine site and since 

then site-specific meteorological data has been collected for Kēĸladaĵ (Table 3.1, Figure 

3.11). Initially temperature, wet/dry bulb temperatures, wind speed and direction, 

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 barometric pressure, temperature, 

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

minute intervals. At the same time, T¦PRAG continued to operate the manual station to 

collect precipitation and evaporation data. Furthermore, a second 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 evaporation data collected from Kēĸladaĵ between 2000 and 2012 are 

evaluated during this study. Furthermore, a statistical analyses was conducted on daily data 

of precipitation and evaporation for the period between 1975 and 2000 from Uĸak station to 

generate long term daily precipitation and evaporation data set for Kēĸladaĵ mine site for 

1975-2012 period. In addition to this, temperature and relative humidity data collected by 

Kēĸladaĵ AWOS is analyzed for the period between 2006 and 2012.  

 

 

 

Table 3.1. Information on the meteorological stations 

 

Station Operator UTM -X UTM -Y 
Elevation 

(m) 

Operational 

Period 

Kēĸladaĵ Manuel T¦PRAG 687692 4262462 997 04/2000-to date 

Kēĸladaĵ AWOS T¦PRAG 687692 4262462 997 08/2005-to date 

Kēĸladaĵ Open Pit AWOS T¦PRAG 687130 4260476 1026 04/2010-to date  

Uĸak MGM 708760 4284370 930 1929-to date 

 

 



44 
 

 
 

Figure 3.11. Meteorological stations at the mine site 
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3.4.1 Precipitaton 

 

Since the meteorological station for Kēĸladaĵ is in operation for a relatively shorter period 

(2000-2012), long term precipitation data for Kēĸladaĵ is calculated by Yazēcēgil et al. (2011) 

with correlating the long term data collected at Uĸak meteorological station (1975-2000) 

(Yazēcēgil et al., 2011). 

 

Uĸak meteorological station is located 29 km northeast of the mine site. The precipitation 

data collected from Kēĸladaĵ and Uĸak Meteorological Stations are correlated for the period 

between 2000 and 2012 (where the collected data overlaps). Using this correlation, long term 

precipitation data is extrapolated for the period between 1975 and 2000 for Kēĸladaĵ. As a 

result, long term (1975-2012) 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 precipitation for Kēĸladaĵ. As can be noted from Figure 3.12, long term average 

annual precipitation for Kēĸladaĵ is calculated as 493 mm. Similarly the average annual 

precipitation for Kēĸladaĵ is noted as 491 mm between 2001 and 2012 (actual collected 

data).  

 

According to Kēĸladaĵ long term precipitation data, the driest 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, 1997-2002 and 2009-2012 covers the wet periods, while 1984-1996, 2003-2008 covers 

the dry periods. When the operational period for Kēĸladaĵ Gold Mine is considered, a 

significant dry period is noted until 2008, followed by a wet period starting from 2009. 

 

Calculated long term (1975-2012) and measured short term (2001-2012) 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 examined (Figure 3.14), it is 

determined that 42% of the annual precipitation occurs during winter, followed by 26% in 

spring, 9% in summer and 23% in fall. Moreover, as shown on Figure 3.14, the wettest 

month is December (71.5 mm) and driest month is August (9.14 mm). 
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Figure 3.12. Annual Precipitation (mm) and cumulative deviation from the average annual 

precipitation (mm) graph for Kēĸladaĵ (1975-2012)   

 

 

 

 
 

Figure 3.13. Monthly Average Precipitation Data for Kēĸladaĵ Long Term (1975-2012) 

 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

YƤǒƭŀŘŀƐ63,4 58,4 50,6 54 39,4 20,5 13,3 8,42 14,8 39,7 59 71,1

0

10

20

30

40

50

60

70

80

P
re

c
ip

ita
tio

n
 (

m
m

) 

Calculated Monthly Average Precipitation (1975-2012) 



47 
 

 
 

Figure 3.14. Monthly Average Precipitation Data for Kēĸladaĵ Short Term (2001-2012) 

 

 

 

3.4.2 Temperature   

 

The monthly average temperature for Kēĸladaĵ AWOS (2006-2012) is given in Figure 3.15. 

The hottest and coldest months in the mine site are August (25.2
o
C) and January (2.23

o
C), 

respectively. Kēĸladaĵôs average annual temperature is calculated as 13.3
 o
C. According to 

average annual minimum temperature data, coldest months are January (-9.4
 o

C) and 

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

3.16). According to average annual maximum temperature data, July (37.1
 o
C) is the hottest 

month for Kēĸladaĵ (Figure 3.17). 
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Figure 3.15. Monthly Average Temperature, Kēĸladaĵ Station (2006-2012) 

 

 

 

 
 

Figure 3.16. Monthly Average Minimum Temperature, Kēĸladaĵ Station (2006-2012) 
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Figure 3.17. Monthly Average Maximum Temperature, Kēĸladaĵ Station (2006-2012) 

 

 

 

3.4.3 Relative Humidity  

 

The monthly average relative humidity values observed in Kēĸladaĵ AWOS is given in 

Figure 3.18 for the period 2006-2012. According to this figure, relative humidity 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. 

 

 

 
 

Figure 3.18. Monthly Average Relative Humidity, Kēĸladaĵ Station (2006-2012) 
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3.4.4 Evaporation  

 

Daily evaporation at Kēĸladaĵ is measured generally between April and October, for 2000 

and 2012 period. This data set has some missing measurements and consequently, a set of 

correlation is conducted by Yazēcēgil et al. (2011) to estimate the missing data. 

 

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

for seven consecutive days or less. For this condition, if Uĸak Meteorological Stationôs data 

is present, the data is introduced to Kēĸladaĵ data set, with a correlation factor calculated by 

Yazēcēgil et al. (2011). If not, it is estimated with calculating the average evaporation rate for 

four days before and after the missing daysô data. Second estimation is completed for the 

period where the evaporation measurements are missing for more than seven consecutive 

days. For this condition, if Uĸak Meteorological Stations data is present, the data is 

introduced to Kēĸladaĵ data set, also with a correlation factor calculated by Yazēcēgil et al. 

(2011). Otherwise, as estimated by Yazēcēgil et al. (2011), the missing data is estimated 

utilizing Penmann Equation (Dalg¿n, 1988). Furthermore, for winter months where the 

evaporation data is missing, the evaporation rates calculated by Dalg¿n (1988) are 

introduced to the data set.  

 

Similar estimations are completed for the missing evaporation rates of Uĸak Meteorological 

Stations data, as described above. In order to generate the long term daily evaporation data, 

by Yazēcēgil et al. (2011) conducted a statistical analyses, similar to precipitation analyses, 

for Kēĸladaĵ and Uĸak Meteorological Stations evaporation data for the period between 2000 

and 2012 (where the collected data overlaps). Using this analyses, long term daily 

evaporation data is generated for the period between 1975 and 2000 for Kēĸladaĵ. As a 

result, long term (1975-2012) daily evaporation data set is generated for the mine site.  

 

Monthly average evaporation rates measured at Kēĸladaĵ Meteorological Station (2001-

2012) are given in Figure 3.19. Calculated monthly average evaporation rates for Kēĸladaĵ 

Meteorological Station for long term (1975-2012) is given in Figure 3.20. According to these 

figures, it can be noted that short and long term data show similarity. The short-term (2000-

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

and 226 mm, respectively. The long- term data indicates that the lowest evaporation is 

observed in 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 period, precipitation 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 (1975-2012) annual evaporation data is given in Figure 3.22. This data 

set indicates that the long term average annual evaporation for Kēĸladaĵ is 1198 mm. 



51 
 

Between years 1990 and 1999 the annual evaporation rate is below the long-term average, 

while it is above the average after 2000.  

 

 

 

 
 

Figure 3.19. Calculated Monthly Average Evaporation for Kēĸladaĵ Short Term (2001-2012)  

 

 

 

 

 
 

Figure 3.20. Calculated Monthly Average Evaporation for Kēĸladaĵ Long Term (1975-2012) 
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Figure 3.21. Calculated Monthly Average Evaporation and Precipitation Data for Kēĸladaĵ 

(1975-2012) 

 

 

 

 

 
 

Figure 3.22. Calculated Long Term Annual Evaporation Rates for Kēĸladaĵ (1975-2012) 
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CHAPTER 4 

 

 

HYDROGEOLOGY  

 

 

 

4.1 Water Resources 

 

4.1.1 Surface Water Resources  

 

The study area and specifically the mine site are located on the water divide between the 

Gediz and B¿y¿k Menderes River Basins (Figure 4.1). Since the mine site is located on the 

water divide, only ephemeral creeks are present in the area. Although 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 ones discharge to the branches of the B¿y¿k 

Menderes River.  

 

In the whole study area, on the other hand, there are both perennial and ephemeral creeks 

(Geemek, Deĵirmen, Kurbaĵalē Deresi etc.). The major creeks within and around the mine 

site are Kurbaĵalē Creek flowing west of the mine site and Geemek Creek, flowing north of 

the mine site, with its tributaries, namely Sºĵ¿tl¿ Creek (draining the mine area) and 

Deĵirmen Creek (Figure 4.1). These two major drainages combine at the northwest of the 

project area and discharges to the Gediz River. Radial drainage network of 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, Weir-6 was installed in October 2011 in 

order to monitor the flow discharging from the planned expansion areas in the north. 

Locations and drainage basins of the weirs are shown in Figure 4.2, while data regarding 

these weirs, such as drainage areas and operational periods are given in Table 4.1. As it can 

be seen from this figure drainage areas of the first five weirs, (Weir 1 to 5), cover all the 

surface flow occurring at the present mine site and the last one (Weir-6) covers most of the 

drainage from the planned leach pad area north of the present mine site.   
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Figure 4.1. Surface water resources (drainage, springs, seeps and fountains)  
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Figure 4.2. Location of the weirs and their drainage areas 
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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 1/6/2005 ï present 

Weir-2 761.13 1/6/2005 ï present 

Weir -3 161.88 1/6/2005 ï present 

Weir -4 164.58 1/6/2005 ï present 

Weir -5 610.04 1/3/2008 ï present 

Weir -6 506.29 1/11/2011- present 

 

 

 

Figure 4.3 shows the average daily flow measurements (in log-scale) together with the 

precipitation values plotted against time. According to this 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 that average 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, Sarēkēz, Cabar, Ķnay, Kocapēnar, Uyuz, 

Haskºy and Sivaslē Springs) discharge from the Ulubey aquifer, which has a broad extension 

at eastern and northern parts of the study area. Among these high-yield springs, only Ķnay 

Spring is located within the boundaries of the study area. This spring located approximately 

7 km away from the mine site (Figure 4.1), is the drinking and domestic water supply of Ķnay 

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

period between the years 1986 and 1988. During this period lowest 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 (Yazēcēgil et al., 2008). 

 

Apart from high-yield springs, there are several low-yield (<0.25 L/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. At these locations, monthly sampling is 

conducted for water quality. Locations of these monitoring 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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