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Introduction

Acid mine drainage (AMD) is still a worldwide environ-
mental problem despite extensive research on predictive 
and preventive techniques (Bouzahzah et  al. 2013). When 
exposed to air and water, sulfidic wastes undergo atmos-
pheric and aqueous oxidation and tend to generate acidic 
waters that often contain elevated concentration of sulfate, 
iron, and potentially toxic metals (Balci et al. 2007, 2012; 
Çelik-Balci 2010; Lottermoser 2010; Nordstrom et  al. 
2000; Sahoo et  al. 2014; Schippers 2004). Acidic waters 
that originate from pyritic waste or ore can also be anoma-
lously rich in trace elements such as Ni, Co, As, and Sb 
(Balci et al. 2012; Lapakko 2002).

Extended generation of AMD typically occurs when the 
rates of acid production exceed the neutralization capacities 
of the host rocks. Therefore, assessment of AMD genera-
tion involves both prediction of the acid production poten-
tial (APP) of waste materials and neutralization potential 
(NP) of lithological units located in the same environment. 
Various parameters and test methods are used to assess 
these factors. The most commonly used methods are static 
and kinetic tests (Brodie et al. 1991; Duncan and Bruyen-
steyn 1979; Hageman et al. 2015; Lapakko 2002; Lawrence 
et al. 1989; Lawrence and Scheske 1997; Modabberi et al. 
2013; Plumlee 1999; Sobek et  al. 1978). Static tests, also 
known as acid-base accounting (ABA) tests, were origi-
nally developed to predict AMD generation at coal min-
ing sites and then modified for metal mines (Kwong 1993; 
Jambor 2003; Jambor et al. 2007; Sobek et al. 1978). ABA 
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tests consist of an analytical procedure that allows one to 
calculate the acid production (AP) and NP of a material. 
They are inexpensive, simple, and efficient, but do not 
provide any information about weathering rates (Akabzaa 
et  al. 2007; Jambor 2003; Modabberi et  al. 2013; Perry 
1998; Skousen et al. 2002; Sobek et al. 1978).

In a recent study, Bouzahzah et  al. (2014) used static 
tests to assess the role of sample mineralogy in AMD pre-
dictive studies and emphasized the limitations of static 
tests. For example, it is not possible to predict long term 
acid generation potential and the weathering rate of a given 
sample using static tests. As a result, net acid generation 
(NAG), paste pH, and aqueous leaching tests are used in 
combination with static tests to accurately predict poten-
tial mine drainage. In this context, the aim of the current 
study was to predict AMD generation in the Küre volcanic 
massive sulfide (VMS) mining district using different static 
methods and to compare and evaluate the reliability of the 
various methods. The results of ABA, long term paste pH, 
paste pH, and NAG tests performed on the same samples 
were compared with the results of a long term aqueous 
leaching test, conducted to simulate long term weathering 
reactions, and field water quality data to predict the post-
mining water quality and future metal release.

Description of the Study Area

The Küre VMS area, located in the Kastamonu province 
of the western Black Sea region of Turkey, is the largest 
and most productive copper district of Turkey (Fig. 1). The 
Küre deposits were mined by the Genoese, Byzantines, and 
the Ottoman Empire (400–1000 years ago) and relicts of 
the ancient mining, such as old slag dumps, are still located 
north of Küre (Bailey et  al. 1966; Güner 1980). Despite 
its long mining history, no data existed that could be used 
to predict the area’s AMD potential. Exploitation of the 
recently discovered Mağarodoruk deposit, with a 2.15% 
Cu grade and 23,500,000 tonnes (t) of reserve, and located 
near the Küre Mountains National Park, underline the need 
for accurate AMD predictive studies (Akbulut et al. 2016; 
Altun et al. 2015).

Precipitation in the mine area is lowest in July and peaks 
in May; the area’s annual rainfall averages 696 mm. July is 
the hottest month of the year, averaging 18.3 °C, and Janu-
ary is the coldest month, averaging below 0 °C. The aver-
age temperature year-round is 9.2 °C. The mining district is 
about 1500 m above sea level.

The Küre VMS deposits is mostly covered by the Küre 
Complex, which is also referred to as the Küre ophiolites 
(Okay et al. 2006, 2015; Fig. 1). Below the ophiolites are 
ultramafic rocks, comprising serpentinized peridotites and 
serpentinites tectonically overlain by massive and pillow 

lavas, with lava breccias at the top (Boztuğ et  al. 1995; 
Çakır 1995; Ustaömer and Robertson 1994). Deep-sea sed-
iments known as the Akgöl formation depositionally cover 
the Küre ophiolites, which consist of folded and well bed-
ded gray-dark gray sandstones or graywackes and highly 
deformed black shales, with locally interbedded lime-
stones (Bailey et al. 1966; Boztuğ et al. 1995; Güner 1980; 
Ustaömer and Robertson 1994). The Cyprus-type Küre 
VMS ores are located along the contact zones of the black 
shales and pillow lavas of the Küre Complex and were 
deposited via mineral rich hydrothermal fluids travelling 
through fault cracks (Çakır 1995; Kuşçu and Erler 2002).

The Küre deposits are variously massive lenses, stock 
works, or disseminated in the host rock, with decreasing 
ore grade, respectively, and are mainly composed of pyrite 
and chalcopyrite (Akbulut et  al. 2016; Altun et  al. 2015; 
Bailey et al. 1966; Güner 1980). The main gangue miner-
als are quartz, calcite, dolomite, and chlorite (Akbulut et al. 
2016; Altun et al. 2015).

Materials and Methods

The sampling points were selected based on the lithology 
and mineralogy of the mining district (Fig. 1). The waste 
rocks were divided into two groups: 1-unoxidized, fresh 
ore-rich rocks (O, n = 6) collected from the active under-
ground mine site to predict maximum acid production rate 
for the district and 2-waste materials deposited on the sur-
face (OBR1, OBR-2, OBR-3, P1C, P1D, P10A, and P10B). 
In addition, samples were collected from the gossan out-
crop (n = 6, Gossan) of the Bakibaba open pit mine area, 
flotation tailings (n = 3; WEP) and s from various litholog-
ical units such as basalt (B, R2, R4, R5, P1A, and P1B), 
greywacke (R1 and R10), black shale (P1E and R3), lime-
stone (R9 and P10C), and sandstone (i51, i52) for the cur-
rent study (see Table 1). Each sample location recorded by 
GPS (in UTM coordinates) was plotted on the geological 
map of the area (Fig. 1).

Water samples were also collected during the field cam-
paign. Acidic (n = 2; GW1, GW3) and neutral groundwa-
ter (n = 3; GW2, GW4, GW5) were sampled from the adit 
walls of Bakibaba underground mining tunnels at differ-
ent elevations. Representative AMD surface water (n = 3; 
AMD1-3) and pristine neutral surface water (n = 2; SW) 
were also collected from the Karanlık Stream and Küçükali 
Stream, respectively (Fig.  1). Physicochemical parameters 
(pH, EC and Eh) of all the water samples were determined 
in situ using a WTW-330 probe. In addition, an extra 50 ml 
water sample from each sampling point was filtered (0.2 µm 
Sartorius syringe filter) and acidified with research-grade 
1/10 diluted HNO3 to further analyze metal contents. The 
sulfate content of each water sample was determined in-situ 
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by Hach-2800 spectrophotometry. The metal concentra-
tions of water samples were analyzed by inductively cou-
pled plasma mass spectrometry (ICP-MS; PerkinElmer 
Analyst 300) at the ITU Material Sciences and Production 
Technologies Applied Research Center.

The mineralogical compositions of the powdered rock 
and waste samples were detected using Bruker D8 advance 
X-ray diffraction (XRD) between 2 and 70° theta angles 
with a Cu target. Side-loading aluminum holders were 
used for XRD studies. Polished thin sections were prepared 
from the ore bearing waste rocks (OBR-1, OBR-2, OBR-
3) and investigated using a Nikon LV100 ore microscope. 
The bulk chemical composition of the samples (Fe, Mg, 
Ca, K, Al, Na, Mn, Cu, Zn, Ni, Co, Ti, Pb, Cd, As) were 

determined by inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES) following acid digestion 
with a HCI-HNO3-HCIO4-HF mixture. The silica con-
tent was determined by ICP-AES following Na2O2/NaOH 
fusion. An X-ray fluorescence spectrometer (XRF; Philips 
PW2400) was used to determine the total S content of each 
sample following LiBO2 fusion.

AMD Prediction Static Tests

The following methods were used to determine the AP 
and NP of the samples: acid production potential (APP), 
net neutralization potential (NNP), neutralizing potential 
ratio (NPR), maximum potential acidity (MPA), net acid 

Fig. 1   Geological map (in UTM coordinates) showing stratigraphic units and sampling locations around Küre VMS deposits, modified from 
Bailey et al. (1966); Güner (1980) and Okay et al. (2014, 2015)
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generating pH (NAGpH), and NAG tests, in addition to 
acid neutralization capacity (ANC) and net acid-produc-
ing potential (NAPP). The APP, NNP, NPR, NP, MPA, 
ANC, NAPP, and NAG value of each sample was calcu-
lated (Supplemental Tables 1 and 2). All of the rock sam-
ples were dried, grinded, and sieved to the various particle 
sizes required for the different methods. In the ABA study, 
the paste pH and paste EC of each sample were determined 
using a pH/EC meter (WTW-330 probe).

The NP was calculated following the methods proposed 
by Sobek et  al. (1978). The first step in determination of 
NP involves a fizz test, which is used to estimate the cal-
cium and magnesium content of a sample. The fizz test was 
performed by reacting the sample with diluted hydrochlo-
ric acid at room temperature (Supplemental Table 2). Fol-
lowing the determination of the fizz rating test, the speci-
fied amount of HCl with given normality was added to the 
sample and placed into pre-heated water bath at 85 °C until 
the reactions were completed. Then the mixture was cooled 
and back titrated to pH 7.0 with NaOH of the same normal-
ity. The amount of NaOH added was then used to deter-
mine how much HCI was neutralized by the sample. The 
NP value of each sample was calculated according to the 
formula given in Supplemental Table 1 and reported as kg 
of CaCO3/t of rock.

The NAG test was used along with ABA to classify the 
APP of the samples. The NAG test is based on the reaction 
of a sample with hydrogen peroxide acting as quick oxidiz-
ing agent for sulfide minerals present in a sample. Since 
acid generating and neutralizing reactions co-occurs in a 
sample, a final result of NAG test directly represent of the 
net amount of acidity produced by the sample and is cal-
culated as kg H2SO4 per ton of the material. For the NAG 
test, 15% hydrogen peroxide heat-extraction and NaOH 
titrations were performed (Miller et al. 1997). Each sample 
was rapidly oxidized and the NAGpH values were recorded. 
The NAG of each sample was determined based on the vol-
ume and concentration of base used in the tests (Supple-
mental Tables 1 and 2), as in previous studies (Lottermoser 
2010; Miller et al. 1997).

Paste pH experiments were performed for each sample 
using ultrapure water as the only reagent with 100% pulp 
density (Page et  al. 1982; Sobek et  al. 1978). Physical 
parameters (Eh, pH, and EC) were frequently monitored for 
three weeks. After each measurement, the mixtures were 
stirred with a glass stick and the beakers were resealed with 
Parafilm M bands.

Long Term Aqueous Leaching test

The leaching test was performed under conditions analo-
gous to the natural environment (e.g. with simulated rain-
water). The leaching tests were performed on the same 

samples used for the static tests to predict long term acid 
generating potential and metal release capacity. The leach-
ing test was applied to splits of the samples at the Istanbul 
Technical University (ITU) Geomicrobiology Laboratory 
for 3  months. The splits were combined with simulated 
rain water at a ratio of 20:1. The mixtures were shaken for 
5 min and the experimental beakers were aerated daily by 
removing their parafilm cover for an hour and stirring the 
contents with a glass stick for 5 min. After 3 months, the 
leachates were filtered (0.2 µm Sartorius syringe-tip filter) 
and divided into two parts. One part was used to analysed 
for metals with the ICP-MS and the other portion was 
used for anions (SO4

2−, NO3
−, NH4

+, CI−, and F) and cati-
ons (Mg, Ca, K, Na) with ion chromatography (IC-Perkin 
Elmer). The pH and EC measurements were made at the 
end of each experiment. Based on the leaching test, the 
long-term paste pH test was proposed and used to predict 
acid generation and neutralization consumption along with 
the other ABA tests.

Results and Discussion

Bulk Geochemistry and Mineralogy of the Samples

Detailed mineralogical and chemical characterization of a 
sample is a crucial step in AMD prediction at mining sites. 
The concentrations of major, minor, and trace elements in 
all samples used in the static tests are presented (Table 1), 
along with their crustal abundance (CA) values (Wedepohl 
1995).

The ore-rich and ore-bearing waste rocks display signifi-
cant concentration of Fe, S, Cu, Zn, Co, Pb, and As. The 
highest concentration of Fe, 36.9 wt %, was found in the 
ore-bearing waste rocks (P1C, O), which was predomi-
nantly pyrite (Table  2). Between 7 and 31% of the waste 
rock mass was Fe. The rest of the samples belonged to 
various lithological units in the study area and contained 
0.4–13.23% Fe, with a few samples (P1E, P1B, and R2) 
also containing significant Fe concentrations. Copper and 
zinc were the dominant other metals, with the highest con-
centration of 44,010 and 27,430 ppm in the ore-rich rock, 
respectively. In general, the ore-rich samples (OBR1-3; 
P1C, P1D, P10A, P10B) contained significant amounts 
of Cu and Zn (Table 1). Concentrations of Zn in all sam-
ples, and particularly in ore bearing and rich waste, were 
greater than the CA (65 ppm). The areas of limestone, shale 
basalts, and calcite (R9, R10, P10C, i51, i52; Table 2) were 
the only ones that did not exceed the CA value for Cu. The 
flotation tailing (WEP) and gossan contained elevated con-
centrations of Cu, Zn, and Fe in addition to Co, Pb, and Cd. 
The Co, Pb, Cd and As concentrations in the ore-rich (O) 
and ore-bearing waste rocks (OBR1-3, P1C, P1D, P10A, 
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P10B) were significantly higher, and the average Co, Pb, 
Cd, and As concentrations in the waste rocks (except for 
the gossan and WEP samples) exceeded CA values by 631 
times, 75.1 times, 23.8 times, and 108.6, respectively.

The highest Co, Pb, Cd, and As concentrations were 
found in the ore-rich wastes (1776, 385, 52, and 613 ppm, 
respectively), though the flotation tailings also contained 
high Pb, Cd, and As concentrations. The lowest Ti, Mn, 
and Cr concentrations were found in the ore-rich samples 
(56, 10, and 5 ppm, respectively). The highest Cr concen-
tration was in the basalt sample (B). In general, samples 
low in sulfur and ore minerals (such as pyrite) contained 
significant amounts of Ti, Mn, Cr, and Ni. The high-
est Cd concentrations were found in the ore-rich (O) and 
WEP sample (52 and 33  ppm, respectively). Total base 
metals (Cu + Cd + Co + Ni + Zn + Pb) generally increased 
with Fe content and decreased with an increase in major 
cations (Fig. 2a, b). The base metal and Fe content of the 
flotation samples (WEP) were comparable to the ore-rich 
waste rocks (OBR1-3, P1C; Fig.  2b). In general, samples 
with low Fe and base metal content belonged to lithologi-
cal units with a high major oxide content and high neutral-
izing potential. The highest major oxide content belonged 
to P10C sample, which had the lowest base metal con-
tent. Except for OBR-1, P10A, and P1D, waste samples 
with high APP showed high base metal and low major 
oxide trends (Fig.  2). In the Küre VSM district, the sam-
ples with greater base metal and lower major oxide content 
were the waste rocks, gossan, and WEP. The waste sam-
ples rich in ore (O, OBR1-3, P1C, P10A, and P10B) gener-
ally consisted of pyrite, chalcopyrite, and minor amounts 
of sphalerite, and had high APP, with quartz and chloride 
as abundant gangue phases. In the OBR-2 and OBR-3 sam-
ples, chalcocite (Cu2S) and covellite (CuS) were also pre-
sent (Table  2). In general, the main gangue phases in all 
of the samples were quartz, chlorite, illite, muscovite, and 
feldspar. Gossan is composed of hematite and quartz. The 
WEP sample contained both of the ore minerals, mostly 
pyrite, and gangue phases of quartz and clay minerals in 
addition to secondary sulfates, such as gypsum and jarosite. 
Lithological units and waste rock samples with low sulfide 
content mainly contained quartz, albite, chlorite illite, 
muscovite, calcite, amphibole, talc, plagioclase, olivine, 
and serpentine, with some local vein-filling (R2) or dis-
seminated pyrite (P10A, P10B). In general, chlorite was the 
most common sheet silicate, with lesser amounts of musco-
vite. Clay phases included kaolinite, talc, montmorillonite, 
and illite (Table 2).

Microscopic investigation of the waste rock samples (O, 
OBR-1, P1C, and OBR-3) showed paragenetic relation-
ships between the pyrite, chalcopyrite, hematite, and mag-
netite (Fig. 3). Most of the pyrite grains in the ore bearing 
rocks had deformed anhedral morphology, along with some 

subhedral and locally euhedral cubic grains. These were 
either large grains containing chalcopyrite and specular-
ite within or in their fractures; or as relatively small grains 
disseminated in the host basalt. Euhedral pyrite oxidizes 
slower than disseminated pyrite, which will oxidize quickly 
due to its larger surface area (Weber et al. 2004; Weisener 
and Weber 2010). Although elevated acid generation rates 
can be expected from disseminated reactive pyrite oxida-
tion, acid generation can also be severe from large pyrite 
particles and euhedral pyrite (Schippers 2004). Waste sam-
ples rich in pyrite (O, P1C, and WEP) are generally acid 
generating, irrespective of the oxidizing agent (Fe(III) 
or O2), but chalcopyrite oxidation is only acid generat-
ing when the oxidizing agent is Fe(III). Oxidation of pure 
sphalerite, covellite, and chalcocite are not acid-generating 
reactions (Balci et  al. 2007, 2012; Plumlee 1999). This is 
consistent with the ABA static test results, in which sam-
ples O, P1C, and WEP, which were rich in pyrite, was acid 
producing, while OBR1, which contained minor amounts 
of pyrite, chalcopyrite, sphalerite, and a sulfur content of 
1%, was not (Table 2).

Acid Generation and Neutralization Capacity of Wastes 
and Lithological Rocks

ABA static tests have been widely used to quantify the AP 
and NP of geologically diverse mine wastes (Bouzahzah 
et  al. 2014; Sahoo et  al. 2014). In addition, NAG along 
with the ABA tests have been applied to different wastes 
such as Pb–Zn tailings (Shu et al. 2001) and metallogenic 
belts (Akabzaa et  al. 2007) to obtain more robust predic-
tions. The combined results of paste pH, long-term paste 
pH, ABA, and NAG tests are presented in Table 3 and the 
test results were evaluated based on the various screen-
ing criteria developed over the years by various researches 
(Tables 4, 5).

Based on the paste pH results, most of the waste and 
lithological units can be classified as non-acid generating 
except for samples O, WEP, and PIC, since a paste pH <4 
is considered as acid-toxic (Sobek et  al. 1978; Table  4). 
The long-term paste pH tests, used for the first time in 
the current study, compared well with the paste pH tests 
and indicated the most samples were not acid generating 
(Table 3). The consistent results among the different paste 
pH tests suggest that common paste pH test is a convenient 
and reliable method to predict long term changes in pH of a 
waste exposed to rain. The long term paste pH results also 
showed that long term storage of waste materials, except 
for samples O, P1C, and WEP, produced slightly alkaline 
solutions.

The paste EC and long term paste EC values were also 
consistent. EC values ranged from 94 to 9650  µS/cm for 
the 3  week tests and from 112 to 9200 for the long-term 
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tests (Table 3). Higher paste EC values with lower paste pH 
values in the O, P1C, and WEP samples indicated higher 
sulfide mineral oxidation rates and greater release of met-
als into the solution (Table 5). The waste samples (O, PIC, 
Gossan) and rock sample (R2) had low NP values, rang-
ing from −217.5 to −6 and −5.0 kg CaCO3/t, respectively 
(Fig.  4). The ANC of the respected samples correlated 
perfectly with the NP values (−213.15, −6.37, −5.88 and 
−4.9 kg H2SO4/t) of ore, respectively. The lowest NP value 
was associated with the waste samples (O) that contained 
an abundance of massive pyrite and chalcopyrite (Figs. 4, 
5). The rest of the samples had NP values ranging from 2 
to 792. 5 kg CaCO3/t, consistent with the ANC values. The 
highest NP and ANC values belonged to the P1E sample 
(containing calcite, chlorite, quartz; Fig. 2a). The APP and 
MPA values varied widely, from 0.3 to 591 and from 0.6 
to 578.3  kg of H2SO4/t, respectively. The APP and MPA 

values indicated that the maximum AP in the region was 
obtained from the O samples (591  ppt and 578.34  kg 
H2SO4/t), with a net acidity of about 206 kg H2SO4 per ton 
of ore (Table 3; Figs. 4, 5), respectively. The APP and MPA 
results correlated well and showed that the higher values 
were associated with the amount of pyrite and chalco-
pyrite in the sample (Fig. 5). The calculated NNP ranged 
between −808.5 and 686.5 kg CaCO3/t in the waste sam-
ples and between −14 and 785.8 kg CaCO3/t in the rocks. 
The NAPP values were consistent with the NNP.

The NAG test was used to verify the ABA tests and to 
determine the APP of the samples. In contrast to ABA, the 
acid generation reaction from pyrite oxidation and neu-
tralization from the rest of sample can co-occur, with the 
final acidity directly measured in the NAG test. Therefore, 
overestimated acid production, which can occur when the 
total sulfur concentration is used (assuming that all of the 

Table 2   Description and mineral content of the samples subjected to AMD prediction static tests

a Samples that were collected from different elevation level of Bakibaba mining tunnels, above sea level

Sample Description Mineral Phases (XRD)

Metal and/or ore rich samples
 O Pyritic copper ore (675 m)* Pyrite, chalcopyrite, quartz, sphalerite
 OBR-1 Disseminated ore in basalt (645 m)a Chlorite, pyrite, chalcopyrite, quartz, sphalerite, magnetite
 OBR-2 Disseminated ore in basalt (630 m)a Chlorite, hematite, covellite, chalcopyrite, pyrite, chalcocite
 OBR-3 Disseminated ore in basalt (512 m)a Chlorite, covellite, chalcocite, pyrite, chalcopyrite, illite, 

quartz, sphalerite
WEP Ore and waste bearing sludge (flotation tailings) Pyrite, gypsum, quartz, montmorillonite, chlorite, jarosite, 

chalcopyrite, calcite, illite, dolomite
 P1C Pyrite rich waste Pyrite, chlorite, chalcopyrite, quartz
 P1D Pillow lava Disseminated ore, plagioclase, chlorite, quartz, talc, kaolinite, 

olivine, hornblende, calcite
 P10A Basalt with disseminated ore and calcite veins Quartz, chlorite, calcite, forsterite, pyrite
 P10B Basalt with disseminated ore Calcite, quartz, chlorite, pyrite

Gossan Reddish-brown gossan outcrop Quartz, hematite
Lithological units
 B Basalt Chlorite, albite, quartz
 R1 Greywacke Quartz, muscovite, feldspar, chlorite
 R2 Basalt with pyrite vein Chlorite, quartz, feldspar, pyrite
 R3 Black shale with orange-red alteration surface Quartz, chlorite, illite, feldspar, hematite
 R4 Basalt Feldspar, chlorite, illite, quartz, calcite
 R5 Heavily alterated basalt Feldspar, chlorite, quartz, calcite
 R10 Greywacke-shale Quartz, muscovite, feldspar, chlorite
 P1A Basalt Quartz, feldspar, chlorite, amphibole, dolomite, calcite, gyp-

sum, pyrite
 P1B Basalt-Basaltic andesite Talc, chlorite, plagioclase, amphibole, hornblende, lizardite, 

olivine
 P1E Black shale Quartz, chlorite, muscovite, calcite (magnesian), olivine
 P10C Quartz bearing milky-white calcite vein Calcite, quartz
 R9 Massive limestone Calcite, quartz
 i51 Medium-grained sandstone Quartz, chlorite, feldspar, muscovite, calcite
 i52 Medium-grained sandstone Quartz, muscovite, feldspar
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sulfur is pyritic) should not occur with this method. Sam-
ple OBR-3 was not subjected to the test due to its neutral 
initial leachate characteristic. NAG values are presented in 
Table 3 and ranged from 0.35 to 206.5 kg H2SO4 t−1; the 
NAG pH ranged between 2.39 and 7.51. From the relation-
ship between NAG and NAGpH, O, OBR-1, WEP, and P1C 
can be considered highly acid generating, while R2, R3, 
i52, and P10A can be grouped as moderately acid gener-
ating, and the rest grouped as non-acid generating (Fig. 6; 
Sahoo et al. 2014). Despite its uncertain character in ABA 
tests and its high paste pH, OBR-1 showed a high NAG 
value of 100 kg H2SO4 t−1 and a low NAGpH of 2.5. The 
OBR-1 sample contained sphalerite as the ore mineral with 
a sulfur content of 1.1% and it is likely that the sphalerite 
reacted with the peroxide, and produced acid, in contrast 
to its slow reaction rate in the ABA tests. This determina-
tion emphasizes that mineralogy affects predictive accuracy 
of APP and NP and suggests that the ABA and NAG tests 
results should be considered together for an accurate envi-
ronmental assessment.

Although there is no common consensus, various ABA 
classifications are used to assess non-acid, uncertain, and 
acidic materials, based on paste pH, NNP, and NPR (NP/
AP ratio) in addition to NAG and NAGpH (Tables  4, 5). 
Table  5 presents the consistency of the various methods. 

According to the NPR1 (NP/APP) criteria, most of the sam-
ples (70%) were not acid generating with a NPR value >4, 
OBR-1 was possibly acid generating, O, P1C, WEP, R2, 
P1A, P1D, and Gossan were acid generating, with a NPR 
value <1 (Price et al. 1997). From the NPR2 and NPR3 cri-
teria, it is clear that the O, WEP, R2, Gossan, P1A, P1C, 
and P1D samples had the potential to generate acid, with a 
NPR value of < 1 (Fig. 4; Soregaroli and Lawrence 1998; 
Brodie et  al. 1991). The OBR-1 sample was inconclusive 
according to all of the NPR criteria.

The waste samples O, WEP, and P1C can clearly be 
grouped as acid generating based on all three NNP4, NNP5, 
and NNP6 criteria whereas Gossan, R2, and P1A grouped 
as acid generating based on the NNP5 and NNP6 criteria 
and uncertain according to the NNP4 (Fig. 5). The rest were 
alkali generating, though a few of them cannot be strictly 
classified into either group (NNP4 ranged between −20 and 
20 ppt). The paste pH, long term paste pH, and ABA test 
results were quite consistent, suggesting that the paste pH 
test method can provide significant information about the 
leaching characteristics of materials.

Based on the various criteria and calculations, all of the 
tests agreed that O, WEP, and P1C were acid producing. 
Gossan and R2 were acid forming in NPR1,2,3, NNP5,6, and 
NAG7 but NPR4 and NAG8 were uncertain; note that the 
superscript numbers in this paragraph all refer to Table 5. 
Sample R2 with its basalt and pyrite mineralogy, classified 
as acid generating, highlighting the importance of sulfide 
mineral content and points to potential local AMD genera-
tion. In contrast, despite its near neutral paste pH 7.6 and 
its low sulfur content (0.3%), the Gossan sample exhib-
ited a very low NP (−6) and is considered acid generat-
ing. This result may indicate that a high percentage of iron 
oxides along with nearly no carbonate mineral content can 
be considered a limiting factor for the ABA test. P1D was 
considered as acid forming in the NPR method and in all 
NPR criteria and in the NNP method with the NNP6 crite-
ria, uncertain using the NNP4 criteria and NAG8 test, and 
non-acid forming according to NNP5 and NAG7. P1A was 
classified as acid generating in NPR, uncertain in the NNP4 
method and NAG8 test, and non-acid forming in NAG7. 
P10A was non-acid forming in all test methods except in 
the NAG7 test. The rest of the samples were considered 
as non-acid forming in all methods except for sample R3, 
which was uncertain in NAG7 (Fig. 6). Although our results 
suggest that there was a consensus in all methods, the NAG 
test with criterion 8 and NNP with criterion 4 were unable 
to accurately predict the character of the sample. In gen-
eral, the silicates, common in all the samples, are known 
to contribute minimally to acid neutralization due to their 
slow dissolution kinetics. Therefore, some samples (P1D, 
R2, P1A, and i52) were uncertain according to the NNP 
method with criterion 4.

Fig. 2   Total base-metal concentrations versus major cations (a) and 
Fe content for the samples (b)
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With reference to Tables 3, 4 and 5, all parameters cal-
culated for different methods, including APP, NP, NNP, 
ANC, MPA, NAG, and NAGpH, are in good agreement 
with respect to AMD generation, as demonstrated in 
previous studies (Brady et  al. 1994; Mohammadi et  al. 
2015; Sahoo et al. 2014). In general, these studies identi-
fied the importance of NP, NNP, and the NP/MPA ratio 
for predicting post-mining water quality. Skousen et  al. 
(2002) further demonstrated that NP/MPA ratios were a 
better predictive criterion and suggested that NP/MPA 

ratios <1 should produce acidic effluent while ratios >2 
should produce net alkaline drainage. Consistent with 
these results, the NP/MPA ratios of samples O (−0.3), 
WEP (0.1), P1C (0.01), and P1D (0.65) indicate the for-
mation of an acidic effluent. Acidic surface (AMD-1) and 
groundwater (GW-1,3) samples collected from near the 
ore (O) and ore-rich wastes (P1C, WEP) agreed well with 
the NP/MPA ratios. The good consistency between NP/
MPA ratios, short and long term paste pH, suggest that 

Fig. 3   Microscopic imaging of OBR’s (Ccp chalcopyrite, Hem hem-
atite, Mgt magnetite, Py pyrite, AF annealing fracture, CF cataclas-
tic fracture, FF fracture filling). a Pyrite grains having chalcopyrite 
fracture fillings, cataclastic and annealing fractures in OBR-1. b Dis-
seminated pyrite grains in the matrix in OBR-1. c Pyrite grain being 

substituted by chalcopyrite and surrounded by specularite in OBR-2. 
d Pyrite, chalcopyrite, specularite and prismatic magnetite in OBR-2. 
e Specularite clusters in OBR-2. f Paragenetic relationship between 
pyrite, chalcopyrite, and specularite in OBR-3
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the NP/MPA ratio of a sample can be a better indicator 
for predicting post-mining water quality.

Despite the consistency among all the tests methods, 
several limitations and errors related to the methods have 
been observed (Abrosimova et al. 2015; Blodau 2006; Dold 
2017). These discrepancies were generally attributed to the 
sulfur mineralogy of the wastes and proton liberation mech-
anisms (e.g. Fe(III) oxyhydroxides) during dissolution and 
oxidizing reactions (Dold 2017; Blodau 2006). Consistent 
with the previous studies, the influence of mineralogy on 
acid production and consumption reactions was particularly 
observable in the OBR-1 samples (Table 3). Nevertheless 

consistency in results from the ABA and NAG tests in pre-
vious studies and this study validates that these tests can be 
used for preliminary evaluation of AMD generation and its 
influence on water quality (e.g. surface and groundwater) 
after and/or during mining.

Sources of AMD and Potential Contamination 
in the Vicinity of the Küre VSM Deposit

Leaching tests conducted on the waste and lithological 
units indicate that significant concentrations of contami-
nants may release into solution from the waste materials 

Table 4   Guidelines of various screening criteria for ABA and NAG tests

References Screening criterion

NPR NNP NAG Paste pH Long term

Paste pH

1. Price et al. (1997) <1, Likely AMD potential pH <4, Acid
1–2, Possibly AMD 

potential
pH >7, Neutral

2–4, Low AMD potential
>4, None

2. Soregaroli and Law-
rence (1998)

<1, PAF

1–3, Inconclusive
>4, Has enough neutralizing capasity

3. Brodie et al. (1991) <1, Acid generating
1–3, Uncertain
>3, None acid generating

4. Ferguson and Morin 
(1991)

<−20, PAF

−20 < NNP < 20 Uncer-
tain

>20, NAF
5. Sobek et al. (1978) <−5, Acid forming
6. Day (1989) <10, Acid forming
7. Sahoo et al. (2014) NAG <50, NAGpH >5, Non-acid generat-

ing
NAG <50, NAGpH <5, Moderate acid 

generating
NAG >50, NAGpH <5, High acid generat-

ing
8. Smart et al. (2002) NAPP <0, NAGpH >4.5, 

NAF
NAPP >0, NAGpH <4.5, 

PAF
NAPP <0, 

NAGpH <4.5;UC if 
positive

NAPP >0, NAGpH >4.5 
UC if negative

9. This study pH <4, Acid
pH >7, Neutral
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characterized as acid producing on various static test meth-
ods (Table 3; Fig. 7). The results of the leaching test simu-
lated weathering to predict the composition of the runoff, 
and were compared with the chemistry of the water sam-
ples collected from streams close to the mining operations 
and from the Bakibaba underground mine tunnels to pre-
dict potential AMD generation and potentially toxic lea-
chates. Furthermore, the results of the leaching tests were 
compared with water-quality guidelines for the protection 
of aquatic life standards (USA EPA-HQ-OW 2015). The 
determination of the Cu, Cd, and Zn toxicity levels were 
based on a hardness of 100 mg/L CaCO3 (USA EPA-HQ-
OW 2015).

The pH of the leachate from the ore rich (O), P1C, 
P1D, and WEP wastes was less than 4.5, which indi-
cates that the wastes will produce an acidic runoff. 
In fact, water samples (AMD 1–3) collected from the 
Karanlık stream had typical AMD characteristics (Fig. 1; 

Table 6). The OBR 1, 2, and 3 samples did not produce 
acidic water. Leaching test results generally agreed with 
the ABA test results, except for P1A. The PIA sample 
did not produce an acidic discharge during the leaching 
test, whereas a slightly acidic runoff, with a long term 
paste pH of 6.5 and a paste pH value of 5.6, was meas-
ured during ABA tests (Fig.  7; Table  3). The inconsist-
ency between the long-term paste pH obtained from the 
leaching test and paste pH from ABA tests could be due 
to the P1A sample’s mineralogical composition (sili-
cate and pyrite). It is well documented that silicates and 
oxides contribute minimal acid neutralization due to their 
slow dissolution kinetics compared to sulfide oxidation. 
The rate of pyrite oxidation was likely faster than sili-
cate dissolution during the paste pH test (3 weeks) pro-
ducing an acidic discharge versus the long term paste pH 
test (3 months). The paste pH and EC results correlated 
perfectly with the long-term paste pH and EC values 

Table 5   Evaluation of consistency among screening criteria applied in different tests and classification of samples

PAF potential acid forming, UC uncertain, NAF non acid forming, HAG high acid generation, MAG moderate acid generation
*Not subjected to respective AMD prediction test

Sample NPR1 NPR2 NPR3 NNP4 NNP5 NNP6 NAG 7 NAG8 Paste pH1 Long term
Paste pH9

Wastes
 O Likely PAF Acid PAF Acid Acid HAG PAF Acid-generating Acid-generating
 OBR-1 Possibly Inconclusive UC UC Non-acid Acid HAG UC Acid-neutralizing *
 OBR-2 Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 OBR-3 Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 WEP Likely PAF Acid PAF Acid Acid HAG PAF Acid-generating Acid-generating
 P1C Likely PAF Acid PAF Acid Acid HAG PAF Acid-generating Acid-generating
 P1D Likely PAF Acid UC Non-acid Acid Non-acid UC Acid-generating Acid-generating
 P10A Non-acid Neutralizing Non-acid NAF Non-acid Non-acid MAG UC Acid-neutralizing Acid-neutralizing
 P10B Non-acid Neutralizing Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 Gossan Likely PAF Acid UC Acid Acid MAG UC Acid-neutralizing Acid-neutralizing

Lithological units
 B Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 R1 Low Insignificant Non-acid UC Non-acid Acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 R2 Likely PAF Acid UC Acid Acid MAG PAF Acid-neutralizing Acid-neutralizing
 R3 Non-acid Neutralizing Non-acid NAF Non-acid Non-acid MAG UC Acid-neutralizing Acid-neutralizing
 R4 Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 R5 Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 R9 * * * * * * * NAF Acid-neutralizing Acid-neutralizing
 R10 Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 P1A Likely PAF Acid UC Acid Acid Non-acid UC
 P1B Non-acid Neutralizing Non-acid NAF Non-acid Non-acid Non-acid NAF - -
 P1E Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 P10C * * * * * * * NAF Acid-neutralizing Acid-neutralizing
 i51 Non-acid Insignificant Non-acid NAF Non-acid Non-acid Non-acid NAF Acid-neutralizing Acid-neutralizing
 i52 Non-acid Insignificant Non-acid UC Non-acid Acid NAF NAF Acid-neutralizing Acid-neutralizing
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(Table  5). The salinity increased with decreasing pH, 
indicating dissolution by the acidic solution.

The major anion in all of the leachate solutions was 
sulfate. Mg, Ca, Si, Na, and K were the dominant cations 
and the highest Mg and Ca concentrations were gener-
ally associated with the acidic samples (Fig.  7). The Cu 

concentrations in the O, P1C, P1D, and Gossan leachates, 
which classified as acid producers in the ABA tests, 
exceeded the USA’s acute stream water quality standard 
(Fig. 7; USA EPA-HQ-OW 2015). The greatest amount of 
Cu leached from the ore-rich samples (O), which contained 
the most Cu in the bulk geochemical analysis (44,010 ppm) 

Fig. 4   Evaluation of acid gen-
eration potentials using ABA 
test (Sobek et al. 1978; Brodie 
et al. 1991; Lapakko 2002)

Fig. 5   Evaluation of ABA results using NNP criterion (Ferguson and Morin 1991)
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and the least from the R1 and R5 samples, which had low 
acid production rates and Cu content (Fig. 7; Table 1). In 
general, Cu concentrations in the bulk geochemical analy-
sis correlated with Cu concentrations in the leachate chem-
istry and APP (Fig. 2).

The Zn concentration in O, PIC, P1D, Gossan, and P1A 
exceeded the acute aquatic toxicity guideline; R9 and R5 
were near the limit (USA EPA-HQ-OW 2015). Leachate 
from the ore-rich samples (O) contained anomalous Zn 
levels (9590  ppm) (Fig.  7), but the P1C, P1D, and P1A 
samples also contained significant amount of Zn. In gen-
eral, leachates with a high Cu content also contained high 
amounts of Zn (Fig. 7). An exception was the R9 and R5 
samples, which contained a significant amount of Zn in 
bulk analysis and in the leachate, but low amounts of Cu in 
both, perhaps due to the pH of leachates (Table 1; Fig. 7).

Samples P10B and P1C exceeded the toxicity guidelines 
for Pb. It is interesting to note that leachate from ore-rich 
samples (O) with anomalously Pb content in bulk analysis 
(385 ppm) did not exceed the toxicity level (Fig. 7). Most 
likely, some of the Pb precipitated as anglesite (PbSO4) 
due to the acidic nature of the leachate as suggested by pre-
vious studies (Çelik-Balci 2010; Sanlıyuksel et al. 2016).

The Cd concentration in the leachate from O, P1C, P1D, 
Gossan, and P1A exceeded the toxicity level and was con-
sistent with the bulk analysis. The As concentrations were 
under the toxicity level (362  ppb) in all leachates; gener-
ally, the highest As concentration was associated with the 
ore-rich wastes. Leachates with high As contents corre-
lated with bulk analysis. The greatest As concentration 
released from the pyritic copper ore samples was 613 ppm 
(Tables 1, 2; Fig. 7).

The acidic samples (P1C, P1D, and O) exceeded the tox-
icity level for Ni (Fig. 7). In general, samples identified as 
basalt and basalt-basaltic andesite (e.g. P1A and P1B) con-
tained significant amount of Ni (Tables 1, 4). Nevertheless, 
more Ni leached from the samples with acidic leachates. 
This was also the case for Co. The most extreme leachate 
chemistry was obtained from the ore-rich samples (O) and 
ore-bearing P1C and P1D samples, which contained the 
highest concentrations of Fe, Cu, Zn, Pb, and As, in addi-
tion to Cd, Co, and Ni (Fig. 7).

The leachate composition from the leaching tests were 
compared with water chemistry data (Fig. 8; Table 6). The 
drainage system in the district displays diverse character-
istics, with pHs ranging from 3.6 to 8 for surface water 
and 2.9 to 8.3 for groundwater. The AMD was particularly 
noticeable where the Karanlık stream crosses the ore, ore-
rich wastes, and O, P1C, and P1D wastes (Fig. 1). Acidic 
surface and groundwater samples with low pH and high 
metal and SO4

2− concentrations plotted around the sam-
ple (P1D), which was classified as acid producing by the 
ABA tests (Tables 3, 4, 5). In contrast to the acidic surface 
and groundwater, neutral and/or sub-alkaline surface and 
groundwater samples with low metal concentrations were 
clustered around the samples classified as non-acid produc-
ers, based on the ABA tests (Table 3; Figs. 4, 5). The con-
sistency among paste pH, long term paste pH, and in situ 
pH measurements of all of the water samples (acidic and 
neutral surface- and ground-water) suggest that paste pH 
was a reliable way to quickly assess acid generation and 
neutralization processes in the region.

Conclusion

Various methods and criteria were used to classify and 
assess the APP of the waste rock and lithological units 
around the Küre deposits to identify possible AMD genera-
tion sources. The most common sulfur minerals identified 
in the wastes were pyrite and chalcopyrite. Calcite, dolo-
mite, feldspar, muscovite, quartz, chloride, albite, kaolinite, 
illite, olivine, and gypsum were common gangue minerals. 
Waste rock can also be a significant contaminant source 
(e.g. Cu, Pb, Co, As, Ni, Cd), despite the presence of car-
bonate minerals.

The maximum AP for the district was associated with 
the ore-rich wastes, with the highest APP (591), MPA 
(578.34), NAPP (791.5), and NAG (206.5) values. The 
P1E sample, with NP (792.5), NNP (785.8), and ANC 
(694.3) values, represented the maximum value for the 
district. Considering all of the samples, the NP generally 
exceeded the APP, indicating that the Küre VSM deposit 
waste rocks generally have a low AMD potential. Impor-
tantly, the long-term paste pH from the leaching tests had 

Fig. 6   Evaluation of net acid generation potentials with NAG test 
(Miller et al. 1997; Sahoo et al. 2014)
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Fig. 7   Bulk geochemical results for metal concentrations versus the concentration of metals in leachate. (Note some of log scale, acute water 
quality standard—USA-EPA HQ-OW 2015)
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neutral to sub-alkaline pH values and low metal concen-
trations. The aqueous extracts of some of the samples (O, 
P1C, P1D, and WEP) were acidic during the leaching 
tests. Consequently, acid drainage could occur over long 
periods of interaction between the waste rocks and water. 
During oxidation of the waste rocks (O, P1C, P1D), con-
taminants in the leachate solution often exceeded the 
acute aquatic toxicity level. Low pH and increasing con-
centrations of sulfate and contaminants (e.g. Cu, Zn, Co, 
Cd, Pb, As) suggest that sulfide mineral oxidation mainly 
occurs in the O, P1C, and P1D waste rock. From the ABA 
and NAG tests, it appears that the NP of the district was 
generally higher than the APP of the wastes. Field water 
quality data correlated well with ABA and long term 
paste pH tests, indicating the acidic drainage associated 
with the O, P1C, and P1D wastes. Furthermore, NP/MPA 

ratios were found to be a better indicator of post-mining 
drainage quality. Consistent results between NPR, NP, 
APP, MPA, NP and long-term leachate chemistry along 
with field water quality data affirmed that static tests can 
be used for preliminary evaluation of possible AMD gen-
eration. However, site-specific geochemical and miner-
alogical conditions should be well defined and results of 
the ABA and NAG tests should be combined for proper 
environmental assessments. ABA tests, geochemical, 
mineralogical, and leaching studies of the Küre wastes 
and lithological rocks indicated that the likelihood of 
AMD formation was curbed by the high NPs of the ultra-
mafic rocks. The storage of wastes (O) with the highest 
APP value around the sample with the highest NP value 
(PIE) is suggested to prevent local AMD generation near 
the Karanlık stream.

Fig. 7   (continued)
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