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Abstract: A detailed characterization of an iron oxy/hydroxide (gossan type) bearing refractory gold/silver ore was performed with a 
new diagnostic approach for the development of a pretreatment process prior to cyanide leaching. Gold was observed to be present as 
native and electrum (6−24 µm in size) and associated with limonite, goethite and lepidocrocite within calcite and quartz matrix. 
Mineral liberation analysis (MLA) showed that electrum is found as free grains and in association with beudantite, limonite/goethite 
and quartz. Silver was mainly present as acanthite (Ag2S) and electrum and as inclusions within beudantite phase in the ore. The 
cyanide leaching tests showed that the extractions of gold and silver from the ore (d80: 50 µm) were limited to 76% and 23%, 
respectively, over a leaching period of 24 h. Diagnostic leaching tests coupled with the detailed mineralogical analysis of the ore 
suggest that the refractory gold and silver are mainly associated within iron oxide mineral phases such as limonite/goethite and 
jarosite-beudantite, which can be decomposed in alkaline solutions. Based on these characterizations, alkaline pretreatment of ore in 
potassium hydroxide solution was performed prior to cyanidation, which improved significantly the extraction of silver and gold up 
to 87% Ag and 90% Au. These findings suggest that alkaline leaching can be used as a new diagnostic approach to characterize the 
refractoriness of iron oxy/hydroxide bearing gold/silver ore and as a pretreatment method to overcome the refractoriness. 
Key words: refractory gold and silver ore; characterization; diagnostic leaching; mineral liberation analysis (MLA); alkaline 
pretreatment 
                                                                                                             
 
 
1 Introduction 
 

Refractory gold and silver ores yield low gold and 
silver extractions in cyanide leaching [1]. A suitable 
pre-treatment process such as roasting [2], pressure 
oxidation [3], bio-oxidation [4], alkaline [5,6] or alkaline 
sulfide leaching [7] and, to a limited extent, ultrafine 
grinding [8−10], is often required to overcome 
refractoriness and render the encapsulated gold and silver 
accessible to the lixiviant action of cyanide and oxygen. 

The gossan ores are intensely oxidized, weathered 
or decomposed rock, usually the upper and exposed part 
of an ore deposit or mineral vein. The gossan (or iron  
cap) ores mainly consist of quartz and iron oxides, 
limonite, goethite, and jarosites. It has been reported that 
the natural jarosite-type minerals such as beudantite 
[PbFe3(SO4)(AsO4)(OH)6], argentojarosite [AgFe3- 
(SO4)2(OH)6] and the silver-bearing plumbojarosite 
[(Ag,Pb)Fe3(SO4)2(OH)6] are the major silver (230 g/t Ag 

in average) carriers in the gossan ores from Rio Tinto 
(Spain) [11−14]. Gold and silver extractions from these 
types of ores are often limited to 70%−80% Au and  
40% Ag since jarosite-type phases are not readily 
dissolved during the conventional cyanidation    
process [15]. 

The diagnostic leaching procedure developed by 
LORENZEN [16] is a characterization method to 
determine the reasons of refractory behavior of gold and 
silver ores. It involves cyanide leaching to extract 
unlocked gold or silver after each stage of acid treatment 
using a variety of mineral acids selected to decompose 
gold/silver-bearing target mineral(s) [17−19]. The 
decomposition of some mineral phases in different acid 
leaching stages may be represented by the following 
chemical reactions [20−22]: 
 
CaCO3+2HCl→CaCl2+H2O+CO2                         (1) 
 
MS+H2SO4→MSO4+H2S [M=Zn, Cu, Pb, etc.]     (2) 
 
2FeS2+10HNO3→2Fe3++2H++4SO4

2−+10NO+4H2O (3) 
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SiO2+6HF→H2SiF6+2H2O                      (4) 
 

LORENZEN and van DEVENTER [18] used 
diagnostic leaching to identify the refractory nature of 
gold ores (only 1.3%−2.4% leachable gold with direct 
cyanidation). It was found that approximately 95% of Au 
in ore was extracted by means of selective destruction of 
gold-bearing minerals by nitric and sulphuric acids 
within diagnostic leaching procedure. TEAGUE et al [23] 
studied diagnostic leaching of a refractory gold ore and a 
bulk flotation concentrates. HENLEY et al [24] studied 
the characterization of a refractory telluride ore by a 
two-stage diagnostic approach. CELEP et al [22] 
concluded that the refractoriness of a refractory gold ore 
was associated with the dissemination and encapsulation 
of the very fine gold particles largely within carbonates, 
oxides, sulfides and, to a small extent, silicates present in 
the ore matrix. Although the diagnostic leaching 
procedure includes different acid leaching stages and the 
subsequent cyanidation, it is inefficient to decompose 
jarosite type minerals. In this work, an alkaline leaching 
was adopted as a diagnostic leaching stage for 
decomposition of jarosite type minerals. 

Detailed characterization such as mineral liberation 
size, mineral associations and modal mineralogical 
analysis is pre-requisite for plant design and mineral 
processing operations [25]. The distribution of precious 
metal, grain size and mode of occurrence (liberation, 
exposure, and mineral association) and their gangue 
components were quantitatively determined by means of 
automated scanning electron microscopic techniques 
(QEMSCAN/MLA). The mineral liberation analysis 
(MLA) system consists of a specially developed software 
package and a scanning electron microscopy (SEM) 
equipped with an energy dispersive spectrum (EDS) 
analyzer. The analysis was operated on particles mounted 
in 30 mm epoxy resin blocks to provide automated 
quantitative mineral liberation characterization [26]. The 
system utilized stable back-scattered electron (BSE) 
signals defined by its average atomic number to generate 
images of mineral grains from a scanning electron 
microscope (SEM). Mineral identification was verified 
by using of a single X-ray analysis at a point within the 
particle. Parameters such as liberation, mineral grain size, 
mineral locking and mineral associations were then 
measured by the system. In this system, X-ray mapping 
was also used when similar BSE brightness of minerals 
was identified [27]. There are seven different operating 
modes available for the MLA system: standard BSE 
liberation analysis (BSE), extended BSE liberation 
analysis (XBSE), sparse phase liberation analysis (SPL), 
particle X-ray mapping (PXMAP), selected particle 
X-ray mapping (SXMAP), X-ray modal analysis 
(XMOD), and rare phase search (RPS) [28]. 

In this work, the detailed characterization of a gold- 

and silver-bearing gossan type ore was performed to 
provide an insight into the refractory behaviour of the ore. 
The mineral liberation analysis was undertaken to 
determine the occurrence and liberation of gold and 
silver, and to identify refractory silver-bearing phases. A 
new, modified diagnostic approach was developed for 
gossan type ore so as to identify the refractions of 
silver-bearing minerals as well as gold-bearing phases. 
Based on the results of these characterizations, an 
alkaline pretreatment process was proposed and 
demonstrated on the ore sample. 
 
2 Experimental 
 
2.1 Materials 

The ore sample (~150 kg) was obtained from 
Bolkardağ–Niğde (Turkey) gold and silver deposit. It 
was crushed to <1 mm in a jaw crusher and then ground 
in a rod mill. The chemical composition of the ore 
sample (Table 1 and Table 2) was determined using 
inductively coupled plasma-emission spectroscopy 
(ICP-ES) after four kinds of acid digestion and X-ray 
fluoressans (XRF). The gold and silver contents of the 
ore were determined by lead collection fire assay 
fusion−gravimetric finish method. The ore sample was 
found to contain 8.4 g/t Au, 167.0 g/t Ag, 2.6% Pb, 4.8% 
Zn and 1.6% As mass fraction. Quartz, goethite, calcite 
and dolomite were identified as the major mineral phases 
by X-ray diffraction analysis (Fig. 1). The optical 
mineralogical analysis of the ore sample was also 
performed under an ore microscope (Leitz Wetzlar 1432) 
for which the polished sections of a number of 
hand-picked pieces were prepared from the as-received 
ore. 
 
Table 1 Chemical analysis of ore sample (mass fraction, %) 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O

23.9 4.31 36.9 1.3 6.18 0.06 0.87

TiO2 P2O5 MnO Cr2O3 CTotal STotal LOI

0.17 0.02 1.44 0.15 1.72 0.55 15.3
 
Table 2 Element analysis of ore sample (mass fraction, %) 

Ag Au Ni Ba Sn 

1.67×10−2 8.4×10−4 5.16×10−2 1.97×10−2 1.72×10−2

Cd Sb Cu Pb Zn As 

3.92×10−2 2.63×10−2 0.15 2.60 4.80 1.59 

 
2.2 Methods 
2.2.1 Sample preparation 

The crushed ore sample was ground by a rod mill 
for 3−50 min at 50% pulp density. Ultra-fine grinding of 
the ore was carried out using 2 mm ceramic ball at 800 
r/min stirring rate in a laboratory scale pin-type vertical 
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Fig. 1 XRD pattern of ore sample showing major mineral 
phases 
 
stirred mill as described in details elsewhere [9]. The 
particle size analysis of the samples was carried out 
using the laser diffraction method with Malvern 
Mastersizer 2000. 
2.2.2 Mineralogical characterization 

For the mineral liberation analysis (MLA), the 
samples were split using a quantachrome mini-riffler to 
obtain representative sub-samples, which were used to 
prepare a number of resin mounts. The polished mounts 
were examined for MLA using an FEI Quanta 600F 
scanning electron microscope (SEM). By a combination 
of image analysis employing atomic number contrast 
imaging (from BSE or BSE-signal intensity) and energy 
dispersive spectrometry (EDS) using two Bruker 5010 
SDD detectors, minerals and other attributes were 
directly measured on the MLA system. BSE signal 
intensity is proportional to the mean atomic number of 
minerals. The field emission gun MLA was set at an 
accelerating voltage of 25 kV and a spot size of 5.5. 
XBSE measurements were performed for the 
characterization of modal mineralogy and associations. 
Sparse phase liberation (SPL) measurements were 
performed for gold and silver searches. 
2.2.3 Diagnostic leaching tests 

The cyanidation tests (lasted for 24 h) were carried 
out in a glass reactor. The sodium cyanide (1.5 g/L) was 
added to maintain the concentration of free NaCN at the 
predetermined level over the leaching period and the 
consumption of cyanide was recorded. Free CN− 
concentration was determined by titration with silver 
nitrate using p-dimethylaminobenzalrhodanine (0.02% 
(w/w) in acetone) as the indicator [10]. pH was 
controlled at ~10.5 by the addition of 1 mol/L NaOH. 
Pulp (25% (w/w) solids) was stirred at the speed of   
700 r/min at room temperature. 

Potassium hydroxide (KOH) reagent is the most 
effective alkaline reagent among reagents such as 

NH4OH, Na2CO3 and NaOH [20], which was used 
successfully in a pre-treatment method to obtain the 
improved gold and silver extractions from antimonial 
refractory gold and silver ore by cyanidation [6]. In this 
work, potassium hydroxide was used to ensure the most 
effectively decomposition as alkaline digestion stage at 
diagnostic leaching procedure. Diagnostic leaching tests 
were carried out by acid/alkaline leaching stages (KOH, 
HCl, H2SO4, HNO3 and HF) to destroy specific minerals, 
followed by cyanidation of the residue from each stage to 
determine the amounts of gold, silver and other metal. 
Diagnostic leaching procedure of the ore sample and the 
parameters are given in Fig. 2. The leaching tailings were 
digested by hot acid mixture (HCl, HNO3, HClO4 and 
HF). Analysis of gold and silver in the samples removed 
at predetermined intervals was carried out using atomic 
absorption spectrophotometer (AAS, Perkin Elmer 
AAnalyst 400). The leaching solutions and leaching 
residues at the end of each stage were also analyzed for 
Au, Ag, Fe, Pb, Zn and As to establish a mass balance 
and to determine the metal recovery. 
 

 
Fig. 2 Diagnostic leaching procedure 
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2.2.4 Alkaline pre-treatment 
Alkaline pretreatment experiments were conducted 

to investigate the effect of potassium hydroxide leaching 
(5 mol/L KOH). The sample (d80≤50 µm) was leached in 
a 1 L beaker submerged in a water bath to control the 
leaching temperature (80 °C) within ±2 °C. The beaker 
with 200 mL leaching solution (KOH) and ~70 g ore 
sample (solids 26% (w/v)) was continuously stirred for  
3 h. At the end of leaching period (3 h), solid and liquid 
phases were separated by filtration and the dried residues 
were subjected to cyanidation for gold and silver 
extractions. 
 
3 Results and discussion 
 
3.1 Mineralogical characteristics of ore 
3.1.1 Optical mineralogical examination 

The optical mineralogical analysis indicated that the 
ore consisted of predominantly iron oxide minerals such 
as lepidocrocite, limonite, goethite, hematite; and pyrite 
and gangue minerals such as quartz, calcite, dolomite 
and goethite/limonite (Fig. 3). Gold particles were 
observed as 6−24 µm in size to be associated with 
limonite, goethite, lepidocrocite minerals and within 
calcite and quartz matrix. In the previous study, it was 
found that ore consists of cerusite, anglesite, galena, 

pyromorphite, mimetite and plumbojarosite as lead 
minerals; smithsonite, hydrozincite, hemimorphite, 
adamite and sphalerite as zinc minerals; limonite, 
hematite, goethite, pyrite, magnetite and siderite as iron 
minerals [29]. 
3.1.2 Mineral liberation analysis (MLA) results 

Modal mineralogy determined by the extended BSE 
liberation analysis (XBSE) measurement showed that the 
ore is mostly composed of limonite/goethite (50.62%), 
quartz (13.79%), calcite (5.62%), dolomite/ankerite 
(2.71%), hemimorphite (2.20%) and clay (7.00%)  
(Table 3). The limonite/goethite minerals contain 
variable amounts of Zn, Mn, Pb and As. The elemental 
composition of the selected minerals was determined by 
the semi-quantitative EDS analysis. Microprobe analysis 
is required for accurate determination of the elemental 
composition. Pb-bearing minerals found in trace amounts 
in the sample are galena and cerussite. The zinc minerals 
are smithsonite, which contain small amounts of Fe, 
hemimorphite, adamite and clay. The gangue minerals 
are comprised of quartz, feldspar, illite, kaolinite, calcite, 
mica/chlorite dolomite and ankerite. Gold and silver are 
native gold/electrum and acanthite (Fig. 4(a)−(f)). 
Electrum is found as free grains and in association with 
beudantite, limonite/goethite, mimetite and quartz   
(Fig. 4(e)). Silver is present as acanthite and electrum 

 

 
Fig. 3 Presence and association of gold particles: (a, b, c) Au particles associated with limonite and hematite; (d) Au particle in 
calcite (Au: Gold; He: Hematite; Lim: Limonite; Cal: Calcite) 
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and in the form of beudantite phase in the ore [12]. Most 
of the acanthite is locked within particles containing 
limonite/goethite (Fig. 4(d)), barite (Fig. 4(f)), beudantite 
(Fig. 4(a)) (Table 4). 

Mineral liberation analysis by free surface showed 
that 43% of gold/electrum and 11% of acanthite are 
present as free mineral in the ore. But, most of gold/ 
electrum and acanthite (47% and 63%, respectively) was 
associated with locked minerals (Fig. 5) which is 

responsible for the low gold and silver extractions during 
conventional cyanidation. The particle exposure gives an 
indication of the leachability of an ore at a specific 
particle size. 

The classified images of MLA particle X-ray 
mapping (PXMAP) showing the associations of gold/ 
electrum and acanthite with each other mineral phases 
are presented in Fig. 6. Most of the locked gold/electrum 
is associated with beudantite or limonite/goethite 

 

 
 
Fig. 4 BSE images of ore samples: (a) Acanthite within beudantite; (b) Sub-micron gold particle in scorodite; (c) Electrum particles 
in clay matrix; (d) Acanthite particle within complex aggregate of quartz, hemimorphite, limonite, goethite and illite particles;     
(e) Electrum particle within mimetite mineral; (f) Acanthite particle grain within barite 
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Table 3 Modal mineralogy as determined by extended BSE 
liberation analysis (XBSE) measurement 

Mineral 
Mass 

fraction/% 
Mineral 

Mass 
fraction/% 

Gold/Electrum 0.001 Limonite/Goethite 50.62 

Acanthite 0.008 Quartz 13.79 

Calcite 5.62 Clays (Illite) 7.00 

Dolomite/Ankerite 2.71 Hemimorphite 2.20 

Smithsonite 2.51 Feldspar 0.68 

Mica/Chlorite 3.32 Barite 0.08 

Pyrite 0.05 Kaolinite 0.23 

Cerussite 1.02 Other silicates 0.30 

Galena 0.03 Jarosite 0.07 

Sphalerite 0.02 Mn−Fe−Pb oxide 2.10 

Mimetite 4.20 Other 0.16 

Beudantite 3.28 Total 100.00 

 
Table 4 EDS analysis of beudatite phase in ore (mass   
fraction, %) 

O S Fe Zn As H Ag Pb 

32.10 4.55 22.56 0.99 9.45 0.90 1.50 27.85

 

 

Fig. 5 Mineral liberation by free surface for gold/electrum and 
acanthite free: A mineral with >95% surface exposure; 
Liberated: A mineral with ≥80% but <95% surface exposure; 
Middling: A mineral with ≥50% but <80% surface exposure; 
Sub-middling: A mineral with ≥20% but <50% surface 
exposure; Locked: A mineral with <20% surface exposure) 
 
minerals (Fig. 6(a)). Acanthite is mainly found as locked 
within quartz, beudantite cerussite, calcite and 
limonite/goethite iron oxide minerals in the ore     
(Fig. 6(b)). 

Native gold and electrum in the ore are mostly 
present as binary and ternary particles associated with 
limonite/goethite, quartz, beudantite and clay matrix  
(Fig. 4(c) and Table 5). Acanthite is mostly associated 

with cerussite, beudantite, limonite/goethite and quartz 
minerals (Table 6). 
 
3.2 Cyanide leaching of ore 

Effect of particle size and leaching time on gold and 
silver extractions are shown in Fig. 7. Most of gold and 
silver was extracted into solution over the cyanidation of 
2 h. Gold extraction was improved from 76.5% to 87.8% 
when the particle size was decreased from 50.24 to 18.20 
μm by conventional grinding. Similarly, silver extraction 
was improved from 23.4% to 43.4% when the particle 
size was decreased from 50.24 to 11.25 μm. By 
decreasing the particle size (d80: ~10 μm), the extractions 
of gold and silver were enhanced by 11.3% and 20.0%, 
respectively, as there was more contact between cyanide 
and the formed new surfaces (Fig. 8). 

However, the decreasing in particle size (<10 μm) 
by stirred mill reduced the gold and silver extractions, 
especially gold extraction (26.5% reduction). 
Furthermore, the cyanide consumption increased from 
2.3 to 4.7 kg/t (Fig. 8), which can be explained with the 
more liberation of cyanide consuming minerals. Thus, 
the dissolution of zinc during cyanidation can be referred 
as the reason of the increasing of cyanide consumption, 
except for Pb and Fe (not shown). The iron oxides or 
hydroxides such as lepidocrocite, limonite, goethite 
(FeOOH) and hematite (Fe2O3) are actually insoluble in 
alkaline cyanide solutions, which may coat gold particles 
and reduce sometimes significantly the leaching 
efficiency [21], which may express the reason of low 
gold extraction in the case of the ultrafine grinding. 

Apart from gold and silver, many metals or minerals 
can be dissolved in dilute alkaline cyanide solutions [21]. 
They may cause a reduction in gold or silver extraction 
and the consuming of cyanide and oxygen due to the side 
reactions. The general reaction for a sulphide containing 
a divalent metal cation is given as follows: 
 
2MS+2(x+1)CN−+O2+2H2O→ 

2M(CN)x
(x−2)−+2SCN−+4OH−                        (5) 

 
3.3 Diagnostic leaching 

Figure 9 illustrates the gold and silver extractions 
followed by standard cyanide leaching after acid/alkaline 
treatment stages in diagnostic leaching. Gold extraction 
(85%) represents the recoverable gold in cyanide 
leaching of the untreated ore (Fig. 9(a)). The remaining 
amount of the gold appeared to be refractory presumably 
due to inaccessibility of gold particles to the action of 
cyanide. Gold extraction was improved up to 100% at 
cyanidation after acid/alkaline treatments (KOH and 
H2SO4). The refractoriness of the ore for gold can be 
described as 8% Au associated with arsenates or jarasites 
such as beudantite can be decomposed in alkaline  
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Fig. 6 MLA classified images showing gold/electrum (a) and acanthite (b) in ore sample 
 
leaching and 6% Au with Cu−Zn sulphides and labile 
pyrite can be decomposed in acid leaching [16].  

Silver extraction during cyanide leaching after  
each treatment stage in diagnostic leaching is given in 
 
Table 5 Mineral associations for gold/electrum (mass   
fraction, %) 

Mineral Binary Ternary 
Beudantite 22.00 1.57 

Quartz 10.10 0.00 
Limonite/Goethite 7.34 9.19 

Smithsonite 0.92 0.00 
Clay 0.00 5.75 

Binary particle: A particle containing two phases with a tolerance of no 
more than 5% other phases; Ternary+ particle: A particle containing at least 
three phases)  

Table 6 Mineral associations for acanthite in ore (mass  
fraction, %) 

Mineral Binary Ternary 
Beudantite 0.34 4.69 

Limonite/Goethite 16.70 13.80 
Quartz 23.50 1.24 

Mimetite 2.54 6.21 
Pyrite 0.00 0.01 

Mica/Chlorite 0.00 1.77 
Kaolinite 0.00 0.41 

Hemimorphite 0.00 0.19 
Clay 0.62 3.35 

Mn−Fe−Pb oxide 0.00 0.25 
Calcite 0.00 0.58 

Dolomite/Ankerite 0.00 0.43 
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Fig. 7 Effect of particle size on extraction of gold (a) and silver 
(b) from ore in cyanidation (1.5 g/L NaCN) over a period of  
24 h 
 

 
Fig. 8 Effect of particle size on final extraction of gold and 
silver, and consumption of cyanide over 24 h leaching period 
(1.5 g/L NaCN) 
 
Fig. 9(b). Silver extraction (~30%) obtained from direct 
cyanidation shows the recoverable amount of silver in 
cyanidation. The results of cyanidation after acid/alkaline 
(KOH, HCl, H2SO4 and HNO3) leaching treatment 
showed that ~60% of silver appeared to be related with 
beudantite type jarosites minerals which are decomposed  

 

 

Fig. 9 Extractions of gold (a) and silver (b) following each 
stage of acid/alkaline treatments in diagnostic leaching of ore 
 
in KOH alkaline leaching. The beudantite, 
plumbojarosite and potassium jarosite minerals are not 
decomposed during conventional cyanidation in gossan 
ores [13]. The remaining 7.3% of silver related with 
Fe-oxide minerals are soluble in HCl solution; and 3.5% 
of silver with sulphide minerals such as pyrite, galena 
and sphalerite are soluble in H2SO4 and HNO3  
solutions [16,22]. 

Figure 10 illustrates the extractions of iron, zinc, 
arsenic and lead in diagnostic leaching. The iron 
extraction (93%) arised from the decomposition of 
Fe-oxide minerals during HCl leaching (Fig. 10(a)). Iron 
oxide/hydroxide minerals can be dissolved in 
hydrochloric acid solutions by forming ferric ions [30]. 
7.3% of Ag extraction was observed in cyanidation after 
hydrochloric acid leaching (Fig. 9(b)), which is probably 
the amount of silver associated with Fe-oxide minerals. 
The findings are confirmed with the results in Fig. 6. The 
remaining iron (6.6%) was dissolved at sulphuric acid 
leaching stage in which pyrite can be dissolved      
(Fig. 10(a)). Therefore, in presence of chloride ions,  
the chloroplumbate ion [(PbCl4)2−] is formed with    
the dissolution of lead sulfate (anglesite, PbSO4) [31].  
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Fig. 10 Extractions of iron (a), zinc (b), arsenic (c) and lead (d) following each stage of acid/alkaline treatments in diagnostic 
leaching of ore 
 
The 32% lead extraction was observed in hydrochloric 
acid leaching probably with the dissolution of anglesite 
in the ore (Fig. 10(d)). The dissolution of some iron 
oxide minerals and anglesite (PbSO4) in hydrochloric 
acid solution is given as the following reactions [30,31]: 
 
Fe2O3+6HCl→2FeC13+3H2O                   (6)  
Fe(OH)3+3H+→Fe3++3H2O                     (7) 
 
PbSO4+4Cl−→(PbCl4)2−+SO4

2−                           (8) 
 

The oxides, hydroxides and carbonate minerals of 
zinc metal are easily solubilized to water-soluble 
compounds as sodium zincate (Na2ZnO2) in strong 
alkaline solutions (e.g. NaOH) [20]. It can be seen from 
Fig. 10(b) that 62.3% Zn was dissolved in KOH alkaline 
leaching. The zinc extraction is probably derived from 
the dissolution of the minerals such as smithsonite or 
hydrozincite in the ore [32]. CHEN et al [32] studied the 
recovery of Zn and its concomitant metals from 
refractory hemimorphite [Zn4(Si2O7)(OH)·H2O] zinc 
oxide ore by alkaline leaching in the presence of 5 mol/L 

sodium hydroxide, and 73% Zn can be extracted by 
NaOH alkaline leaching. The oxide of zinc and lead can 
be reacted as the following equations and produce 
dissoluble metals salts. Also, sodium hydroxide can 
dissolve PbS and ZnS minerals by forming water-soluble 
zincate (Na2ZnO2) and plumbate (Na2PbO2) (Fig. 10(d)). 
The chemical reactions are given below: 
 
ZnO+2NaOH→Na2ZnO2+H2O                  (9) 
 
ZnS+4NaOH→Na2ZnO2+Na2S+2H2O           (10) 
 
PbS+4NaOH→Na2PbO2+Na2S+2H2O            (11) 
 
Zn4Si2O7(OH)2·H2O+12NaOH→ 

4Na2Zn(OH)4+2Na2SiO3                            (12) 
 
PbO+2NaOH+H2O→Na2Pb(OH)4                     (13) 
 

It can be seen from Figs. 10(b) and (d) that 25.6% 
Zn and 11% Pb were dissolved during cyanidation. 
Sphalerite commonly associated with gold ore reacts 
with cyanide and forms soluble zinc cyano complex 
[Zn(CN)4

2−] [21,30], which has a much lower stability 
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constant than the gold cyano complex. Among different 
lead minerals, galena is the most common mineral 
associated with gold ore. The concentration of lead ions 
in cyanide solution is usually very low due to the 
presence of galena [33]. 

On the other hand, the beudantite, plumbojarosite or 
potassium jarosite solid phases remain unaltered in the 
conventional cyanidation process. These minerals are not 
decomposed by the cyanidation treatment in alkaline 
medium at room temperature and, consequently, the 
silver in these phases is inaccessible to the cyanide   
ions [11−13]. 

In alkaline decomposition of nature jarosite-type 
minerals such as beudantite, argentojarosite and 
plumbojarosite, the sulfate, sodium and potassium ions 
are removed, while iron, arsenic and lead remain in the 
solid [13]. The formation of soluble plumbite is 
insignificant [11]. The dissolution of arsenic in KOH 
alkaline medium (54.3% As) (Fig. 10(c)) probably 
resulted in the dissolution of arsenate minerals such as 
adamite or mimetite in the ore. 
 
3.4 Cyanidation after alkaline pre-treatment 

The cyanidation of as-received ore and after 
alkaline pretreatment using potassium hydroxide is 
shown in Fig. 11. While 23.4% Ag was extracted from 
the untreated ore, 87% Ag was dissolved in cyanidation 
followed alkaline leaching. Similarly, gold extraction 
was obtained to be improved from 76.6% to 90.2% in 
cyanidation by following the pretreatment (Fig. 11). The 
higher gold and silver extractions after alkaline 
pretreatment showed that high amount of silver is 
especially refractory in the beudantite type jarosite 
minerals that are apparently insoluble in cyanide 
solutions. The pretreatment in alkaline solution 
decomposed the jarosite-beudantite phases and improved 
the silver extraction up to 87%. The rest of silver  
 

 
Fig. 11 Effect of potassium hydroxide alkaline pretreatment  
(5 mol/L KOH, 80 °C, d80: 50 μm) on gold and silver 
extractions by cyanidation (1.5 g/L NaCN, 24 h leaching time) 

probably remained in the residue enclosed in the 
Fe-oxide minerals. 

Some recent studies have already shown that 
alkaline leaching including sodium hydroxide or 
potassium hydroxide is an effective pretreatment method 
ahead of cyanide leaching for the extraction of gold and 
silver from antimonial refractory ores [5,6]. CELEP et  
al [34] also reported low gold and silver extractions 
(87% Au and 43% Ag) by cyanidation from a gossan- 
type ore containing various iron oxide and jarosite 
phases. Some studies showed that the alkaline 
decomposition in saturated Ca(OH)2, NaOH or alkaline 
sulphide solutions ensures the simultaneous removal of 
sulfate and Na+ or K+ from the lattice, resulting in the 
formation of amorphous hydroxy-arsenate of Fe, Pb and 
Ca or silver [11,13,15,35,36]. After alkaline 
decomposition, silver can be extracted from the 
decomposition residue by cyanide leaching [14]. The 
alkaline decomposition of beudantite, plumbojarosite and 
argentojarosite can be described by the following 
equations, respectively [13,36]: 
 
PbFe3(SO4)(AsO4)(OH)6(s)+2OH−(aq)+1.5H2O→ 
 

[3Fe(OH)3+Pb(OH)2+0.5As2O5]gel+SO4
2−(aq)  (14) 

 
PbFe6(SO4)4(OH)12+4Ca(OH)2+8H2O→ 
 

6Fe(OH)3+Pb(OH)2+4CaSO4·2H2O          (15) 
 
AgFe3(SO4)2(OH)6(s)+4OH−(aq)→ 
 

AgOH(s)+3Fe(OH)3(s)+2SO4
2−(aq)         (16) 

 
AgOH(s)+2CN−(aq)→Ag(CN)2

−(aq)+OH−(aq)    (17) 
 
4 Conclusions 
 

1) In the ore sample, gold was found to be 6−24 µm 
in size and associated with limonite, goethite and 
lepidocrocite within calcite and quartz matrix. Silver was 
observed to be mainly present as acanthite (Ag2S) and 
electrum, and as inclusions within beudantite type 
jarosite phase. 

2) The limited gold and silver extractions were 
obtained during cyanidation from the ore (d80: 50 µm) 
(76% and 23%, respectively) over a leaching period of 
24 h. Diagnostic leaching and detailed mineral liberation 
analysis (MLA) exhibited that the refractory gold and 
silver are mainly associated within iron oxide mineral 
phases such as limonite/goethite and jarosite-beudantite.  

3) The potassium hydroxide alkaline pretreatment 
was found to improve the extractions of silver and gold 
(87% Ag and 90% Au) significantly. The alkaline 
leaching can be used as a new diagnostic approach to 
characterize the refractoriness of iron oxy/hydroxide 
(gossan type) bearing gold/silver ores and as a 
pretreatment method to overcome the refractoriness. 
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诊断浸出法对含氧化铁/氢氧化铁(铁帽型) 
难处理金、银矿的表征 

 
Oktay CELEP, Vedat SERBEST 

 
Hydromet B&PM Group, Division of Mineral & Coal Processing, Department of Mining Engineering, 

Karadeniz Technical University, Trabzon 61080, Turkey 

 
摘  要：为了探索在氰化浸出之前进行预处理工艺，采用新诊断方法对含有氧化铁/氢氧化铁(铁帽型)难处理金/

银矿进行详细表征。结果表明，金以自然金和银金矿(尺寸为 6~24 μm)存在，夹杂在方解石和石英基体中的褐铁

矿、针铁矿和纤铁矿中。矿物解离度分析(MLA)表明，银金矿以游离颗粒存在，夹杂在砷菱铅矾、褐铁矿/针铁矿

和石英中。银主要以硫银矿(Ag2S)和银金矿存在，夹杂在矿石的砷菱铅相里。氰化浸出实验表明，在浸出时间达

到 24 h 后，矿石(d80：50 μm)中金和银的浸出率分别只有 76%和 23%。矿石的诊断浸出实验和详细的矿物分析表

明，金和银主要夹杂在氧化铁矿物相中，如褐铁矿/针铁矿和黄钾铁矾型的砷菱铅矾，这些氧化铁矿物能在碱性溶

液中分离出来。基于这些研究，在氰化浸出之前将矿石在 KOH 溶液中进行碱性预处理，能将银和金的浸出率分

别提高到 87%和 90%。这些发现表明碱性浸出能作为一种新的诊断方法用来表征含氧化铁/氢氧化铁的金/银矿处

理难度，并且可作为一种预处理方法来提高其浸出率。 

关键词：难处理金和银矿；表征；氰化浸出；矿物解离度分析(MLA)；碱性预处理 
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