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Abstract

Behavior and recovery of invisible gold in oxidative
environment

Cho, Kang Hee
Advisor : Prof. Park, Cheon-Young
Dept. of Energy & Resource Engineering

Graduate School, Chosun University

Part 1 A study on geochemical behavior and recovery of gold in streams

from gold mines

Acid mine drainage(AMD) occurs from mine tailings around abandoned
gold-mines, which generate Fe-hydroxides containing heavy metals as well as
gold. This acid mine drainage and Fe-hydroxides create serious contamination
in mine areas and drainage systems. Accordingly, this study is to identify the
gold distribution and gold forms in acid mine drainage and the Fe-hydroxides
present in the drainage system and, specifically, to confirm the possibility of
gold recovery from the stream sediment by lead-fire assay. Acid mine
drainage samples and stream sediment samples were collected along the
acidic drainage system. The content of cations and anions from the acid
mine drainage were analysed with AAS and IC. The content of ferrous and
ferric ions in the acid mine drainage were determined by the phenanthroline
method. The saturation index was obtained from the physical and chemical
factors in the acid mine drainage. To identify the mineralogical and chemical
characteristics of stream sediment, aqua regia digestion, the sequential

extraction method, AAS, XRD and IC were applied.
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The pH range was from 3.00 to 3.19 and the ORP range was from 396 to
450 mV and the content of Fe” ions decreased with the distance
downstream of the mine site, Fe®™ ions increased with the distance
downstream in the acid mine drainage. The dissolved Au content in acid
mine drainage ranged from 0.66 mg/L to 0.97 mg/L by AAS analysis. The Au
content decreased or was not detected from the upstream to downstream
area in the drainage system, which could be influenced by factors such as
pH, ORP, precipitation and adsorption. In XRD analysis, quartz and goethite
were identified in the stream sediment, and these peaks of intensity and
crystalline shape were developed and enhanced in accordance with the
upstream and downstream due to oxidation and hydrolysis. The Au in the
stream sediment was presented in the form of various complex types, and
Au species in associated complexes may be precipitated with an
oxidation-reduction reaction. The precipitated Au complex species interact
with the Fe-hydroxide with a difference in chemical bonds. It is suggest that
the Au species should be dominated by AuCls species complexes due to the
strong acid environment. The Au content of stream sediment ranged from
13.76 g/t to 22.85 g/t by AAS analysis, and this gold content decreased with
the distance downstream. It is suggested that the Au could be precipitated
by the Fe-hydroxide from acidic mine drainage as a complex form, and the
negatively charged Au could interact with the positively charged goethite
containing Fe-hydroxide due to the interaction of static electricity. In order
to confirm the bonding conditions of Au in the stream sediment, the
sequential extraction method used a five-step experiment. The results of the
sequential extraction experiment showed that the Au appeared dominantly
bonded to iron-manganese hydroxide, organic matter-sulfur and residue
bonding. The gold content in stream sediment ranged from 0.05 g/t to 0.47
g/t, and the average Au content obtained was 0.174 g/t by lead-fire assay. It
is confirmed that more gold recovery can be obtained from mine waste, if
mineralogical and geological characteristics are considered for abandoned

gold mine waste in future applications of the recoverable techniques.
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Part 2 Characteristics of the recovery and loss of gold in lead-fire assays

The lead-fire assay has been applied from long in the past to the present
day due to advantages in separation and preconcentration for gold ore and
concentrate samples. However a large amount of gold content is lost in the
glassy slag during the lead-fire assay for the reasons that sample particle
size, flux mixture ratio, and fusion temperature were not at optimum
conditions. Accordingly, to determine the factors for maximum gold recovery
and to identify the reasons for gold loss in the glass slag, the lead-fire
assay has been applied in gold ore mineral samples and concentrate samples,
respectively. Roasted samples and salt-roasted samples were prepared
according to particle size, roasting temperature and salt-addition, then these
samples were analysed using reflected-polarized microscopy, SEM/EDS, XRD,
aqua regia digestion and lead-fire assay.

The gold mineral samples from gold-bearing quartz vein in the Golden-sun
mine(Moisan, -82 and -110 level) consist of pyrite, galena, chalcopyrite and
quartz, which contain invisible gold. The gold mineral sample(-110 level) for
grade averages 184.97 g/t. The results of the concentrate sample in the
lead-fire assay showed that the best gold recovery parameters were when
the particle size was at -325 mesh(220.25 g/t), roasting temperature was at
7507C (215.20 g/t) and salt addition was 20%(224.65 g/t). The reasons for the
maximum gold recovery were due to the particle size decrease allowing
increased surface area, the gold-bearing pyrite was effectively roasted at
750°C, and the gold-bearing sulfide mineral simultaneously occurred with the
reactions of oxidation, sulfurization, chlorinization and evaporation with the
addition of salt. The minimum gold loss parameters through the slag were
when the particle size was at 200x325 mesh(3.93 g/t), the roasting
temperature was at 750C(6.69 g/t) and salt addition was 20%(3.55 g/t). The
decrease in the gold loss content is confirmed with the increase of gold
recovery in the slag. In XRD analysis, galena and lead were identified in the

slag. The gold loss reason is probably the presence of galena and lead in
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the slag. The reason for the presence of galena in the slag is that galena
may be formed in the fusion process as the sulfur source from the
gold-bearing sulfide mineral and the Pb source from the litharge as a
collector for gold. According to theory in the lead-fire assay method, the
addition of litharge(oxide lead, PbO) should collect all of the gold particles
and the collecting the gold the lead must to sink down to the lead button
during the fusion process, and thus the galena and lead must not be present
in the slag. It is confirmed that the gold loss is much greater in the slag
sample when there is the presence of galena and lead than in the slag
sample with an amorphous phase by XRD analysis. When the raw ore
sample(-82 level) and concentrate sample(from -82 level) were applied in the
lead-fire assay, the rate of gold loss in the slag was 19.86% in the raw ore
sample and 12.56% in the concentrate sample, respectively. The gold loss
was much greater in the raw ore sample than the concentrate sample. This
was probably due to the composition of the raw ore sample formed of
gangue mineral such as silicates and then the silicate mineral was not
effectively decomposed in the fusion process. In the case of excess borax
addition, it is suggested that the gold loss would be decreased in the
concentrate sample because borax effectively decomposes pyrite. Accordingly,
it is expected that a more economic effect can be accomplished in gold
mines, if this technique is applied in the field as an optimization of the

lead-fire assay in future gold analysis-recovery processes.
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= oo §hgel wEthBlowes et al., 2003).

—\~
ox,
o,
s
jus)
—=
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e
i
o 4y o L o2

>{—4 _ll" 1

_Qi

S
T

FeSy(s) + 7/20, + H,O0 — Fe? + 250, + 2H' (1-1
TS tA = uhe pH (< 4)oA Al st
Fe’ + 1/40, + H — Fe* + 1/2H,0 (1-2)

pH 2.0 ~ 4001]/H EHJ-T—]—‘_ /K‘] 1:7]_ .Ec.O z_]/\]_ﬂ_t]]_a]ao]_u_ F62+~/] /\]—ﬁ"—
T8 7718 e ERt of 1068 S7HAZITHBlowes et al, 2003).
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Fe= pH7E 35 o) d¢sid drustgs Ad 2 Faole

A pHZF Ao

flo
o
T
ol
ol

Fe™ + 3H,0 — Fe(OH); + 3H (1-3)

pH7} 72842 Feo] $=3to] A= =4, Fe¥7l §do)A =35 A
e Fe*u 33 Ao] 223 w74 FHAMd o Yoz Fer'o} Ae
(acidity) & F71=2 LA A 7] 7] w&Eolt}.

FeSy(s) + 14Fe* + 8H,0 — 15Fe® + 250,5 + 16H" (1-4)

FHM ] 2helE kA HT Fe'o 93] £=71 71438 E 7] wfZef Fe*
oA Fe¥zmo] 2tgl= ko] MA&E S AAHSIE GAZ T E dho)

FeSy(s) + 15/40, + 7/2H;0 — Fe(OH)s(s) + 2SO, + 4H' (1-5)
o pHOlA Fe?7h 4tz ofs] #Hetdom gatHe HEE 27

wEol FEFRL SalrlolE FATL Ak ol AL Ashat

I,
Ach

)
ol7} Fe'ol 4tgts Zxshed o] AAzA TS o s
AYe Tl G oA mAEe] FEA, W, 35, Hdopd
A, FulEA, WEA F gslEEY §ad 4TS nXE R wE
vl 91t Boon and Heijnen, 1993; Edward et al., 2000). =3+ S 4+3}s}

© HAES SAHOEA Hol AEEE A Fhol2s A4
# pHE 5ol Ao At A =AM, o|zlo] 4 FAku 47}
A S He o] HAth

ool A, A Fol Fid AHdgihol s 54 x2Skl A
jarosite(KFe3(SO4)2(OH)s), goethite( « -FeOOH), ferrihydrite (FesOHs - 4H;0),
schwertmannite(FegOg(OH)g-2 ,(SOs) , + nH,O ; 1= y <1.75)9} & d4ks}

FEo] AP HSchwertmann et al., 1995; Bigham et al., 1996). Jarosite

ot
o
fru
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™, ferrihydrite 2}

™

0

,_ﬁo

q
TE3h, schwertmannite= pH 3 ~ 4°lA 74

A
Al As, Pb, Hg, Cr 59 ml=

|

74 ol

=739 pHS

1
.

goethite

p
T

3}

(co-precipitation)

s
&3

FoH(Bigham and Nordstrom, 2000). o]
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HGE oA BFg ATeo] AT BRPRe B} o8& F2
AR BarolglTh o] Ae] BEsf= B, AZ, out ¥ FER
e 19504 1) GATE T3 AP

w, AARY BA FASE Qo
al., 2009). F4td el = A(Fig. 1-2)2 A7i B glolr]o A g4t Hupgd &
AL 7IAE olFH, BTETe HASR R FAEde=w
Qi glen ol EFE EFA AUl sidEHe dSeke] #dsta
AtHLee et al., 1993).

ZUFE e A%shol %
G-AL
o
ik}

Fig. 1-2 Geologic map in this study area.
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-4 Photographs showing the waste rocks in study area.

Fig. 1
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2) NEH

v FA FHFA A 7o AFEE As 9 IFELES Fotstr] ¢
af Faemel B¢k AMdga e 2 M EAES AT EYAE
S0, 17De B4R EFAANRAALNLS Fastad A ARl 9
g HA GG AFHSIR W, 3B FEgE W F
MBS EE PAE SAEHAES FREII~K04, 47NoA 4R

Z 1970 NEES AH3AEG 1-5. AlE

AHA= AT BAoE APHAS U, A& K049 KO5AEel &= H7§F3to]
EAste AR} shFTeE FRIAT

A e A =88 54 S pHe ORPMMVIE SH3H 2
M, F - Fold BAE AEE 045m RNEHA JEHE o] &3te] R{HES
AAsATt 2387 (polyethylene)= o #H4E 219-7] A 33] o] AL
T - ol BA480= 747 EeEste] &7]o EokthFig. 1-6). 4ol
2AFEE ARE7] g Folo] FaHE S WAEH] flE A4S
H7keted pH 2018t2 A oH, S0l ARE A5 weho] Yo}
A RES V@ BV HEdE ADS A sl AAFAT A=A

4Colat2 FA AT SHFEHEL ATE el A
sttt HEEA=Y A A 10 s Addx ARl F, -200
mesho| a2 A48 A A8 tHFig. 1-7)
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Sampling point

& Surface waters
Bottom sediments

@ Soi

Fig. 1-5 Sampling sites of the stream water, stream sediment and soil in
the study area(KOl ~ K19; acid mine drainage and stream sediment, SO1;

soil).
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Fig. 1-6 Photographs showing the sampling of surface waters on the

study area.
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Fig. 1-7 Photographs showing the sampling of Fe-hydroxide sediment on

the study area.
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g A7
D A58 ASEA B4y

ATA H ol A ZH—AE] St} S EAELS o] 83 GBI

&34+ 7] (atomic absorption spectrophotometry Shimadzw)E ©]&3F%3 2
M, 20] (S0 )e oleaZutEI# T Gon chromatography, Metrohm)E
o] g3l BALS AAEATE EF, A5 £F Fe'e AANEFHER
71(uv-spectrometer, Thermo)E o¢]&3t] JFF= 510 nm IFHA
phenanthroline method® #4< $as4ch 82 Fe*'s & §2 Fedld
ol A Fe*dteFe] zpo]l2 AHLee et al, 2011; Kim et al, 201D3tAt}. &
SHE Sl BE ARE WHES Fsion, BE 940 EAAEY
7} 5%u|re] FUiEFAUA} o g yeton, B AFolA o]8H &4
71719] AZ&3A= Table 1-1] 2]t

AR 7k olxFEY EEA|FE AL st wlm AF AL
9l USGSelA #1F3h= PhreeQCZE1: S o] g3tgith sEx e E
FAE O FESH 24S 9ostr] 918t XRD(X ‘Pert Pro MRD
(MRD), PANalytical)lEr@]% AA AT SHFEAEY 38ty =4 94 EA
FeHE FHs] 98t Tt AL5FEAE(Table 1-2)& AAISHA
o, 7+t B dFA /\]?‘{,7]%54 Tessier et al.(1979)7F AAlgE ol

weh sk,

_17_

Collection @ chosun



Table 1-1. Detection limits of elements for atomic absorption
spectrophotometry, uv-spectroscopy and ion chromatography.

Analysis instrument Element Detection limit(ppm)
Au 0.1
atomic absorption
As 0.1
spectroscopy
Fe 1
uv spectroscopy Fe* 5
ion chromatography SO4” 100
- 18 -
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Table 1-2. Sequential extraction method procedure for Au element in stream
sediments(Tessier et al., 1979).

Step

Extraction condition

I

Exchangeable fraction

1 g of sample, 10 mL of 0.5 M MgCly
pH 7, 1 h, 25C, continuous agitation(2 h)

Il
Carbonate and
specifically adsorbed
fraction

10 mL of 1 M NaOAc
pH 5(adjusted with HOAc)
5h, 25C(6 h)

I
Fe-Mn(hydro)oxides

() 20 mL of 0.04 M hydroxyl-ammonium
hydrochlorite (NH;OH HCI) in 25% HOAc, 9
5C, 6 hr, occasional agitation

(2) After extraction, extractant solutions were
diluted to 20 mL with D.W and continuous
agitation for 10 min (7 h)

() 3 mL of 0.02M HNOz; and 5 mL of 30%
H;0; (adjusted to pH 2 with HNO3), 85, 2
hr, occasional agitation

(2) 3 mL of 30% H.O. (adjusted to pH 2 with

I\
) HNO3;) added, 85C, 3 hr, occasional
Organic matter and o
. agitation
sulfide . .
(3) After cooling, 5 mL of 3.2 M ammonium
acetate (NH4OAc) in 20%(v/v) HNO; added
(4) Dilution to a final volume of 20 mL with
DW and agitation for 30 min (8 h)
V 75 mL of HCl + 2.5 mL of HNOs, 70C, 1 hr,

Residual fraction

continuous agitation (1 h)

D.W : distilled water

Collection @ chosun
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SHdE A =2 105C dry ovenoll A 48413 H=AZ %,
fire assay)< ol&3td =& 3]FeAthFig. 1-8). H-AaHS A &g
ol fAEL = EEAE)NA FAsA o, HEAE, Ashd
(litharge), 4t}3](soda ash), 5-AHborax), TAHsilica), = 7}(flour =
7F(fire assay crucible)ol] &g+ %, Table 1-33% & ©AE 24 &+
g 52 3t

S E A &3 fire assayH oA AR Fed Eg1Z2 -200 mesho]
st= wliEafste] ZHzt XRD9F 3eHiA g FAsEATE 3FEHEA S S1AE
A&7 f82 &g 1 0.75g2 z+2 heating blockoll A == 70C, 1A1ZF
ot EaltAT H-AlF FAFGolA A& silver bead W =59 F E
< EDS(energy dispersive analyzer, Hitachi)® 23}t

ol
[o

Fig. 1-8. Photographs showing the method of lead-fire assay(a; weighting

of fusion flux, b; fluxing, c¢; firing, d; the melting content is poured into

a mould, e; separation of glassy slag, f; cupellation).

_20_

{“/Collection @ chosun



Table 1-3. Lead-fire assay procedure.

Step

Condition

[
(Fluxing)

Sample (30g) + litharge (30g) + soda ash (65g) +
borax (10g) + silica (10g) + flour (5g) + siver nitrate
(20mg)

I
(Firing)

(1) The flux/charge mixture is loaded into a fire
assay crucible, 940°C, 40min

(2) The pots are loaded into a reducing furnace and
are subjected to a temperature of 1150C for
approximately lhr

— This allows the flux and mineral sample to fuse
and form a “melt”

I
(Cooling)

(1) The melt is poured out of the pot into a mould

(2) The lead/gold alloy settles to the bottom of the
mould and solidifies as a metal “button” as the
mass cools

(3) The solidified mass is removed from the mould,
exposing the button

(4) The button is recovered and the glassy slag is
sent to waste

IV
(Cupellation)

(1) The lead/gold alloy button is placed on a small
cup-shaped receptacle called a “Cupel”

(2) The cupel is loaded into a small oxidising furnace
and subjected to 940°C for approximately 40
minutes

(3) During this time the lead is absorbed into the
cupel, leaving behind a small ball-shaped particle
called a “Dore Bead”

(4) This bead is made up of silver and precious
metals including gold

V
(Parting &
Dissolution)

The dore bead is put into a test tube and the silver
is “parted” from the bead using nitric acid.
— The silver is then held in solution.

Collection @ chosun
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2. Goldel ATHSHH A% 54
7}, BABA HAHX A Bk EA

Fe HA AFEFoE AP HY F F
Aoz =r7lEa ohPark et al., 2009;
Kong et al., 2011). Park et al.2009)°] <& Aol #H ol dHfa
TE5UALV}E F3Eo] T EYORE o|Fd oR ATt o] AT
A HAo] WY Eoke] FARAL Iy FITEYA ekl tiE 2
A% A Appendix 1), Fe,0:& Aol A mrh Eofol 354, St 1.94)
Fslxlo] YEebgth(Table 2-1). ol #A FAtolA A=A FHAM, &
HE A, Mo, A, UM FAedM, AHESA, AFEA T34 2
& B 3-E(Park et al, 1989) = 3 &
of 93] TFEHS §EAA o AN zbgFAFe rdegE 28e A
°F At
E£3|, 2AAY U #HAY FH EQFo Auet Ag¥aEe 77t 23 ~ 10,800
glke(B T 2,769.9 uglkg), 0.6 ~ 20.9 mg/ke(HF: 8.3 mg/ke) o2 Hlm
i?ﬂ ‘JrEPJrUP oM, AFA Y] EolA AugFol & olf= T
27 % 333320 FFEUAe Aurb AR oA &
*-*.ﬂr 22 AEZE Fol YA F2E zleE AdEHH,
ooﬂfﬂ AHE Eogol tiste] XRDEA S AAS Ay gz o
o] #F = ArHFig. 2-1).
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Table 2-1. Chemical compositions for waste rocks and soils in abandoned
Gwang-Yang gold mine area(waste rocks; R1~R4, soils; S1~S7, data from
Park et al., 2009).

Sample Fe;03 (Wt.%) S (wt.%) Au (uglkg) Ag (mg/kg)
R1 3.2 1.25 24 0.5
R2 3.43 0.07 10 0.5
R3 4.52 0.65 13 0.5
R4 4.21 0.14 <5 <0.5

mean 3.84 0.53 13 0.5
S1 12.35 0.87 69 1.4
S2 20.28 2.52 507 5.5
S3 22.31 1.95 1780 9.3
54 9.94 0.53 3580 15.8
S5 7.63 0.6 10800 20.9
S6 14.22 0.29 53 0.6
S7 7.92 0.17 2600 4.8

mean 13.52 0.99 2769.9 8.3

- 93 -
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28

Fig. 2-1 X-ray powder diffraction patterns for the mine waste soil(K;

kaolinite, Q; quartz).
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U At AgFAuFe B4
dANA SA4E s Alsed g pHY W= 3.00004 3192 4/
oflA stF= A5 pHatel F7kstH, ORPY W= AH3 34l <
S ol 4k3lgkd o] 39604 450 mVE A ZE AFA SFE Z4= o
st tHFig. 2-2, 2-3). Fig. 2-4= Aol w& s34 FedstE e
Aot Fed=FS 10.99014 18.60 mg/L¥ 9l(Table 2-2)& Ho|H, 7ol
stRE ZaE FU7HE ol shRolA &E4HA9 ORPY HAZ
EdZ fAE 59 f71E 9 Atasn]e] @2 Feol A|&Zo 7]
3 Ao 7 AlgHTh

)

oo

2 ot = & P

Table 2-2. Physical and chemical constituent for stream waters in the study
area.

ORP As Au Fe SO4
(mV) (ug/L) | (mg/L) | (mg/L) | (mg/L)
K1 3.19 396 N.D N.D 18.60 | 330.86
Down | K2 315 397 N.D N.D 17.32 | 343.17
stream | K3 3.17 399 N.D N.D 16.76 | 342.83
K4 3.15 399 N.D N.D 15.04 | 324.29
K5 3.14 400 N.D N.D 15.21 | 344.76
K6 315 401 N.D N.D 1463 | 344.28
K7 3.14 400 N.D N.D 1521 | 34188
K8 312 398 N.D 0.66 15.02 | 338.09
K9 3.12 400 N.D 0.67 1538 | 362.28
K10 3.15 401 N.D 0.68 15.79 | 343.03
K11 3.09 411 N.D 0.68 15.93 | 347.28
K12 3.13 402 N.D 0.68 1454 | 349.33
stream |73 311 403 N.D 0.71 15.21 | 346.78
K14 3.08 406 N.D 0.74 15.27 | 339.48
K15 3.09 407 N.D 0.82 15.05 | 344.24
K16 3.04 431 1.34 0.84 13.70 | 343.94
K17 3.00 443 1.45 0.84 13.87 | 343.52
K18 3.01 450 2.21 0.97 1450 | 343.00
K19 3.02 441 2.42 0.97 10.99 | 342.93

N.D : not detect.

Sample pH

Up
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Fig. 2-2 Variations of pH along the distance in stream water of the

study area.
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Fig. 2-3 Variations of ORP(mV) along the distance in stream water of

the study area.
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Conc. (mg/L)

K1 K2 K3 K4 K5 K6 K7 K8 K39 K10K11K12K13K14K15K16K17K18K19

Sample

Fig. 2-4 Variations of Fe concentrations in stream water of the study

area.
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Stumm and Morgan.(1981)ol] ] 3d o] 4kalztgo ts =d 22
Z(Fig. 2-5)+& ol#fe} #ow, oju Fe 43& 5= pHE ol whet theA
Uehdth. 4Q2-D3} o] &@Ajo] 4tslagol os Fe”, H7} Wadn.

AAgE) el §F FeP's 2(2-2)9} o] Fe'2 4siuvA H'E axsin,
g= Fe¥'= 2(2-3)7 2e $3ukS(hydration) S 53 A42tg 2z A
=™, jarosite, schwetmannite, %&4{(«-FeOOH), akaganeite( s -FeOOH)
% 22 oY AeisER At Hallberg and Ferris, 2004). o] &
FA Al wet s A5y EAsE Fe'sheo] 2.3394 7.29 mg/L
o] WY AFAA FFE ZEE s, olsh WE Fetdge
6.7400 41 14.99 mg/Le] W= Zv}sl= A Avtel A FcHFig. 2-6,
Fig. 2-7). =%, Park et al.(2009)2 £ AFAY FAH | EAstes A=
S AR Ax, AAENAEe] dF

%21 Acidthiobacillus %(species) . 2
Ao MAEAE Baustglon, 4] Ao Ahaage HAksie A
]

Fe(ll) + 5,7

[1a] [1alf + 0,

v

FeSy(s)+ 0, —2> 50,2 + Fe () + H*

fast
+ 0,13 [2] |+ FeS,(s)

slow

Fe(lll) = Fe(OH),(s) + H*
4]

Fig. 2-5 Model for the oxidation of pyrite(Stumm and Morgan, 1981).
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FeS, + 3.50, + H,O — Fe® +250,% + 2H' @2-1

Fe* + 0.250, + H" — Fe* + 0.5H;0 (2-2)
Fe* + 3H,0 — Fe(OH); + 3H" (2-3)
8 T T T % T
O Upstream
O ® Downstream
7F O
%o
0 O O
6 o}
—~ o
= O
g’ O
— 5 ™
B,
®
at % Q
® o
3 L.
o
2 1 1 1 - ' L
0 20 40 - 220 240 260
Distance (m)

Fig. 2-6 Variations of Fe” concentrations(phenanthroline method) along

the distance in stream water of the study area.
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Fig. 2-7 Variations of Fe® concentrations along the distance in stream

water of the study area.
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2 &, FANA B4
(+5, arsenate) = o}H]
stk ol A Bl4ko] &
2 T4 A=

«l xFHO i—rﬂ TFE&HOFE H4

Aol 2(+3, arsenite) el 2 ST T3, Hl A
(H:AsOq, HASOM) .2 ¢HA s, S187d 3} 41
o] 4+o] &(H;As05’, HyAsO9o] $-Al&HA] Zx)g+thFergusson, 1990). 44
ool g8l WA o] FHEFS pHelF ORPHE LI tigh FAAHo=E &4
st o, o5 7] AY ol HlA9 olFAd FAE M=
H&S FYPote AoE dHA Uth AFAGY AsTFS 134 ~ 2.42
wglle]l WE ARAYAA HEH & FFAYAAE EHE FHAT
(Fig. 2-8). & AFAA FA GRAGAA A7t HEd AL #HA 2

B0 NG RHFRE EASE FNIY 53 gL AsE o] F

rr r}o

= At
3

RN

Aur o7 FslPEo| EFH S= Askgo| 93] thiosulfate(S:05%),
trithionate(S;05%), tetrathionate(S,06°)9} Z& 3+ A ES FAsta, o

=°] HA 432}5]01 HFHo = F4ikgdo] HkBaker and Bafield, 2003).
z4 SOHES 324.29 ~ 349.33 mg/Le] WO E T2 YiSd| HEAY
FH oz E=A ‘/}EP/PE}(Flg 2-9). ol AFAY Aol AAT HAHH
ol WA e FIFEe] dFeE Holw, 7] 4 2-DolA 7]
<39 G FE 45283 B Y& FHSHL YYo= o] gt
v Acidithiobacillus & 2 Leptospirillum &3 22 54Hd G484 2 9]
thARZFG-o] o8 SO7F FAE AR FdHET
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Fig. 2-8 Variations of As concentrations along the distance in stream
water of the study area.
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Fig. 2-9 Variations of SO, concentrations along the distance in stream
water of the study area.
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Aue 2stg el FgdoA A, Au™, Ad'EEIZ EA5H thiosulfate
(S:097), CI, OH &3 2 A9 Adgste]l AuS:0:),", AuCly,
AuCly, AuOHH,0)’¢} 22 =3}13-E(complex)S ¥4 thBerrodier et al.,
2004; Benedetti and Boulegue, 1991). ©o]& 23}3tE-8 pHEFo wiel &
= 9 o]Fxo FFS wom, 7+ A met 4 A A= AuCly
Fel, T4 FANAME AuG:03: Fe=E 27 ASHA EASA dEnt
(Shaw, 1999; Berrodier et al., 2004).

Benedetti and Boulegue(1991)&= A Z 3 A oA &< 3Haote I33E
o] sstEw| FAu)ol B&Ho2 WEHI 4 2-49 o] thiosulfates} &
FE 52 fun=E JAEH, ol FAl FA EXHEPE A E 2
thiosulfate2 43141 A 34k (sulfate) A 2 Fe*ol &S Fe'2 AkslA]7)
o, thiosulfate?} E3FES JAsty Ywl Au'fo]ee Auogi g,
o]9} o] HAo| &AL YW Aue ¥ AZHESH Fr) - AESHH 4t
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Fig. 2-10 Variations of Au concentrations along the distance in stream

water of the study area.
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st #Hxst EHol HHE JhsAol =& olAFELS Fe(OH).:Clos(Sh
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Fig. 2-11 X-ray powder diffraction patterns for stream sediments in

study area(Q; quartz, Ge; goethite).
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SEAEe ety zAL Hotaly] ekl St e QAW A
Fe, SO, As, Aue ZtZ} 478.74 ~ 542.98 mg/kg, 10,189.16 ~ 14,796.16
mg/kg, 0.245 ~ 0.612 mg/kg, 13.76 ~ 22.85 mg/kge] THHAE BT+
(Table 2-3). ol o] SREA BN F2EU4 Foo] A Yes

ol fE ZtUie o] LEBA, %sﬁc 9 Bi4 HAEe mEARd o
GOz BRETh 53 WAl ofstel FHW wH A WL
2o wERdo] 7] fEo) oS FIHEL F4W Aoz wudn

(Brady et al., 1986).

Table 2-3. Chemical constituent for sediments in the study area.

Sample Fe Au As SOy
(mg/kg) (mg/kg) (mg/kg) (mg/kg)
K1 478.74 15.88 N.D 13394.39
Down K2 506.98 15.88 N.D 11771.66
stream K3 515.28 14.52 N.D 14550.31
K4 524.59 14.52 N.D 14796.16
K5 519.55 15.28 N.D 14229.15
K6 524.36 14.37 N.D 13603.14
K7 523.66 14.06 N.D 14032.34
K8 520.64 15.12 0.24 13604.48
K9 525.76 14.06 0.26 13149.67
K10 519.86 13.76 0.31 13012.29
Up K11 523.28 14.06 0.35 13030.49
K12 519.40 15.88 0.39 12485.19
stream 413 518.23 16.18 0.45 14256.98
K14 520.95 16.18 0.49 13194.60
K15 542.98 17.39 0.51 12167.22
K16 514.12 18.76 0.54 13836.16
K17 524.98 18.30 0.61 10189.16
K18 521.10 20.57 0.52 12586.45
K19 541.12 22.85 0.58 12547.69
N.D : not detect.
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A= e A3KFig. 2-12),
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Agatijsrels F2 As¥Q opHlato] (arsenite)o] FE B o] U,
il AR B R B4 B AE AsTQl Hl4ko] &(arsenate) O &
S3lEo e AoE HAYstutt. vlAAe] Hy4ksEe 579 A (point
of zero charge)> pH 8.5¢|4 8.6¢]thStumm and Morgan, 2012). u}z}A|
Hgde] A4kl Ee pH 851 T Wre F8dor= JHsE WA =
3, HHE2 pH 85ET &L S8 = SXH3E WA I 28 E=
pH 7} 3.000014 3.192 el e AFA Y] s oA Asol
Fo Lol A HAsO o2 ZEAeA =1, Ao dFasiEe
FAEE WA Hol Aso]l&2 FATA]] AH| ol H4lkstEe] wH
of F&HAES Aoltt olgjd 54 W Hp4kstEo] Ase] AsS &
Ao g Aojats AR AdHET. E3], Kim et al.(2009)¢] #H 3
AA, Asv= pH 4 o3t SALFF JFAHANAN E& F2EFS Hol,
Zraste] Yetdnia sk A @A oA o
2 e AL EA%ES A 0 o]
7

B
= AFitstEe] falloh WA dHo] A= ASE Addn

= =
2 A
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Fig. 2-12 Variations of As concentrations along the distance in stream
sediments of the study area.
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Aol B s4EH=E] AustEe FF 1619 mgkgo e UEntT A
FollA w2 FFS Holtrt SFAHCRE AFE AugtEo] TAHM,
FA AN E TEA R4 AEH o] YERGTHEig. 2-13). Auol22 <
TAY FAdA &g F55 o= AuS:09), AuCly, AuCls =3
2o Sole ZE(comple)FEHIE EAsA Db E=F, Auol2S FA
A AE AR SIEE A Fe''s Fe'® Akslr} o] foid 4
o FAC EAste A F2AE ZoE ATHEHT ALK ] AAL
Al SFRE 7THA XFeE &% o] pHIF F71sh] diwol =9 e
7} Zaste, BYE2 R FUE Au’s 1 oam ojste] 2ol YRS ¥
ghoh. ot o AR mHASH: S45HE A Hu gAste] Fitskaat A
7oz ZstAl AYettHMcHugh, 1988). AAEA9] F4¢l(Juang and
Wu, 2002)= °F 7.5017] mizol A-FR|Ho] A pHZF oF 3.0Q1 4At/d g4t
S0l AAA mHAshs GAsHE U7 "o

Vlassopoulos and Wood(1999)= AH-f-olld A A3 #A (inear free energy
relationship)& o] &%t Auel #3}3Eo] AAHE AF4(stability constant) =
715 stebd Axk CN° > S,05%, NH; > OH > I' > SCN™ > OH(H.0) > Br’
> CI° > HO0Z Yeldta st} b= 47 & AuS:03) 7F AuCly
Hop 9bge WA dojuxvh, A F2RAELS AuCl (233 ~
6.02%)7}F Au(S;03)(0.6 ~ 1.05%) Bt} =ZtHRan et al., 2002). ©]+= pHe| %
&S A wow, JA Al (steric hindrance)o] w2 FEA o] 23|
AuCly 2% 2aAM 3 JAdnner-sphere)el A= AT AuS:0:) e 2%
443 9] (outer-sphere) ZAgtol ©Ja) A AuS,09)” Btk AuCly 2H3}3HE
of A AgsA FhMachesky et al., 1991).
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Fig. 2-13 Variations of Au concentrations along the distance in stream
sediments of the study area.
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ATA S SHEFEAE
FEHS AL BAA
FRAY FEAE F K17, K16 F A A
< A&ttt AFqF FETTo AT A%
2 95.58, 101.86%= YEFSTh AFA S| Au
x3ta o, olewdA FHej(K16: 11.35%,

FEf(K16: 10.55%, K17: 11.64%), Z-43t F4ks

o] =Aste Auel EAFEHE Hotsl

= FHI(K16: 24.68%, K1T7:

26.39%), r71&-3 A% FE(K16: 25.21%, K17: 28.03%), zt74d & Ej(K16:
23.77%, K17: 25.46%)= T-+¥ th(Table 2-4). webA] s E A E 43t

fe

AFES Btk

Aue H-weitstEst #71e-8 2 AR FHol sAsHAl =4 st

Table 2-4. Chemical speciation of Au in the stream sediment by sequential

extraction method.

Sample K16 (mg/kg) K17 (mg/kg)

STEP 1 2.13 (11.35%) 1.89 (10.33%)

STEP 2 1.98 (10.55%) 2.13 (11.64%)

STEP 3 4.63 (24.68%) 4.83 (26.39%)

STEP 4 4.73 (25.21%) 5.13 (28.03%)

STEP 5 4.46 (23.77%) 4.66 (25.46%)
Sum 17.93 18.64
Total digestion 18.76 18.30
Recovery (%) 95.58 101.86
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4R ARl FHE FL W-AFTEL olEH] F 85 A4
st Aol weh AnE HE T G-AFTHE FAsAT w4
FUe 120009 §4IHANA BAFEE AL WIF F, Il
oA BEES BYAAG NFe] Ee BAITEA FOIF 1933 &
(M% 105 5& Faloye P51 beadBelz FAH, BB

Z 10. ,
T FEMF 2.7 ~ 3.5 F(floa=lo] £ = A Fig
18 F-AlEHe 4dAZHEH 9 beadelH, ©]E SEM & EDSE ¥
< W& A7 Fig 3-leg AYd YA 25 100wt.% Ag(Table 3-D=
ety A9 Aglel wE beade] HUlF A7|= A UERUA &k
}.

Table 3-1. The EDS analysis component of bead from Fig. 3-1(normalized,

in wt%).
Sample Ag Mg Total
K02 100.00 - 100.00
K03 100.00 - 100.00
K10 100.00 - 100.00
K11 100.00 - 100.00
K18 98.67 1.33 100.00
K19 100.00 - 100.00
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m xd 5 SE(M) 1. 00mm 15 3mm x45 SE(M) 1.00mm

Fig. 3-1 SEM image of bead from lead-fire assay(a; K02, b; K03, ¢; K10,
d; K11, e; K18, f; K19). The scale bar is 1 mm in length.

_44_

Collection @ chosun



Fig. 3-2 SEM image of gold particles from lead-fire assay(a; K02, b; K03,
¢, K10, d; K11, e; K18, f; K19). The scale bar is 300 um in length.
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Table 3-2. The EDS analysis component of gold particles from Fig.
3-2(normalized, in wt%).

Sample Au Si @) Fe K Total
K02 51.57 10.78 37.65 - - 100.00
K03 69.12 4.85 26.02 - - 100.00
K10 69.56 13.18 17.26 - - 100.00
K11 53.63 8.80 35.44 1.18 0.95 100.00
K18 79.42 2.38 18.19 - - 100.00
K19 78.92 3.50 17.57 - - 100.00

Fig. 3-2+= Cupellatione 3l Aozl beads HITHAQ Parting &
Dissolution6&ADe a3t Lol & A=t & AA FH ] st
of EDS B4S AAg A3t 5157 ~ 7942 wt.% Au’} =4 = A HTable
3-2). &3, = dAEW o EDSwEA A SN, Fe, K59 dasol A=53
=H ol 825, &5 AT T E-AlaHe & AR
AHe] AATLH EA ToE Qs HAH AEFE 59

PR A 2ol A sled =59 F9<= 86% o4z yEa
A3 5§ FEOE AT AR =AY E-Ae

Holl M ALgE gAl9t &5

YAl L
of F-Algiol A7 Wil 3FEo] WA
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Fig. 3-3 Recovery of gold in the bead from lead-fire assay.

F-AEHS S8l AR ARY sl dsl g F-AadHe T
3k AxkFig. 3-4) 1.01 ~ 1.95 g/te] W (HF 1.37 gz &4FHATH -
AErel B4 RIFAE ol&ste HAFE TS bead¥HIE 35
ATk S E AR A9, beadRth EY1olA F ol

| % sl Ashgo) B2 342 ¢ beadz A
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o
il

ol w-AFel §4 434591
4 BHn BAFLE] 1 BLH Aotk olF FHA, HyHA
3 g ARIest obd vFA Feje NEE PO F-AFHE
FYT AP BHFES TYSE VL e A RHAAY o=
seE
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Fig. 3-4 Recovery of gold in the slag from lead-fire assay.
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A 7] ot

At oz H3PEelM AEHe 2 7HAAdisible)d  BIZRAA
(invisible) 2.2 F&(Fig. 1-2)5w, T2 AE4eE Uetl= shtel &0
2 AHEH7 AFsth = 4 717 BlaE AA Seboly ety
des "'Hé‘ol 7bsstd 7N oR, 5 A Fop Fstdvdom A
g F e A9E A Fog B AN e 4A 27 A
EH@Q.E 7] wEol ok 22 gl o A &sidEn. Ly Hl
AN Fe 01 wm o)ske] Fr Y2 =7 (submicroscopic size), Wi 9] A
712 BFERl F3hdw ol YH 2Fed A8AS 48k 9l
71wzl A &HA Ferh BV 52 FESHoR 5 dAATE
F3FE 2 FAEREN 2L BRE EYHoE Y 52 5}@7—‘1 °
2 AdHo 5 A=

Element Weight % Atomic Element Weights Amomic % Element Weight™, Avormic Element Weighte Avomic

5 54z ET.44 o 203 1871 o 323 2147 o 42 2388
Fe 4568 3256 Ag 1272 174 Ag 15 e Ag an 5028
Totals 100 Au B5.2% 6389 Te Nne %313 Te 3809 2574
Totals 100 ar.o2 1459 Totals 100
Totais 100

Fig. 1-2 Photomicrograph(a) and SEM image(b) of the visible gold grain
from the Moisan mine. Number is point of EDS analysis. the scale bar is
100um(a) and 50pum(b) in length.
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olAH, & YAVE EFEH R ZIH JE AT
o) 243 & oA 2ediberation)7t ® o} AN, Fo] REgEI
2 AgHo dus FA8se AFe FHHAR HEHEAE A
7} AAgh(Coetzee et al, 2011). o= Fo] FFA L FujA M7 184
5 YA, Te, Bi, Sbhe} #2 Hx9 FEFE 437l o
(Vaughan, 2004; Goodall et al.,, 2005). o]x &, & UA7} &4
+ HAE BFEY AATF x| FUH Asvt FHA O A g
g Atz 7F FelE 7] w&o]tiGenkin et al., 1998). T3k, 9] &
2 FEMARY gnjFd oA ¢ =A(Maddox et al., 1998) YelUH, S+

52 FujENA Augt Ase] FEFe A= RFAAE YeEbdTHSung
et al.,, 2009).
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3) A& Refractory) FE2 AAg 7|&

FEAde S AE, BYste <99 @A A

MEs e w@Th oo o] FEANE F3)

3 -
T5, A, AR EZEA AEE 2FE VA=
£ 7hsd Aoz BEAY, olF AdS

o

A

o

8%

%

S

22 HJou=ze [ d=2 b =z o odime e STaEt
oY L rg=ps A=
= FoPaL= ] S
2 | RRdE A
L 25 ok e HH -
== Lusss pra
AZHE H0=53 |~ 1UHE =20 |- sza=2 < #H
2ol FolEns - EAE#
=F=FIES i3S SH=& FAAHR
=T L= - 238 - & o B
Zone Refining g SOl
L X &

Antz oz P2 PAPee] et 52

N

¢

S A
A, gangue)Eo] EASHA =Hv, HFe Fd FuE AASL @

o= mFY gt ="o] ol i, ol WEES
(penalty elements)ol] E3+= o] HAl L AH H|ES ZFVA7]

Al A SHA T,

At} e dde Se 2Wad U4 3 WdE U4

complex sulfide, refractory 53 22 #E9 E4, ]

FeAkde] avsrl dAE Ade B4 aEs d=o
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(1) Dissociation of sulfide

MS, = MS+ 0.58,(g), 0.58,+ O, = SO,
— MS,+ O, = MS+50,(g) (1-4)

(2) Oxidation of sulfide

MS+1.50, = MO+ S0, (g) (1-5)

(3) Sulfate reaction

MS+1.50, = MO+ S0, (g)
SO, +0.50, = S0,(g)
MO+ SO, = MSO, (s) (1-6)

(4) Side reaction between products of reaction

MSO, = MOySO, +(1—y)S0,(g) (1-7)

MSO, + MS=2M+2850,(g)

MSH+2MO= 3M+ SO, (g) (1-8)
2SS vAFEY ANk o3 2t Enargite(CuzAsS)e]
g Bal= 525C o] 4] H-af

= 7] AZSFA G, 700 ~ 750C WY oAl Bl A7} A
7 (Padilla et al., 2012)=]w
23 "2 1-9).

20,458, (8)—3CuyS(s) + As,8(g) +5,(g) 1-9)
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2491 7] (nitrogen atmosphere)/d e & &3 ¥H-g-2 550C ol A A ZHE] o,
575 ~ 900°C *H 9]l 4 enargite= tennantite(Cui2AssS13)2} chalcocite(CusS) 2
2 gHgEo BaEe Aoz ZAFHATKA 1-10, 1-1D).

(CuzAs8,), (s)—> CuyyAsdS 5 (s) +1.58(g) (1-10)
CliyyA3,85(s)—6Cu, S, (s)+ As,S,(g) +(1.5—32)5,(g) (1-1D

2+l A(oxidative roasting)ol] gk HlAA A SE=W9)E= 600 ~ 900C =
el o, enargiter= Cu,09F CuOZ HEFHo] EEE Zoz FALH
ATHA 1-12, 1-13).

4CuyAsS, (s)+220,(9)—6C,O(s) + 1650, (g) + As, O (g) (1-12)

4CuyAsS,(s)+250,(9)—>12CuO(s) + 1650, (g) + As, O;(g) (1-13)
23] A4 (ime roasting)e] 749, IWHOZ AAS HAAT A, LA EH

= B &(As:09¢ 3(S0)9 7F2~E Ca0%t WSS B3 3= H(Ulloa et

al., 1995, 4} 1-14, 1-15).

As,8,(g)+3Ca0(s)—0.545,0;(g) +3CaS(s) (1-14)
30&0(5)+0.5As406(g)ﬁa13(/1803)2(s) (1-15)

23} 3}3}33-E(complex sulfide minerals)ol]l Z3E HAE A A3 98
A= A8 A AA(selective roasting)e] B =F 3shty AMelx AAo] A4
gslgEol Jutewryl 27| wiFo| A2 %(ultimate temperature), 7}
<4 = (heating rate), 7}~ 9] ~7](gaseous atmosphere), presence of sulfur
and optimized CO/CO; &3 & T3 HFE H LA Ak 31, IuHH
o7 3AdA E$7|(reducing atmosphere) 3}2] FEEZ A A3t} o)A
A, AYd A48 5 F33E9 v IR Fg 1-99% 4 1-1 ~

Dl B
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21 1-1590 &3k ]2} ol 2oJ&| Table 1-13F o] A2 FEo] FAH
oh o9} Ze AAFE o8 BE AAVIES FEMLERESES V&L
2 e 2Esl BAHY, ged 1ee] 2%} obd U AR A%
2=, BEE AA 2 AR A BAE AT AR 24 T
B} oge oY 24L FEAAL M Y], WAF, AAFRANL 5
22 FuUiAde] de g Qe 433 IRV BaE g 4ot
Volatilisation efficiency
100 - &
%0 —
" /I_
- T0 //-/
s —
i
5 @
ﬁ LY // g5
20 —m—5b
10 r,/ —e—Bi
0 : . '
600 650 700 750 800 850
Temperature (*C)

Fig. 1-4 Curves of elimination during roasting(Taylor, 2012).

Table 1-1. Mineralogical transformation by roasting(Taylor, 2012).

Original minerals

New phase formed during selective roasting

Fe,S(pyrite) Fe - S(pyrrhotite)
CusAssSs(enargite) CusS and CuS
FeAsS(arsenopyrite) FeS and FeAs
PbSO4(anglesite) PbS
ZnFeQ4(franklinite) Zn0O and Fe30q4

lead jarosite

PbS and Fe3;O4(magnetite)
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}) Microwave treatment

o] ey A X=(conduction), thF(convection), &-Akradiation)= -
£5H, XS 9 A 7F<E-2 heat conduction, heat convection$
ol g3sle] HEHo=z o]gsta Ytk WX, i, &4 T 2L A
7tde T4 dedoz Qs bAoA g &8sta J o), tidH
=ol wet Adz 243 EeE AlAd Ao LA W) T Aol
ojA = 9dS 7HA L Ak A sy 9o de] HAlthermal
radiation) ¥ 2] & ©] &3 vlo] 22 vH(microwave) =, 1153k high frequency)
5 o] &3 tEHAo] FEo EEES AASH] S8l ol&Ha ot wh

=
o|ARIE o] &3 JES AT A EokA EgE 9lor, A
]

&!

9 7YY AL, ME HET A, mEWEste] WA 53 pe AHL
AT At

2 BAE S0 44 9AR ol Fojq QEd, 4 AR Ko| dHal

2 W1 YT P4 QA Zo] LHHE W e A Bpolar

Aed o BA7F F34 5o &S vy v w27 3dste] dA7)
e met AEdn £20 A od #AE0] A2 FES=T ol
g FEAUAI mpEAZer yehy ARe 2EFE oAl dokFig
1-5, 1-6).

" S\ *pole a \ — ® ©

' + _T_ / | : £
& b4 IRAR
\0 L N | \\\ Ve b

Fig. 1-5 The structure of water molecules and direction of dipoles

influenced by external electric field(www.microdenshi.co.jp).
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+ red
- blue

“
-
¥
e: BF= o alternatin
©Tor TR

L g
O {6:9} %,
: O
© %

orientation-polarisation

space charge polarisation

Fig. 1-6 Molecular oscillations of polarizable substances under the

influence of an alternating electric field(www.pueschner.com).

ol¢} o] wnlolm 2yt FA7A(dielectric heating) A& o] &3
Ao Faes gy JAFow yehuy 159 A g g Fo]
ol o] uFo] E3stY F A (dielectric substance)s EEsle &
Aol A7 HolA &4 F548&E T3l volAEH AUAE dyA
= WA A 79 ohFig 1-7).

Electric field

Traveling direction
(speed of light)

Magnetic S i
field
I XTI \x
.......... :: If\.} ‘l I ITI /! [ "\# Il |l ll l

Following delay

2 .E.fe.'.l_ew.ng.d#.!ar._...
S M

Fig. 1-7 The principle of microwave heating(www.microdenshi.co.jp).
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FAA 7rEe Bl AA7] AqUATE dAUAE WEEE vlo] A& 1)
7hEE YiE dEdS o)) wEel oF 7raAel A
Hls)] #dsta SHAl 7HFEEHAE AR E4e] vtal vtE 58
=0 ZHol 21 FG T 718k Eof FolA FHA ol&HI
A THFig. 1-8). rfo] a2 3= B} o ZAQU RES
dst7] izl A3t B4 %7} =4 EASHE hot spot@ ol
A= W (Fig. 1-8b), o] 2 QI3 T ase B

mR

r:u&"_%JHf”

A J[m 30, r>

i
B
ﬁ

Conventional Microwave Temperature
heating heating
High

Low

a b
Fig. 1-8 Quality comparison of temperature gradient within samples
heated by (a) conventional heating and (b) microwave dielectric heating
(Fernandez et al., 2011).

GlBES Yo nolazws A A3 Table 1-29 o] #&
2 gdA 71EH e, dF FELS sulphuryb AT Lovas et
al.(2010) FES T o® nlo]m Zuk(sample: 20g, 900W, frequency
2.45 GHz)oll =AHGrradiation)st 3, A|ZH1, Smin)el| Wz} =5 A3
A¥ 7MEREE VWMo R A JtEEE FEGESA: 780C, FEA;
0C, A4, 741C, AE 4], 547C and &4, 152C)3 18R 33 FE&E
(A9 140C, $484; 69C)2 FEHIUTh ole volazsto] ofg 489
(thermal stress)d = FAFE2 W=EA do] ADHM, o]= st F

E3AE wet v 23 (micro-fracturing)7} 24 © th(Fig. 1-9).

_68_

Collection @ chosun



Table 1-2. Qualitative analysis of microwave heating of minerals(after Chen

et al., 1984).
Mineral Heating response Mineral Heating response
) heats . .
arsenopyrite . pyrrohite heats readily
some sparking
bornite heats readily cassiterite heats readily

) heats readily ) )
chalcopyrite hematite heats readily
sulphur fumes

covellite difficult to heat magnetite heats readily

heats readily .
galena . ) monazite does not heat
with arcing

heats readily
pyrite emission of
sulphur fumes

Fig. 1-9 Plot showing extent of circular heated particle(deep red) within

circular transparent matrix(reddish-pink)(Jones, 2004).
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= 3% sodium cyanideE ©] 83 FAAE FE2S ol83ste] ot 4
o

54
1-163} 22 Rkg71%e Tl &E35AH
4Au+8NaCN+ O, +2H,O—4NaAu(CN), +4Na OH (1-16)

SEA| T, A T334 (refactory gold ore)S thdo = Aje4] cyanide§&

=S F&5tH, 5 35 B&o] gadET. JHA a4ks, a4kst "
3y Z

dTEel WA gk 2y olHT WSS vE, AR T SRS
o] WA EHHuang and Rowson, 2002). o2} o] A zle ik theF

et
N

I Z, Pela=zgE o] &3 AAg= 719 AAe 7le H&) =
gol Aoz wA Jehdth o= 3¢ XTI FIA, FFHH
%@}% go vlojaEst ouAE F5atel, masist T4 o

3 vludle &8 &0 =2 o= FAE S tHHaque,
1999; Huang, 2000). Tranquilla.(1997)+ = 7438200 t/day)S 7IFo=
autoclave, roaster, bio-oxidation % microwave(low oxygen condition, low
energy; 50 kJ/kg)e} £& AAgr]esol g +YvE vlus 23} Fig
1-103} #Zo] wiola=mwriEo]l thg AT 7leol Hlsf 53 Ao=
LERIAC) 3 4

rlo ol

ME ooy o

2

7|E

A&
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Autoclave Roaster Bio=oxidation

154
Microwave
j | V_l
0

[ Pretreatment W iotal

Operating Cost USS/tonne

30000

20000 4
10000 I l
0

Fig. 1-10 Comparative cost estimate for major gold ore pre-treatment

Capital Cost USS000

technologies for a plant throughput of 200t/day of concentrate(Tranquilla,
1997).
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h) vl E 4HsH(bio-oxidation)

% 4Hd¥hH 2] ol(acidophilic bacteria)= adenosine triphosphate(ATP)3} %+
g}gtol 14 %], sulfides, elemental sulfur, ferrous iron % arsenic3 -2
71714 (inorganic substrates) 4kt 42 18]l 7] F2 COEHH
5 83t AEste v =olth FHA, duEN, A7FHN, FF
;e 9 AR e FEgELS sadubE o] Akt A Y
&S 4=383cHOlson et al., 2003).
Sk ubg gl ol ferrous iron(Fe™)Z ferric iron(Fe®)& 4F8lA] 7)1, o]
HkSol Al Oy HAS&A(electron accepton)® &S 3k} ojw ®t
Fe*/Fe* redox couple> EFELA97t +770 mV(pH 2otk =&, &4
AurEglols &8 AFAA oUAR olgstH, sulfure sulfate(SO.),
H:SOs9F 28 HFEH 2 =28 HCorkhill and Vaughan, 2009).
%3}33Eo) thsl] bio-leachings} bio-oxidationo] 7Hs @+ W EFES T2

v A E(mesophilic  microorganism)?!  Acidithiobacillus — ferrooxidans

B S R
b

(<3

S
°©

(iron/sulfur-oxidizer), Acidithiobacillus thiooxidans, Acidithiobacillus caldus
(sulfur-oxidizers), Leptospirillum ferrooxidansiiron-oxidizer), Pseudomonas
arsenifoxidans % 3-2d 0] A E(thermophilic archaea) Sulfolobus 5]tk
(Table 1-3). olw, &u]HdAe] 431282 H7}S(irreversible)§F-g-¢1 ¥HHA
of FAAN, AFHA, BAX B FFA 4hshAE-2 7 (reversible) v
o]thLazaro et al., 1997). o]¢} 22 A=< 4kshRk-g2 2] 1-17 ~ 1-19
o .
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Table 1-3. Commonly occurring microorganisms in bio-leaching and
bio-oxidation and their properties(Groza et al., 2008).

Microorganism ?+><1'dizesO Optimal range

Fe S T(C) pH
Acidianus brierleyf Archaea) + + 45-75 1.0-6.0
Acidithiobacillus albertensis - + 25-30 2.0-4.5
Acidithiobacillus caldus - + 32-52 1.0-3.5
Acidithiobacillus ferrivorans + + 4-37 1.9-3.4
Acidithiobacillus ferrooxidans + + 2-37 1.3-4.5
Acidithiobacillus thiooxidans - + 2-37 0.5-5.5
Alicyclobacillus disulfidooxidans + + 4-40 0.5-6.0
Alicyclobacillus tolerans + + <20-55 1.5-5.0
Ferroplasma acidiphilunXArchaea) + - 15-47 1.3-2.2
Leptospirillum ferriphilum + - 30-37 1.3-1.8
Leptospirillum ferrooxidans + - 2-37 1.1-4.0

Sulfobacillus acidophilus + + <30-55 ~2
Sulfobacillus sibiricus + + 17-60 1.1-3.5
Sulfobacillus thermosulfidooxidans |  + + 20-60 1.5-5.5
Sulfobacillus thermotolerans + + 20-60 1.2-5.0
Sulfolobus metallicus(Archaea) + + 50-75 1.0-4.5
Thiomonas cuprina - + 20-45 1.5-7.2

_73_

Collection @ chosun



2 AsS+ 70, +2H,0=2H,As O, + Fe, (SO,), (1-17)
2FeAsS+5.50, +3H,0=2H, As O, + 2Fe SO, (1-18)
4FeS, +150, +2H,0=2Fe, (S0,),+ 2H,S50, (1-19)

Bio-leaching2 F 7}A] mechanisme. = F&Fojxar JokFig 1-11). 3t

AA
Zmechanisme] vy EL FI7]E HHgS o] &3 FEFTHL 3stx A=

=
2 252 8S 5= oddo|ty. Fe'(eaching agent)s FEmH O = 3E
Feg& 4agagon A4 3% £ H53dde whe wolv FEL

HZA 21K Breed et al, 2000; Corkhill and Vaughan, 2009; Olson et al.,
2003). #Fmechanism®| P =2 FEF-2tol| o7 4bstr]&oln). 237
2+ o M| 39 F A & A (extra-cellular polymeric substance, EPS)S ©]-&3}
o FES W FFEHEH, vAES BHS FA F2EE Zo] ofyg,
Ae A Fzpo] o] RojXth &, F&Eo] {MEEHUA HASE oAUAE 4
A S T v BHOMAZA F2 slstz oz ofstA AA 37} o] Foi3l
BAAA D mEwE 5o F&goH(Corkhill and Vaughan 2009; Olson
et al., 2003). EPS+ neutral sugars, glucuronic acid, 3¥3}% fatty acids &
o2 FAHEY low, Addithiobacillus ferrooxidans, Acidithiobacillus
thioxidans, Leptospirillum ferrooxidans &3 22 wAYEELS EPSE A4
A7tk kA o 2 pyrite BT arsenopyrite®]  bio-oxidation(As>S>Fe)o]
w2 A A= W (Ciftci and Akcil, 2010; Climo et al., 2000; Henao and
Godoy, 2010; Sedelnikova et al., 1999), "] &E2] thA 280 =Z Fe, As, S

2 o]Fo]F ferric arsenate, elemental sulfur, amorphous ferric arsenate,

¢

v

jarosite, scorodite, schwertmannite, ferrihydrite % calcium arsenate &2

AAEEC] FHHEY. oHP AEFA §2L A/FHS A5 o

asho} 2& F&PF0] & Y72 Pon edNe AAG
W o288 5 ot WA sleolth Ed, AR §F FHL J1E0
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7ol s =dw7E Astal, AUAIZE AA ~85= A 7]<E(clean

technology)o] tt.

Non-contact leaching
Fe or F

Contact leaching

Fig. 1-11 Bio-leaching mechanism(www.wiki.biomine.skelleftea.se).
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o 4F R B

D 749 a8

oﬁ?l

AFAG L A sida F4HA Farg Ao 53340 BES e A Yo

5@ 7y}t Ivanhoe Co. Ltd. A3 ARl Korea Exploration Co. Ltd.

of sl "AtEo] 1995 FH 24FAE e s JNEstr] A&t

20021 AN Al IFete] 24RgA e skl o, 2006

FE Rolik FAE Estr] AZElA A, dAe =5MEF) 0] 29 Tl
o 3

Atk g A FAY Wepswe I San

o
4
o

AAT A GE-BF FBUC] dATel ATk o] A Fukg
MztHeloly] Wer 8 Wrekd o % BelshE wEyl HAUH WS
suahi wobs | skt 9 444 DAL TAHAGFg 1-12)
Woly] SHGRE FHFAGOE T2 THHE FASH Agugo
2 72 PAHE dgFon FRAD. AR Q4 e 23
gom F2 TAHY A2 AEcte] AR wa 49le HEe
FEG-FRAYIAI-HGettet B B Yo F2 TN 3
no ZAEAE Sy HHFo2 THARG ATAG FAA B3
g Uut AdEe FASE SALRY S5 HAYRI AruA
$& we AFuAy BEa, o AY F Bge AU ) v
H 542 Uehig
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Quaternary

Alluvium
Cretaceous
- Granite & Porphyry

Jindo Rhyolite
& Tufl ] Haenam
F

- Hwangsan ormation
Tuir

- Uhangri Formation
- Hwawon Formation

Sindong-Hayang-Yucheon
Groups

Triassic-Jurassic
I Granitoids
Carboniferous-Permian
Pycongan Group
Age-unknown

Okcheon Series
& Metamorphic rocks

Precambrian
I Metamorphic Rocks

Deposits
@ Au-Ag deposils
@ Clay-alunite deposits

Fig 1-12 Regional geologic map of Hae-nam area(data from Kim, C. S.).
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Fig. 1-13 Photographs of ore mineral sampling in the study area.
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W = 3

Z #48 HHAR o

& A%

28 Agsianh ¥4 2

furnace)ell 2

0C, 850C o)W, AAAZIL
= A% ABw/wol tiste

T3 Y. &g &34
oF AAAIZTHOIE AFAaA
H-AlFH-& Table 1-5

Table 1-4. The various experiment condition of lead-fire assay in this study.

A% AP

Table 1-49} #&
471 HE&E

S5 750C ol A

%7 (electrical muffle
22T = 550C, 650C, 75
b AT
20.0% 2 30.0%= 7}z
Zyz¢ 92X 7F

(NaCD =

Condition Size(mesh) Temp.(C) NaCl(w/w) Time(hr)
100 - - -
I 100 140 - - -
. . 140 % 200 - - -
(particle size) 547 398 - - -
-325 - - -
- 550 - 2
11 - 650 - 2
(roasting) - 750 - 2
- 850 - 2
- - 1 2
il - - > 2
. - - 10 2
(salt-roasting) - - 20 5
- - 30 2
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Table 1-5. Lead-fire assay procedure.

Step Condition
I Sample + litharge + soda ash + borax + silica + flour
(Fluxing) + siver nitrate
(1) The flux/charge mixture is loaded into a fire
assay crucible, 940°C, 40min
I (2) The pots are loaded into a reducing furnace and
. are subjected to a temperature of 1150C for
(Firing) .
approximately lhr
— This allows the flux and mineral sample to fuse
and form a “melt”
(1) The melt is poured out of the pot into a mould
(2) The lead/gold alloy settles to the bottom of the
mould and solidifies as a metal “button” as the
1l mass cools
(Cooling) (3) The solidified mass is removed from the mould,
exposing the button
(4) The button is recovered and the glassy slag is
sent to waste
(1) The lead/gold alloy button is placed on a small
cup-shaped receptacle called a “Cupel”
(2) The cupel is loaded into a small oxidising furnace
and subjected to 940C for approximately 40
I\l minutes
(Cupellation) (3) During this time the lead is absorbed into the
cupel, leaving behind a small ball-shaped particle
called a “Dore Bead”
(4) This bead is made up of silver and precious
metals including gold
v The dore bead is put into a test tube and the silver
(Parting & is “parted” from the bead using nitric acid.
Dissolution) — The silver is then held in solution.
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T AR S 2o 2FEH] e FEL AUshy] fstel Anpa
© Aztste] APAV A SEM #ES Fadgich

Table 1-6. The mixtures of fusion flux for the lead-fire assay.
) Soda
o Sample | Litharge Borax | Flour | AgNO;
Condition ash
(@ (@ (@ (@ (mg)
(@)

SMC-01 30 35 55 10 20

SMC-08 30 40 55 10 20

raw

SMC-15 30 35 55 10 10 20

SMC-22 30 40 55 10 10 20

SMC-29 10 35 55 10 5

SMC-36 10 40 55 10 5

concentrate

SMC-43 10 35 55 10 10 5

SMC-50 10 40 55 10 10 5
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82 level RN Ro] ZPE BAFRC| FRE HAsty] Slste] v}
=
[¢)

W Axsie] RV HOR VAP A3 A, FUA, A, 354
o] BAHUTHFg 2-D. FANT FEAL SPHoR HYo| P o]
Atk FAMe FAAe] Fursol glom, A FHnative gold e HHF A

&oktHFig. 2-2).

Fig. 2-1. Photomicrograph of ore mineral from the raw sample(py; pyrite

cp; chalcopyrite, gn; galena; data from Kim, C. S.).

_82_

Collection @ chosun



>

Fig. 2-2. Photomicrograph of ore mineral from the raw sample(gn;

galena, py; pyrite).
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X
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Fig. 2-3. The XRD patterns for raw and concentrate(G; galena, P; pyrite,

X1 of] A
Q; quartz).
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Fig 2-4 Reflected-light micrographs of the pyrites(a) in the quartz matrix
and pyrites(b) between the crack on the quartz matrix. scale bar is 500

um in length.
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Fig 2-5 Reflected-light micrographs of the pyrite grain(a) and the
enragement(b) of circle part from (a). the scale bar is 500um(a) and 50um
(b) in length.
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T T rrrerl Lot

10.0um

1 15.0kV 15.2mm x1.00k SE(M)

Fig 2-7 SEM images of Se-bearing minerals(®) from Fig 2-5.
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1 15.0kV 15.2mm x6.00k SE(M) 5.00um

Fig 2-8 SEM images of Te-bearing minerals(®) from Fig 2-5.
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st H-AlgHS AAEAT. 5 EFH dx Z71E vlwgk 4 3KFig.
3-1, 80.45 g/ton(100 mesh), 110.21 g/ton(100x 140 mesh), 130.21
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mesh) o= UelHTh AR dx 77t dagrsE 5 ol S71skA
th ol¢} e Ade HIZMANAE o8 EAEkE ARY AN A=AV
7V Zadas AlRY FH7F SUHEH, £8 4 FU7ME Q8] &3-8-50]
Aol Age] 274 Fx7F Ao 59 gl =2 Zoz A
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240
220 | s
200 }
180 | ®
160 }

140 f

Gold(g/ton)
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100 f
80 ®

60 Il L A '] L
100 100140 140*200 2007*325 -325

Particle size(mesh)
Fig. 3-1 Gold content vs particle size on the lead-fire assay with the

raw concentrate.
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Fig. 3-2 Reproducibility of the lead-fire assay results for a gold

concentrate.
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Fig. 3-3 Gold content vs roasting temperature for roasting concentrate.
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Fig. 3-4 Gold content vs salt addition for salt-roasting concentrate.
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ol F3RIA}e| mE gold particle

Fig. 3-5+ Cupellationg &3 €%l beadE Parting & Dissolution(5%
ANE st dojd F dAbelt). Fig. 3-6- Fig. 3-50l AAlR 7+7+e
Z A AL e Zolth o)s F A BHE nE ZA5A ohE
4 F2E Yedth o83 dde E-AEHEe AR e d49 H
F2AHE ol &3l &5AAAA E-ER HHFE5o] EEEt oW, &§&

Fig. 3-5 SEM image of gold from lead-fire assay(a; raw concentrate, b;

200x325 mesh of concentrate, c¢; roasted concentrate at 750C, d;

salt-roasted concentrate at 750°C). The scale bar is 2.0 um in length.
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image of gold surface from Fig. 3-5 gold particles,

-6 SEM

Fig. 3

C
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b;

’

d.

raw concentrate

1

respectively(a;

roasted concentrate at 750°C). The

5 Salt—

’

roasted concentrate at 750C

scale bar is 5.0 um in length.
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Fig. 3-7 Gold content vs particle size in the glass slag.
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Fig. 3-8 Gold content vs roasting temperature in the glass slag.
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Fig. 3-9 Gold content vs salt addition in the glass slag.
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Fig. 3-10 XRD patterns of raw concentrate(a) and slags(b; raw
concentrate with 200x325 mesh, c; roasting temperature at 750C, d;
20% of salt addition). G; galena(JCPDS card No 5-592), L; lead(JCPDS
card No 4-686), P; pyrite(JCPDS car No 6-710), Q; quartz(JCPDS card No
33-1161).
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Fig. 4-1 The XRD patterns of glassy slag from the lead-fire assay with
raw(G; galena, H; halite, Q; quartz).

- 102 -

Collection @ chosun



4% ool tistel XRDEAS AAS A3 PAA, 23, 49, 9
of S Aol BAHUCHFG 4-2. BFe] 2 TolA

X
Ao #EHEE AU AFHAAANA G0l &&HA XIee v

o 2o FEAYUe 3, FNPHe] FuEIE AT Y Lol
"m0 SuEsE @THY0o et al, 2010). o2 Aste] Ao FHE o]

UG Fol] EHl12 EAFHIT e Ao dAddn
dut oz AlFHAA FAEFES 54717 Y5t a3y FA
olelo] thFet T/ §AE HIhgkoh(Potts, 1987; Bugbee, 1949). &1
£ Aol Yehd ¥l Aghdo] Foz FUEmA
g %szE]x] 237 oty F& 25C o4 W=7t 10.7 g/em’o]A
M= 95 glem’e 2 7ZFa®tHMclntosh et al., 2006). do
%%5101 LE7F HAEWE Aol A3 &FARE st FFE dol A
58 & Aok ol 8% dol 55 st FF=E A
A ZheE ﬂul’é‘}ﬂﬂ, AFHA G F=11.36)2] J&&L& HFo] 19.32
< X3

olt
o
£
ot
L
Hﬁ
sl
)
>
N
rlr
N
£ =
o)
S
7]
—
©
e}
-

- 103 -

Collection @ chosun



~ 092

~0ZGlL
|~os2E

Intensity 500

w
@
[$)
=
7]

-4

Intensity 320

g7 8T

o)
i A
[&]
=
w

I 66

Intensity 320

SMC-50

&5

&0

55

50

45

40

38

30

25

20

15

10

20

fire assay with

Fig. 4-2 The XRD patterns of glassy slag from the lead
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Fig. 4-3 SEM image of glassy slag surface(a; SMC-15, b; SMC-29).
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Table 4-1 Analytical result of the glassy slag by EDS analysis.

Slag name Elements Weight % Atomic%
O 47.48 61.13
Na 18.27 16.36
Al 5.32 4.06
SMC-15 Si 18.52 13.58
S 2.56 1.64
Cl 1.55 0.90
Fe 6.31 2.33
Total 100.00
C 5.35 8.47
O 51.03 60.70
Na 17.88 14.80
Al 4.21 2.97
SMC-29 Si 15.31 10.38
S 1.47 0.87
Cl 0.98 0.52
Fe 3.77 1.29
Total 100.00
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I Akl oA = EAo] AaEE o] FRAHN Y, 7 FFEe U

oM & GFE WA B RO BHHL
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Table 4-2 The contents of gold for raw, concentrate and slag by lead-fire
assay analysis(7 repeats). (units; g/ton)

Sla
Sample Mixture of fusion flux | Mean | Std. D. & Std. D.
(mean)

mixture 1(SMC-01) 10.86 0.33 0.09 0.06

mixture 2(SMC-08) 10.86 0.29 0.06 0.02

- mixture 3(SMC-15) 10.72 0.21 0.05 0.01
mixture 4(SMC-22) 10.86 0.77 0.04 0.02
mixture 1(SMC-29) 148.29 | 2.37 0.06 0.02
mixture 2(SMC-36) 149.37 | 1.90 0.05 0.01
concentrate

mixture 3(SMC-43) 149.04 | 0.64 0.04 0.001

mixture 4(SMC-50) 149.51 | 0.70 0.04 0.01

Std. D.; standard deviation, a; recuperated on a slag from the raw and the
concentrate
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2l zel2e] E shsrEy

AF3 FF 18al o]g ANEE o83
HE B3l e s tig sl
3} tHTable 4-3).

LFANFE F3 TAE &2 AugFS 498 g/ton(SMC-1), 5.46
g/ton(SMC-8), 5.21 g/ton(SMC-15), 5.26 g/ton(SMC-22)2.2 =AH=HAc} A
BANEE AFFEE AAA Fot FAEZEE Y W4FES] T
o] ol AughEFe 26.34 g/t & Ho|w, AFA s vla| S 2l T
B AugFe dudez o] oy, dFAsUN F EHES
19%017d 082 AT 3, §AEFH 2o & 19 AudF
2 A Zol7F YERA gFol, B E-AlgHol AHEE SAERES HF
A ge AR e AoE Ao

AFA s AustFe 14344 g/t o2 ZAEHJ O, HFA RS &1
+ 25.33 g/ton(SMC-29), 25.96 g/ton(SMC-36), 10.05 g/ton(SMC-43), 10.73
g/ton(SMC-50)0. 2 Yetttt. §AEFvlol BE 5 455 otst A3
7 £4& Fol=d o] BAHAu &4 7.01%)7F 2 gART G743l
Ao 2 vetgnr Ashg e e 71 A Au £40] 18.09%% EAE
o] T7Fd Wk FARe} Atshd el FFFIHE Sl E-AlaHe T3 2
I Au 4L T48%E FAFH AT E-AlFH o

|
< §gHHoN F& TS BB FAYY
4 AR
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Table 4-3. The chemical composition of raws and concentrates and slag
from raws and concentrates by AAS analysis(7 repeats).

S I Au (St D) Mixture of fusion Au (St D) Au
ample u . . u . .
P flux(slag) losing(%)
mixture 1 498 oft (0.87) | 18.93
(SMC-01) e gt T '
mixture 2 5.46 g/t (0.29) | 20.74
26.34 gft (SMC-08) 0 8 '
raw (1.28) mixture 3
: 5.21 gt (0.63) | 19.81
(SMC-15) &
mixture 4 5.26 g/t (0.5 | 19.96
(SMC-22) o0 BT '
mixture 1 95.33 g/t (0.70) | 17.65
(SMC-29) o0 BIL T '
mixture 2 95.96 g/t (0.65)| 18.09
143.44 g/t (SMC-36) 70 8 ’ '
concentrate 5
3.18) mixture 3 10.05 g/t (0.15) | 7.0l
(SMC-43) o I '
mixture 4 10.73 gft (2.35) | 7.48
(SMC-50) 9 8 '
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