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Gold in the Jinya Carlin-type Deposit: Characterization and Implications
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Gald in the Jnya Calin-type depost, assaying 6.27 g/t Au, was characterized
usng a comprehendve minerdogicd and andyticad gpproach which includes
optical microscopy and severd advanced microbeam techniques. Each gold carier
was quantified independently. Gold in the Jnya ore occurred as microscopic gold
and submicroscopic gold. Submicroscopic gold, primarily in the form of solid
solution gold, was carried mainly by arsenopyrite (accounting for 77% of the gold
assay), and to a lesser extent (~16%) in asenic-rich fine-graned and
microcrystaline pyrite. Native gold accounted for 6% of the gold assay. Gold
caried in cinnabar and rock minerds is inggnificant. Gold deportment shows that
(1) arsenopyritizetion and pyritization can be used as indication of minerdization
for the further exploration in the Jnya didrict, and (2) gold in sulfides is not
amenable to direct cyanidation, but can be recovered by flotation of a sulfide
concentrate and then cyanidation with a pretrestment process.

Introduction

According to the mode of occurrence, gold can be classfied into three categories. microscopic
gold, submicroscopic gold and surface-bound gold. Microscopic gold, dso known as visble gold,
comprises native gold, dectrum, gold dloys, gold tellurides, gold antimonide, gold bismuthite, gold
aulfides, gold sdenides, gold sulfotdlurides and gold sulfosdenides etc. Native gold (Au) and
eectrum (Au, Ag), found in various types of gold depogts, are the two most common and most
important gold minerds. Other gold minerds with economic sSgnificance in some gold deposts
include kugdite (Ag, Au), auricupride (CwAu), tetraauricupride (CuAu), cdaverite (AuTey),
krennerite ((Au, Ag)Tey), aurodtibite (AuSh,) and madonite (AwBI) etc (Boyle, 1979; Healy et 4d.,
1990; Wang et a. 1994). Microscopic gold in primary ore occurs as prigine grains in varied size
and shgpe in fractures and microfractures, or as attachments to and inclusons in other minerds.
Gold that is invisble under opticd microscope and scanning eectron microscope is referred to as
submicroscopic gold or invisble gold. Submicroscopic gold, commonly occurs as discrete
paticulae (<0.1 pm in diameter) within sulfide minerds (manly in pyrite and arsenoppyrite), is
the mgor form of gold in the Carlin-type gold deposts and other refractory gold ores (Hausen,
1981; Radtke, 1985; Hausen et d., 1986; Cabri et a., 1989; Wang et a., 1992, 1994). Gold
concentration in pyrite can be severa hundred ppm high, while that in arsenopyrite can be over
10,000 ppm (Chryssoulis et d., 1990). Other submicroscopic gold cariers include chalcopyrite
(Cook et a., 1990), lodlingite (Neumayr et d., 1993), marcadte, FeOx (in oxidized ores or
cacines) and redgar (Wang et d., 1994), and clay minerds (Chao et al., 1987). Solid solution gold
and colloidd gold are the two mgor forms of submicroscopic gold. Surface-bound gold is the gold
that is adsorbed onto the surface of other minerds during the minedizaion and subsequent
oxidation or metdlurgicd processng. Principd surface gold cariers in the ore include FeOx,
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gsained quartz, carbonaceous matter and clay minerds. Characterizing gold in an ore is important in
gold exploration and extraction metdlurgy, paticulaly for the Calin-type gold depodts. This is
because the mgority of gold in Calin-type deposts occurs as invisble gold in other minerds
which hasto be characterized prior to metdlurgical testwork.

Characteristics of Carlin-type Deposits

Unlike some widespread types of gold deposts, Carlin-type deposits only occur in certan
regions within the Pacific rim such as the western United States, southwest China and some other
locations (Radtke, 1985; Wang et a., 1994; Liu et a., 1994; Hofdra et d., 2000; Kerrich et d.,
2000; Yakubchuk, 2000; Ted et d., 2002; Peters et al., 2002). In the western United States, more
than 100 Carlin-type gold deposits and occurrences have been discovered since early 1960s with
some becoming mgor gold producers (eg. Carlin, Betze, Melkle and Deep Post) (Kerrich et d.,
2000; Jory, 2002). They are redricted to a smdl part of the North American Cordillera, in northern
Nevada and northwest Utah, and formed over a short interva of time (42-30 Ma) in the Tertiary
(Hofgtra et d., 2000). In the southwest China, including Yunnan, Guizhou, Guangxi, Hunan,
Sichuan, Shaanxi and Gansu provinces, over 20 medium-Szed to large Carlin-type deposits have
been discovered in the past two decades. The gold minerdization in southwest China occurred
adong the margin of the Yantze Craton, and is manly distributed in the southwest border (so
known as the DianQian-Gui Golden Triangle) and northwest border (dso known as the Chuan
Gan-Shaan Golden Triangle) of the Yantze Craton (Wang et a., 1994; Liu et d., 1994; Peters et
al., 2002).

Bascdly, Calin-type gold deposts are characterized by (1) srong structurd control  of
minerdization by faults and folds, (2) cadcareous sedimentary host rocks of diverse facies, xigneous
rocks, (3) decarbondtion, argillization, dlicification and sulfidetion dterations, (4) submicron gold
(<02 pm) in asociaion with pyrite, arsenian pyrite and arsenopyrite, and (5) geochemica
dggnaure of Au, As, Hg, Sb and Tl (Radtke, 1985; Wang et d., 1994; Liu et d., 1994; Hofdra et d.,
2000).

Minerdlogicdly, Carlin-type gold ore condsts of about 40 mineradls, and the minerdogy is
bascdly the same in most deposts. Opague minerds include native gold, pyrite, marcasite,
arsenopyrite, redgar, orpiment, ibnite, cinnabar, and pyrrhotite.  Non-opague mineras comprise
quartz, carbonates, clay minerds, dbite, barite, carbonaceous matter and graphite. Lorandite
(TIASS;) and dliste (TI3ASS) are adso observed in some Carlin-type deposits in the western United
States and southwest Ching, which are closdy associated with gold minerdization (Radtke, 1985;
Liuetd., 1994).

The mode of occurrence of gold in the Calin-type deposit has been an interesting and important
subject in gold minerdogy and extraction metdlurgy, and extensvely sudied by numerous
researchers since those deposits were found in the western United States in early 1960s, and a great
ded of information on the occurrence of gold in various deposits has been acquired (Hausen, 1981,
1986; Chao et al., 1987; Hochella et a., 1987; Wang et a., 1992; Wang et al., 1994, Smon €t d.,
1999; Hong et d., 2000). The most important characterigtic of gold in Carlin-type deposits is that
the mgority of gold in the ore occurs as submicroscopic gold, ether in solid solution gold
(<0.01um) or colloidd gold (0.01- 0.1 pm), or both, in pyrite and arsenopyrite. Pyrite is the most
common sulfide minerd and most important gold carrier in the Carlin-type deposts. The content of
pyrite in the ore is about 5% on average. Morphologicaly, pyrite commonly occurs as coarse-
graned, blagtic, fine-grained and microcrystdline varieties (Figure 11). Coarse-grained pyrite often



Vol.2, No.2 Gold in the Jinya Carlin-type Deposit: Characterization and Implications 85

occurs as euhedral cubic or pyritohedron crygds, while fine-grained pyrite usudly occurs as
irregular granule or framboids. Compogtiondly, pyrite is characterized by its high As content and
lower SFe (Wang et d., 1994). Zoned texture is observed in coarse pyrite in many Calin-type gold
depogits. In zoned pyrite, As and Au concentrates in the outer zone (Wdls et d., 1973), while in
fine-grained pyrite the didribution of As and Au is redivey homogeneous and a pogtive
corrdation between Au and As is often observed (Smon et a., 1999; this paper). In addition, pyrite
in the Carlin-type deposits commonly contains high concentration of Hg, Sb and Tl (Wang et 4.,
1994; Hofgtra et a., 2000). In mos Calin-type depodts pyrite is the mgor gold carier,
paticularly the fine-graned arsenian pyrite often contains high content of submicroscopic gold
(Bakken et al., 1991; Arehart et d., 1993; Wang et d. 1994). For example, fine-grained arsenian
pyrite (Up to 2 um in grain sze) from Twin Creeks Carlin-type deposit contained 595-1,465 ppm
Au (Smon e d., 1999). Arsenopyrite and marcadte in the Carlin-type deposit refractory ores aso
contain high concentration of gold. In certan Calin-type deposts, such as the Jnya depost in
southwest China, Au in arsenopyrite is as high as 1044 ppm, making arsenopyrite the principa gold
carier in the ore (this paper). Comparable concentration of gold has been measured in arsenopyrite
from other types of gold deposts (Cabri et d., 1989). Other sulfide minerds, including redgar,
orpiment, dibnite and cinnabar, are often observed in the Carlin-type deposts, but no sgnificant
amount of gold has been detected in these minerds (Wang et d., 1994; this paper).

Samples, Analytical M ethods and Study Procedure

The ore from the Jnya mine, Guangxi in southwestern China was sdlected for the study. The
geology and minerdization were discussed by Wang e d. (1994). The Jnya mine is located in
Fengshan County, Guangxi Zhuang Autonomous Region and within the 'Y unnan Guizhou Guangxi
Golden Triangle. The orebodies & Jinya occur in sandstone, dltstone, and glty mudstone of the
upper Banna Group (Middle Triassic). Three types of ores were identified: pyrite ore, arsenopyrite
ore and pyritearsenopyrite ore.  Alteration associated with gold minerdization  incuded
pyritization, arsenopyritization, carnonatization, redgari-zation and dlicfication. The chemicd and
mineralogical compogtions of the Jnya ore were liged in Tables 1 and 2, respectively.

Table 1: Gold Assays and Head Analyses

Sample Name (g/‘:) Fe (%) S(%) As (%)
OlFeed 630 432 443 422
02Feed 624 - ] i
03-5m 457 - i

J03 -5um
CN Residue 382
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Table 2: Mineraogica Compostion

Minera Name Chemicd Formula Abundance
(wt.%)
Arsenopyrite FeAsS 2.5
Pyrite FeS 7.4
Realgar AsS 14
Quartz SO, 45
Silicates - 40
Carbonates (Ca, Fe, Mg, Mn) (COs)1., 3.0
Sphalerite ZnS trace
Gaena PbS trace
Chalcopyrite CuFeS, trace
Covdlite Cus trace
Pyrrhotite Fe;S trace
Stibnite H,S; trace
[Imenite FeTio, trace
Hematite Fe,O; trace
Rutile TiO, trace
Barite BasO, trace
Mative Arsenic As trace

A comprehensve minerdogica and andytical approach, including reflected light microscope and
severd advanced microbeam techniques, was used for the current sudy. A reflected light
microscope was used to search for vigble gold minerds and to determine the generd minerdogica
composition The modd X-650 €anning dectron microscope (SEM) equipped with two wavelength
dispersive spectrometers was used to search for micronsze gold paticles. A JEOL 733 €lectron
microprobe (EMP) with wavdength-disperson spectrometer was used to anadyze gold particles and
the mgor sulfide mingds for their compostions. Polished blocks were examined under ore
microscope and interested areas were chosen for proton-induced X-ray emisson (PIXE) andyss
and mapping to determine the digribution of Au, As S and Fe in individud sulfide minerds and
hogting dlicates. Samples for secondary ion mass spectrometry (SIMS) andysis were prepared as
polished grain mounts in 22 mm diameter of epoxy with gpproximately 15 wt.% graphite added, and
were then examined under microscope to determine the abundance of pyrite and arsenopyrite
morphologica types and to select target minerd particles. The quantitative andyses of Au'®’, As™,
S* and Fe® in different types of pyrite and arsenopyrite were performed on a CAMECA IMS-3f
SIMS with a cesum primary beam sze of about 20 ym. The overal sampling depth of SIMS is 0.5-
1 pm and the minimum detection limit (MDL a 27?) is 0.3 ppm. Fe and S were aso andyzed to
monitor SIMS  indrumentd  conditions during the andyds Andyticad procedures and
dandardization for gold in the SIMS andyss are given by Chryssoulis et d. (1987, 1989).
Cdibration was done by externd standardization usng gold-implanted pyrite and arsenopyrite
(Chryssoulis et d., 1989). Time-of-flight resonance ionization mass spectrometry (TOF-RIMS) with
a minimum detection limit of 10 ppb for gold was used to detect and quantify gold in redgar.
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Intensive cyanidation was performed on —5um fraction to determine the amount of cyanidable gold.
The procedure employed in the current study was depicted in Figure 1.

Preparation of mineral Crushed ore Intensive cyanide
particles for SEM | leachina

Assaysfor Au, Fe, Sand As
Gold search by SEM |

Assay for gold in
leach residue
Gravity separation of sized fractions
for gold and heavy mineras

Preparation of polished Assay for goldin

sections from heavies, middlings and
middlinas and lights lights fraction

Gold scans by optical

microscopy and SEM

Quantification of gold in
sulfide minerals by SIMS,
TOF-RIMS and PIXE

Mineraogical balance of gold

Figure 1. Study Procedure
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Results
Microscopic examination

Severd dozen polished sections made from concentrates, middlings and tails of szed fractions
were scanned under reflected light microscope a 500X. Four gold particles (Figure 2) less than 20

pm in Sze were found. Electron microprobe analyss showed that these gold particles are native
gold with 17.3 wt.% of Ag.

Figure 2. Microscopic gold paticles (bright yelow). Pyrite pade ydlow; Arsenopyrite greenish
white.

SEM examination

Sysematic scans for fine-grained gold particles were conducted on both polished blocks and
individud pyrite, arsenopyrite and redgar particles sdected from crushed samples under a binocular
microscope. No gold was found in 50 polished blocks. Forty micron-sze gold particles (1-10 pmin
Sze) were observed on pyrite and arsenopyrite, occurring in microfissures, defect dtes or detrital
materids on the surface of anhedra pyrite and arsenopyrite. Figure 3 shows that a micrograined
gold particle (1x2 pm) occurred in a void on the surface of an arsenopyrite particle. Figure 4 shows
two micrograined gold particles observed in the microfissures on pyrite. A gold particle with ~15
wt.% of Hg was shown in Figure 5. These micrograined gold paticles are amenable to direct
cyanidation and will dissolve to completion during conventional cyanidtion. Intensve cyanidation
conducted in the current study showed that gpproximatdy 6 wt% of gold in the Jnya ore is
leachable.
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Figure 3. Micronsze gold particle (1x2 um, in the centre of red circle) occurred in a void on
arsenopyrite.

Figure 4: MicronSze gold particles (left: 4x8 um, right: 3x3 um, in the centre of red circle)
occurred in fractures in pyrite.
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Figure 5. MicronSze Hg-bearing gold particle (2x3 um, in the centre of red circle) on pyrite. The
EDS spectrum on the left isfor Au, and that on the right is for Hg.

PIXE mapping

PIXE andyss is a mult-dement and nondestructive technique with a smal beam sze (-5 pm)
and low detection limit for gold & ppm level. In addition to quantification capability, PIXE can aso
be used to obtain two-dimenson digribution images of gold and other dements in sulfide and rock
minerds. In the current study, PIXE mapping of Au, Fe, S and As were performed on numerous
polished blocks thet contain pyrite, arsenopyrite and redgar in quartz and/or slicate. Figures 6-8
showed that the digtribution and concentration of gold in the mapped area is closgly associated with
that of arsenic, sulfur and iron, which indicates that gold was contained in pyrite, arsenopyrite and
redgar. No gold was detected in host rock minerds, which is condgtent with fire assays of gravity
separated tails and binaries (Figure 9), implying that gold was contained in sulfides.
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Figure 6: PIXE dement digtribution map of pyrite, which shows gold distributed only in pyrite. No
gold was detected in host rock minerals. Scale bar on the right side represents the relative
concentration. From top to bottom, the concentration decreases.
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Fgure 7. PIXE dement distribution map of arsenopyrite. Same asin pyrite, gold digtributed only in
arsenopyrite. Scale bar on the right side represents the rel ative concentration. From top to bottom,
the concentration decreases.
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Figure 8: PIXE dement distribution map of redgar. Gold distributed only in redgar. Scae bar on
the right side represents the relative concentration. From top to bottom, the concentration decreases.

O Rock O Binaries|

Gold in Binaries and Rocks

5-25

25-53

Size Fractions (um)

53-100

>100

Figure 9: Gold assays of the sized rock minerd and rock/sulfide fractions. The systematic decrease
of gold concentration in the rock minerd fraction reflects increase of sulfide liberation. However,
gold is primarily concentrated in the rock/sulfide binaries, which condtitute the second in importance

gold carrier in the Jnyaore.
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SMSanalysis

The Au content in arsenopyrite ranges from 0.10 to 1044 ppm (Table 3) with an average of 195
ppm. Arsenopyrite is one of the two principd “invishle’ gold carier-minerds in the Jnya ore, the
other one is arsenian pyrite, which ranges from 0.31 to 122 ppm (Table 4) and averages 13.2 ppm.
Among the four types of arsenopyrite, blastic and fine-grained particles are the two varieties that
contain high content of gold (Figure 10); while fine-grained and micro-cryddline pyrites are the
two mgor gold carriers among the pyrite varieties (Figure 11).

Usng SIMS andyss, Cook et d. (1990) and Smon et d. (1999) demondrated a postive
correlation between the concentration of “invishle’ Au and As in arsenian pyrite. In the current
study, a postive corrdaion between Au and As in arsenian pyrite from Jnya ore was adso indicated
by SIMS analyses (Figure 12), which is consstent with the digtribution of gold and arsenic in pyrite
demongtrated by PIXE mapping (Figure 6).

Table 3: Submicroscopic Gold Content of Arsenopyrite

Grain # M orphological Type Au (ppm)

Coarse 0.44
164
0.17
0.89
154
0.64

OO WNBE

Table 4: Submicroscopic Gold Content of Pyrite

. . AS
Grain# Morphological Type Au (ppm) (WE.%)
1 Coarse/Blastic 0.31 171
2 4.25 177
3 043 3.03
4 0.44 4.33
5 0.51 6.07
6 3.90 0.68
7 6.60 2.95
8 2.02 0.69
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Figure 10: Morphologica types of gold-bearing arsenopyrite. Coarse-grained arsenopyrite (top
three) contained very low content of gold, while blagtic and fine-grained varieties (middle and
bottom rows) contained high cortent of gold. The deep color pit in the centre of each andyzed
particleisthe anaytical spot of SIMS, which is aout 20 um in diameter.
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Au 72.4 ppm

Figure 11: Morphologica types of gold-bearing pyrite. Fine-grained and microcrystdline pyrites

are the two varieties which contained high content of gold. The deep color pit in the centre of each
andyzed particleis the analytical spot of SIMS.
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Figure 12: Correlation between submicroscopic gold and arsenic in pyrite from Jnyaore.
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TOF-RIMSanalysis

TOF-RIMS is a microbeam andyticad technique that adlows for the identification and quantification
of aomic gpecies in very smdl quantities, and has been demondtrated capable of providing
quantitetive ultra trace dement anadlyss of precious metds in minerds. The detection limit for gold
can be 10 ppb or even lower (Stamen et a., 1999). 13 redgar particles sdected from Jinya ore were
andyzed by TOF-RIMS, ranges from 0.37-1.70 ppm Au with an average 0.68 ppm Au (Table 5).
TOF-RIMS andysis aso showed that gold in realgar occurred as colloida gold.

Table 5: Submicroscopic Gold Concentration of Redgar

Gran # Au (ppm)
0.44
051
0.65
0.65
0.85
0.37
0.65
0.72
0.72
0.37
0.44
0.72
1.70
Average 0.68

P
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=
w

Discussion and Conclusions

Reaults from microscopic gold scans, SEM  searching, PIXE mapping, and SIMS and RIMS
andyses demondrated that there are two forms of gold occurring in the Jnya ore: microscopic gold
and submicroscopic gold. Microscopic gold, occurring as fine- to medium-grained native gold and
as micronsze gold paticles, accounted for 6% of the gold assay. This pat of gold can be
recovered by conventiond cyanidation. Submicroscopic gold was mainly carried in sulfide minerds
(Figure 13), principdly in arsenopyrite (accounting for 77% of the gold assay), and to a lesser
extent in pyrite (accounting for approximatdy 16% of the gold assay). Gold in redgar only
accounts for 0.2% due to its extremely low gold mncentration. Gold in rock minerals accounted for
1%. Gold deportment is depicted in Figure 14.
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Figure 13: Gold concentration: arsenopyrite (195 ppm) > pyrite (13.2 ppm) > realgar (0.68 ppm)

Jinya Ore (6.27 git Au)

' N\

Microscopic Gold (6%) Submicroscopic Gold (54 %)
Native Gold (16.8% Ag) S5 Gold Colloidal Gold  Other
Apy Py Ry Rock

(T7T%)  (15.8%)  (0.2%)  {(1%)

Figure 14: Deportment of gold in the Jinyaore. SS — solid solution. Apy — arsenopyrite; Py — pyrite;
Rg — realgar; Rock — rock mineras.

The sysematic scans of a large number of polished blocks and gran mounts failed to prove the
occurrence of enclosed particulate gold in sulfide minerds from Jnya ore. Homogeneous
digribution of gold in arsenopyrite and pyrite indicated by PIXE mapping (Figures 6-8) and “fla”
SIMS in-depth concentration profiles (Figure 15) indicate that submicroscopic gold in arsenopyrite
and pyrite occurs as sructurdly bound solid solution gold. Except for redgar, no evidence was
found for the occurrence of colloida gold in arsenopyrite and pyrite, such as has been reported by
Bakken et al. (1989) in saverd minerds from the Carlin gold deposit. Bakken et d. (1989) located
discrete native gold particles of 50-200 A in diameter encapsulated in pyrite, cinnabar and more
rardly, quartz, aswell as gold particles of 200-1000 A in diameter associated with 1M illite.
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Figure 15: SIMS in-depth concentration profiles of pyrite (Ieft) and arsenopyrite. “Hat” profiles of
gold (sky blue) show that gold in pyrite and arsenopyrite occurs as solid solution gold.

Occurrence of dgnificant amount of gold in sufides in the Jnya ore, particularly in arsenopyrite
and pyrite implies that arsenopyritization and pyritizetion can be used as indication of gold
minerdization and as a guide for the further exploraion in the Jnya didrict. The implication of
gructurdly bound gold in the Jnya ore (and in other Calin-type refractory ores) for gold
extraction is tha finer grinding will improve the recovery of gold-bearing sulfides by flotation, but
will not improve the recovery of gold by conventional cyanidation because gold in sulfides is not
accessble to cyanide solution. The ore containing submicroscopic gold in pyrite structure needs to
be pretrested to make gold amenable to cyanide leaching. Roasting and pressure-oxidetion
pretrestment processes are generally used for high-grade refractory ores, such as whole-ore
roasing and autoclaving pretreetment in Golddrike, USA and whole-ore roasting in Minahasa,
Indonesia. Generdly spesking, low-grade refractory ores containing 1 to 2.5 g/t (0.03 to 0.07 oz/st)
do not contan enough vaue to judify a milling pretreatment process (Wan, 2001). They can be
treated by biooxidation-hegp leaching process. Therefore, it is very important to ascertain the mode
of occurrence of gold in the ore to be treated prior to process selection and flowsheet development.
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