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The Song Hien Rift basin is considered as one of the important regions for gold deposits in North East Vietnam.
Host rocks of a number gold deposits in the Song Hien Rift basin are mainly in Lower Triassic sedimentary
formations. However, there is the Hat Han gold deposit hosted in fined-grained mafic magmatic rocks with
similar characteristics as gold deposit hosted in the Triassic sediments. Sulphur isotopic compositions of sulphide
are similar to those in carbonaceous shale, suggesting that the sulphur was ‘borrowed’ from sedimentary rocks in
filling the rift basin. Gold-bearing sulphides (pyrite and arsenopyrite) are themain formof Au presence in the ore.
Gold in pyrite is present as Au+1, and aminor amount of as nanoparticles of native Au (Au0); whereas in arseno-
pyrite, gold is chemically bound as the octahedral complex AuAs2. Analysis of geology, aswell as geochemical and
isotopic studies show that the genesis of the Hat Han gold deposit is not related to the Cao Bang mafic
magmatism; instead the latter only serves as (ore) host rock. The geochemical results presented above suggest
that the gabbro host rock only supplies iron needed for sulphide formation. With regard to ore genesis, the Hat
Han gold deposit in the Song Hien rift basin was generated in the similar way as sediment-hosted gold deposit.
There are many similar typomorphic features between the Hat Han deposit and Carlin-like deposits in the
Nanpanjang sedimentary basin in China.

© 2016 Elsevier B.V. All rights reserved.
Keywords:
Hat Han gold deposit
Sulphur isotopes
Geochemistry
Song Hien Rift
North East Vietnam
1. Introduction

The geology of Northern Vietnam was studied only from the second
half of the 20th century by a group of Russian andVietnamese geologists
whereas establishing a geological map at 1:500,000 (Dovzhikov et al.,
1965). Since then a number of works on regional geodynamics and
magmatic events have been carried out (Faure et al., 2014; Hoa et al.,
2008; Leloup et al., 1995; Lepvrier et al., 1997, 2008, 2011; Liu et al.,
2012; Tapponnier et al., 1990; Zhang et al., 2013); however, studies of
mineral systems in Northern Vietnam are rare.

One of the areas considered important formetallogenic studies is the
SongHien Rift basin in Northeastern Vietnam. The basin consistsmainly
of Triassic sulphide-rich black shale beds, which play a role in sediment-
hosted formation for variousmineral systems such as antimony,mercury
and gold-sulphide deposits (Hoa et al., 2008).

The Triassic Song Hien sedimentary basin, trending NW–SE along
the Sino-Vietnam boundary, is an intra-continental rift, whose forma-
tion may be associated with the Emeishan mantle plume (Hoa et al.,
2008; Izokh et al., 2005; Polyakov et al., 2009; Vladimirov et al., 2012).
.

To the northwest, in Guangxi and Yunnan provinces of China, analogous
sedimentary basin to the Song Hien is Nanpanjang (Youjiang Basin)
(Galfetti et al., 2008; Guangxi BGMR, 1985). Hosting a number of gold
deposits, Nanpanjang is included in a regional metallogenic region
termed as “golden triangle” (Chen et al., 2011; Peters et al., 2007;
Zhong et al., 2002; Zhou et al., 2002).

Host rocks of a number gold deposits in the “golden triangle” are
mostly Mesozoic (and rarer Paleozoic) argillite, sandstone, and small
amount of limestone and volcaniclastics (Peters et al., 2007). Similar
lithologies are also observed in the Song Hien Rift basin in northeastern
Vietnam, where gold deposits are hosted mainly in Lower Triassic
formations.

However, there is the Hat Han gold deposit hosted in fined-grained
mafic magmatic rocks with similar characteristics as gold deposit
hosted in the Triassic sediments. In the “golden triangle” of Yunnan,
China, host rocks of the Jimba gold deposit are argillaceous siltstone,
tuffaceous rock, gabbro, and diabase sills (Peters et al., 2007). The
Anna gold deposit occurs within gabbro and diabase intrusions in
Funing county, Yunan province, China. Mineralisation in the deposit
consists of barren milky quartz veins or veinlets, disseminated gold-
bearing arsenian pyrite and arsenopyrite within altered diabase (Dong
et al., 2014). The Badu gold deposit, located in the southwest of Tianlin
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county, Guangxi province, is a gold deposit occurred in diabase (Li et al.,
2014). Similar instance in the Song Hien basin is the Hat Han
mineralised spot located on the boundary between Ha Giang and Cao
Bang provinces in the Northeastern Vietnam (Fig. 1). Themineralisation
is hosted in gabbro-dolerite-diabase magmatic association of the Cao
Bang complex (νT1cb) (Hoa et al., 2008).

In this study,we report on the petrography of ore-host gabbroids, ore-
mineral compositions, geochemical characteristics and sulphur isotopic
compositions of the sulphideminerals, andmetasomatic activities having
occurred during the ore-genesis. Using information of gold deposit hosted
in gabbroids we will compare with those in sediment hosted.

2. Geology

2.1. Regional geological setting

Northeast Vietnam is a part of the North Vietnam–South China
continental block, and comprises several regional tectonic units, such
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The Song Hien structure in northeast Vietnam is a rift-like (rift-
genetic) volcano-terrigenous depression (Hoa et al., 2008; Tri and Vu,
2011), which is bounded be the Cao Bang–Tien and Yen Minh–Ngan
Son regional fault systems to the NE and SW, respectively, and extends
for N200 km in a NW–SE direction from the Vietnam–China border. In
China's territory, the Nanpanjang rift-genetic basin is considered to be
a continuation of the Song Hien structure (Galfetti et al., 2008;
Guangxi BGMR, 1985).

The basin fill of the Song Hien depression comprises mainly Devonian
and Triassic terrigenous sediments (Fig. 1B), and minor Carboniferous–
Permian limestones. The Devonian formations consist of shale (and
black shale), siltstone, and sandstone with minor limestone. The Early
Triassic Song Hien Formation is composed of terrigenous sediments,
with thick effusive members in the lower part of the stratigraphic se-
quence (Tri and Vu, 2011). This formation is characterised by
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widespread distribution of gravelstone, tuffaceous gritstone shale,
organic- and sulphide-rich black (coal-bearing) shale, and greyish fine
sandstone. The Devonian and Triassic sediments were intensively
deformed, folded, and fractured during tectonic activity. Within the
Song Hien basin, bounded by the above-mentioned Cao Bang–Tien
Yen and Yen Minh–Phu Luong regional NW–SE faults, local NE–SW
faults are widely developed.

Permian–Triassic basalt–rhyolite associations are also widespread
within the basin. Other igneous rocks include gabbro-dolerite,
gabbronorite and lherzolite of the Cao Bang complex (Hoa, 2007).
To the northwest of the Song Hien structure, two-mica granite of the
Late Cretaceous Pia Oac complex, with which greisen-type W–Sn
mineralisation is associated, is widespread (Vladimirov et al., 2012).
Mafic and silicic magmatic rocks, forming typical Permian–Triassic
volcano-plutonic associations, are distributed along the Cao Bang–Tien
Yen fault system (Hoa et al., 2008).

Numerous gold deposits are exposed in the Song Hien rift; these
can be divided into two types based on the ore-hosting rocks:
(i) carbonaceous sediment-hosted Au–As; and (ii) gabbroid-hosted
Au–As–Sb mineralisation. The latter type is the subject of this study.
2.2. Deposit geology

The Hat Han gold deposit is located in the north of the Song Hien
basin, between the Ha Giang and the Cao Bang provinces (Fig. 2). The
deposit is hosted in a small (3.5 km2) mafic intrusive body belonging
to a gabbrodolerite–diabase association of the Early Triassic Cao Bang
igneous complex (νT1cb).
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The least altered rocks in the intrusion are sulphide-free quartz-
bearing monzogabbros (Fig. 4A). They are coarse- to medium-grained,
massive, with hypidiomorphic-granular textures and elements of
granophyric and monzonitic textures. These rocks consist of
clinopyroxene (20–30 vol.%), plagioclase (20–45 vol.%), hornblende
(5–10 vol.%), K–Na feldspar (~10 vol.%), quartz (~10 vol.%), and biotite
(3–10 vol.%). Apatite and titanite occur in minor amounts (1–2 vol.%).
Magmatic Fe–Ti oxides (1–5 vol.%) are characterised by ilmenite and
are interstitial to silicates. Clinopyroxene grains are subhedral to
anhedral and range in size from 0.4 to 1.5 mm. Plagioclase occurs as
subhedral to euhedral grains, ranging from 0.4 to 1.5 mm in length,
and small euhedral laths enclosed by clinopyroxene. Hornblende grains
are short-prismatic and range in size from 0.4 to 0.6 mm. K–Na feldspar
occurs as subhedral to anhedral and aggregate grains, ranging from 0.4
to 1.0 mm, filling the interstices between plagioclase, clinopyroxene,
and hornblende. Granophyric intergrowths of quartz and alkali feldspar
are common. Quartz occurs as single anhedral grains, 0.2 to 1.2 mm in
size, filling the interstices between silicates. Biotite grains 0.4 to
0.8 mm in size, are interstitial to other silicates, and sometimes enclose
plagioclase and apatite grains. Apatite grains are euhedral and range
from 1.0 to 1.2 mm in length.

The quartz-bearing monzogabbro surrounding the ore bodies is
altered to varying degrees (Fig. 4A). Clinopyroxene is uralitised,
chloritised, epidotised and locally carbonatised, often with the original
grain shapes well-preserved. Hornblende is completely replaced by a
fine-grained aggregate of epidote, zoisite, chlorite, and opaqueminerals.
Biotite is discoloured and is replaced by chlorite and cleavage-parallel
opaqueminerals. Plagioclase is completely saussuritised and chloritised,
and is occasionally replaced by albite. K–Na feldspar is pelletised. The
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magmatic ilmenite does not show any alteration. No sulphides are
observed.

The gold ore-hosting quartz-bearing monzogabbro is altered to
sericite–chlorite–carbonate metasomatite containing sulphides (up to
30 vol.%), minor quartz (up to vol.5%), rutile (up to 2 vol.%), and musco-
vite (≤1 vol.%) (Fig. 4B–D). However, the original magmatic texture can
be detected in the altered rocks (Fig. 4B). The carbonate (5 to 10–
15 vol.%) occurs in the form of fine-grained aggregates within the fine-
grained sericite–chlorite groundmass. The original magmatic ilmenite
is commonly replaced by leucoxene, rutile, and titanite, and is locally
altered to an intergrowth of rutile, chlorite, and sulphides. Sulphides
occur as discrete grains. Several generations of veins, which are thin
(up to 2 mm) and have various orientations, are observed in the altered
rocks. The veins are sulphide-free and consist of carbonate (60–80 vol.%),
quartz (10–30%), and alkali feldspar (~10%) (Fig. 4C–D). Both the
sericite–chlorite–carbonate metasomatite and the veins locally show
cross-cutting relations with the original magmatic minerals (altered
Fe–Mg silicates, apatite).

The ore bodies comprise metasomatic and deformed zones up to
150–200 m in length, trending north-northeast. The width of the ore
bodies vary from 2 to 3 to 50 m, whereas their height reaches 150 m.
The gold content varies from 1 to 2 to 20 ppm.

In plan view, the deposit is visibly zoned both vertically and horizon-
tally (Fig. 3). The central body consists of strongly metasomatic rocks.
The ore sulphide contents increase with metamorphic grade, up to
30 wt.% in the centre of the ore body. Antimony mineralisation com-
monly occurs in the central part, characterised by massive antimony
ore formed by aggregates of single stibnite minerals. Surrounding the
massive stibnite are deformed (crushed) zones where gold-bearing
metasomatite fragments are cemented in the gabbro by quartz and
minor amounts of stibnite, and rarely by sphalerite. In some cases,
gold-sulphide ores are cemented by stibnite compounds.

The sulphide content in the metasomatite decreases together with
gold concentration from the centre to the margin of the ore body. It is
also observed that the rate of the hydrothermal metasomatic process
similarly decreases from the centre to the margin of the ore body.
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Two cross-cutting veins systems are observed in the Hat Han ore
deposit. The first vein system comprises quartz-carbonate veinlets up
to 5 mm thick. In addition to from quartz and carbonate minerals, rare
pyrite grains also occur in the vein mass. These veins cross-cut
metamorphosed gabbro and formed by metasomatic alteration of the
wall-rock.

The second vein system comprises milky quartz with variable
quantities of ore minerals. The vein thickness varies from millimetres
to meters. These quartz veins cut the quartz-carbonate veinlets and
the gold-bearing metasomatite. Cementation by milky quartz veins
containing gold-bearing metasomatite leads to the formation of
breccia-type ore-bearing gold–antimony mineralisation. The veins lack
gold ore fragments, with themilky quartz veins containing only antimo-
ny orewith small quantities of basemetals. Genetically, the veins formed
in the Hat Han ore deposit are not related to the gold-bearing ore.

3. Sampling and analytical method

Samples were collected from ores of the main zone. The mineral
composition, textural–structural features, and mineral relations were
studied under an optical microscope in reflected and transmitted light.
A total of 50 polish sections were studied to characterise the mineralo-
gy, as well as paragenetic and textural relationships. The monomineral
fractions of sulphides were sorted out under a binocular microscope
from heavy concentrates. The chemical composition of sulphides was
analysed in polished samples on a Camebax-micro electron microprobe
and on a JSM-6510 SEM equipped with EDS SSD INCA (OXFORD) at the
Institute of Geology and Mineralogy in Novosibirsk, Russia. The experi-
mental conditions are focused beam in spot mode, accelerating voltage
at 20 kV, counting times at 10 s, and beam current at 50 nA. Arsenopyrite
and pyrite were analysed for Fe, S, As, Au, Sb, Ni, Ag, Zn, Cu, and Co. The
following sulphides and synthetic compositions were used as standards:
FeS2 (Fe, S), FeAsS (As), Au0.75Ag0.25 (Au, Ag), Sb2S3 (Sb), FeNiCo (Ni, Co),
ZnS (Zn), and CuFeS2 (Cu). Estimated detection limits were 0.036 wt.%
for Ni, 0.03 wt.% for Co, 0.025 wt.% for Fe, 0.05 wt.% for As, 0.012 wt.%
for S, 0.045 wt.% for Ag, 0.037 wt.% for Sb, and 400 ppm for Au.

The gold contents in the sulphides were determined by a Perkin-
Elmer 3030 Zeeman Atomic Absorption Spectrophotometers (AAS) at
the Institute of Geology and Mineralogy, Novosibirsk, Russia. Precision
and accuracy were based on the analyses of the geological standard
SZH-3.

Ag, Cu, Pb, Zn, W, and Tl were analysed by ICP and ICP-MS (multi-
acid digestion), Au, As, Sb, and Hg by INAA. Chemical analyses were
carried out by Activation Laboratories Ltd., Canada. Detection limit were
1 ppb for Au, 10 ppb for Hg, 0.1 ppm for Sb, 0.2 ppm for Cu, 0.05 ppm
for Tl and Ag, 0.5 ppm for As, Pb, and Zn, and 1 ppm for Mo andW.

Sulphur isotope compositionswere obtained from twelve samples of
pyrite and ten samples of arsenopyrite. The isotopic composition of
sulphur in sulphides was analysed at the Analytical Center of the
Institute of Geology and Mineralogy, Novosibirsk, Russia. The isotopic
composition of sulphur is expressed as δ34S unit, in permil (‰), relative
to Canyon Diablo Troilite standard, and its analytical precision is about
±0.2‰.

4. Results

4.1. Mineral composition and ore structure

The Hat Han deposit is a complex-type ore deposit, which is signifi-
cant because it contains both gold and antimony. There are three ore
types: gold, antimony, and their compound. The third compound type
was produced by the combination of the two early mineralisation
types. Aside from their presence in one useful compound or another,
the three ore types differ in formation structure and mineralogical
composition.
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Ore structures at the Hat Han deposit are complex (heterogeneous);
however, massive, breccia-type and disseminated are the most com-
mon. Themassive structure is characteristic of the central part of the de-
posit where antimony ore is dominant. Elsewhere massive antimony
aggregates form ore packages with thicknesses up to 0.5–1 m.

The disseminated structure is most characteristic of the gold-
sulphide ores. The ore mineral dissemination rate decreases from the
central to the marginal ore body. In the central part of the ore body,
where gold-sulphide ores are less deformed, ore content may increase
up to 30–40 wt.%; in contrast, ore content decreases to 1–3 wt.% in the
marginal parts of ore body. This structure type is characterised by
randomly distributed ore mineral grains within the host rock. In some
cases, disseminated gold-sulphide ores are cut by small veins, consisting
mostly of pyrite, to form a vein-diffused-type structure.

The breccia-type structure is typical of the complex ore type, which
contains economic quantities of gold and antimony. The cement in
breccia-type ore is quartz and stibnite, where the latter increases signif-
icantly towards the centre of the ore body. The fragments in this ore
structure are mostly ore-bearing altered gabbro with various degrees
of sulphidisation.

The mineralogical composition of the antimony ore is simple,
containing aggregates of massive stibnite.

The gold ore in the metasomatic altered gabbro consists of parage-
netic associations of arsenopyrite and pyrite, with minor amounts of
sphalerite and rutile. The gold ore in the Hat Han deposit is high
grade; however, no native gold has ever been discovered there.

The complex ore shows themost diversemineralogical composition.
In ore-bearing quartz veins and breccia (depending on the cement/
fragment proportions), the main ore minerals are arsenopyrite, pyrite,
stibnite, and in some cases sphalerite. In addition, the quartz vein-type
ore also contains tetrahedrite, zinkenite, and chalcopyrite minerals.
The proportions of pyrite and arsenopyrite vary widely. Pyrite is
commonly the most abundant mineral; however, the gold concentra-
tion is dependent on the quantity of arsenopyrite. In gold-rich ores
(Au N10 ppm), the arsenopyrite content may be as high as 50 wt.% of
all the sulphide minerals.

Pyrite and arsenopyrite show very similar textural features. They
occur as euhedral grains with sizes from 0.05 to 0.5 mm (Fig. 5A–D).
This association sometimes also includes rutile, characterised by
elongate and euhedral grains replacing ilmenite in the host gabbro.
Aggregates of crushed pyrite and arsenopyrite are cemented bymassive
stibnite (Fig. 5E–F).

The pyrite contains 0.9 wt.% and 1.4 wt.% of Ni and As, respectively.
The average As concentration, determined from 110 EPMA analyses, is
0.34wt.%.Whereas, the average Sb, Ni, and Co concentrations in arseno-
pyrite, determined from 100 EPMA analyses, are 0.7 wt.%, 0.15wt.% and
0.87wt.%, respectively. The average chemical compositions of the pyrite
and arsenopyrite are shown in Tables 1 and 2.

Mineralogical surveys at the Hat Han deposit have not yet found
native gold in its independentmineral phase form; therefore, evaluation
of gold concentration in sulphide phases is essential. The results of elec-
tron probe microscopic analysis (EPMA) show that the pyrite contains
up to 1700 ppm of gold, whereas in arsenopyrite the concentration is
3100 ppm. The EPMA detection limit is 400 ppm.

The relation between Au, Sb, and major arsenopyrite constituents
(As, S, Fe) was also analysed. The compositional concentration relation-
ship of the above elements is illustrated in Fig. 6, revealing that gold
content in arsenopyrite increases with increasing As content. Fig. 6
also shows a weakly negative correlation between Au and S concentra-
tion. Elemental pairs of Fe–Au and Sb–Au are not correlated.

The high concentration of Au in pyrite appears to be independent of
themajor elements (e.g. Fe and S), Sb, and As (Fig. 7). A weakly positive
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correlation between Au and As concentration in pyrite is observed;
however, the elemental concentrations are equal to or lower than the
detection limit. This analytical method, therefore, may be used as
supporting evidence.

4.2. Geochemistry

The geochemical characteristics of a gold ore are expressed by the
relationship between the concentrations of gold and other accompany-
ing elements in the ore. This expression is an important indicator of a
given deposit. For example, sediment-hosted gold deposits in black
shale formations are characterised by Au, As, and Sb association
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(Novozhilov and Gavrilov, 1999). The most important feature of this
mineralisation type is the close relationship between Au and As, and
Sb to a lesser extent. The significant feature of Carlin-type (U.S.A.) and
Carlin-like deposits in southwestern China is Au, As, Sb, Hg and Tl
association (Chen et al., 2011; Peters et al., 2007; Zhang et al., 2005).
Therefore, with the aim of clarifying the geochemical characteristics of
gold mineralisation in the Hat Han deposit, the trend and the relation
between Au and accompanying elements in ore components, ore
samples were collected and analysed for geochemical composition at
Actlabs Ltd. (Ontario, Canada). Various ore, host, and unaltered gabbro
samples were analysed for the abundances of 60 elements. Au concen-
trations were analysed in the black shale from the Early Triassic Song
Hien formation, overlying the gold–sulphide host gabbro.

According to the latest ICP analytical results, the ore elemental
concentrations in the gabbro-hosted ore bodies are insignificant. The
major characterising element compositions of the ore samples are
given in Table 3. The gold content in the black shale overlying the
gabbro is −46 ppb.

4.2.1. Host rock geochemistry
Themajor and trace element compositions of theHat Han gabbro are

shown in Table 4. The gabbro is characterised by low TiO2 (=0.3–
1.8 wt.%), MgO (4 wt.%), and low P2O5 (=0.16–0.22 wt.%); relatively
low total alkalis (Na2O + K2O = 3.5 wt.%) and Na2O/K2O ratio ~1. The
gabbro contains relatively low Cu (24.8 ppm), Ni (14.7 ppm), Co
(42.7 ppm), and Cr (1 ppm); high V (116 ppm); and high Rb
(87.9 ppm), Th (9.6 ppm), Ce (48 ppm), Zr (38 ppm), and the rare
earths, especially the light elements (LREE). The chondrite normalised
rare earth element pattern of the Hat Han gabbroids, showing charac-
teristic Eu minimum, is closely similar to that of the Ban Giem and
Nguyen Binh massif (e.g. Hoa, 2007; Fig. 8). The primitive mantle-
normalised trace element pattern is also closely analogous to that of
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the Ban Giem and Nguyen Binh gabbros in the Cao Bang igneous
complex (e.g. Hoa, 2007). However, the REE concentrations in the Hat
Han gabbro are lower compared to the Ban Giem and Nguyen Binh
gabbroids (Fig. 8).
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4.2.2. Ore geochemistry
The antimony ore is characterised by a high concentration of Sb

(KC483/8, KC488; Table 3). Ores in quartz veins, stibnite, and base
metal ore-bearing crushed zones contain high concentrations of Pb
and Zn, up to 1000–3000 ppm. The gold concentrations in the antimony
ores vastly depend on the presence and quantity of fragments that con-
tain early phase gold-bearing sulphide minerals. Gold contents varying
from zero to 2 ppm are closely associated with As concentrations.

Au in the disseminated gold ores varies from4 to 12ppm.As concen-
trations in these ores are relatively high, with an average of ~2 wt.%.
Gold content in the disseminated ores, like that of the antimony ores,
is directly dependent on arsenic content in the ore. The average concen-
tration of Sb in the disseminated gold ores is 1000 ppm (Table 3). The
Sb–Au complex ores show geochemical characteristics in the range
between the above-described two ore types.

4.3. Sulphur isotopic composition

The analytical results for the sulphides are listed in Table 4.
The δ34S values from five arsenopyrite samples range from 6‰ to

9.2‰ (mean value = 7‰). Sulphur isotopic compositions of pyrite
range from6‰ to 7.9‰ (mean value=7‰); of stibnite are low, ranging
from 0.3‰ to 6.6‰ (mean value= 3.7‰); and of diagenetic pyrite yield
a value of 7.3‰. The data show the following salient features.: (i) the
pyrite and arsenopyrite are commonly paragenetic, having similar
sulphur isotopic compositions; in contrast, the stibnite is characterised
by high 32S; (ii) the sulphur isotopic variation between samples does
not depend on gold concentration, the presence of late antimony
mineralization, and the concentration of Au in sulphide; and (iii)
there is a systematic enrichment of light sulphur isotopes in pyrite-
arsenopyrite-stibnite. This decreasing trend is in accordance with
equilibrium fractionation of sulphur isotopes during the precipitation
of sulphides (Chen et al., 2015a).

5. Discussion

5.1. Ore-forming process and paragenetic sequence

The ore is characterised by massive, breccia-type and disseminated
structures. According to themineral intercalation relationships, themin-
eral formation sequence had three stages (Fig. 9). From earliest to latest,
the three stages can be classified as: (i) pre-ore magmatic, (ii) gold ore
metasomatic, and (iii) antimony ore quartz-vein. Gold-bearing sulphides
NiCd Cu KFe Co Ca Mg Mn Na

Gabbro (host rock)

Au and complex ore

y squares) relative to those of unaltered host gabbro (red circle).
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Fig. 11. Isocon diagrams showing element mobility in ore with different gold content:
(a) to 4 ppm; (b) 4 to 10 ppm; (c) up 10 ppm. Elements that plot above or below the
isocon are, respectively, introduced or depleted. In each plot, the immobility of Fe and
the introduction of S and Au are clear evidence of gold precipitation by sulphidation of
host-rock iron.
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(mainly arsenopyrite) were formed during the second stage, whereas
antimony ore was formed during the final stage. The paragenetic
sequence of the Hat Han deposit is shown in Fig. 9. The observations
that were used to define these three sequential stages are as follows.

5.1.1. Pre-ore magmatic stage
This stage is not directly related to ore formation; however, a study

of the mineral composition of non-metamorphosed rocks allows deter-
mination of the metasomatic process stages. Moreover, the magmatic
rocks are a source of Fe, necessary for sulphide concentrated Au forma-
tion. Co-existing mineral associations formed during the magmatic
stage include clinopyroxene, plagioclase, hornblende, biotite, K–Na
feldspar, quartz, apatite, and ilmenite.

5.1.2. Gold ore metasomatic stage
This stage is characterised by intensive alteration of the host rocks,

filtering out a series of rock-forming elements while introducing ore
elements.

Two major alteration types can be recognised at the Hat Han
deposit: (i) propylitic, and (ii) sericitic. Propylitic alteration denotes
assemblages, including chlorite, epidote, zoisite, saussurite, albite, and
secondary amphibole, which have been formed by alteration of the
original magmatic silicates. No sulphides have been observed in the
propylitised rocks. As for sericitic alteration, the coexistence of sericite,
chlorite, sulphides, carbonate, quartz, rutile, and carbonate–quartz–
alkali feldspar veins indicates simultaneous sericitisation, chloritisation,
sulphidation, and carbonatisation, with minor silicification and
feldspathisation. This alteration type is the main stage of gold-bearing
sulphide mineralisation at the Hat Han deposit. Propylitic alteration is
developed to varying degrees in magmatic rocks, both surrounding
the orebodies andwithin the orebodies,whereas sericitisation is intense
within the orebodies.

During sericitisation, ore mineralisation occurs, including wide-
spread gold-bearing pyrite and arsenopyrite and minor amounts of
sphalerite and rutile. The formation of pyrite and arsenopyrite occurs
as Fe is expended from earlier-formed Fe-bearing minerals, such as
coloured and accessory minerals in gabbro. A surplus of titan, formed
by replacement of ilmenite, leads to the formation of secondary rutile
in metasomatites. The relationship between the main ore minerals
(e.g. pyrite and arsenopyrite) and rutile suggests their contemporane-
ous formation. This relationship provides mineralogical evidence
that sulphide-forming processes occur as a result of the replacement
of Fe-bearing minerals in host rocks.

5.1.3. Antimony ore quartz-vein stage
Formation of co-existing ore minerals during the quartz-vein stage

commenced during the crushing process of the earlier-formed gold
ore in altered gabbro. Hydrothermal solution may occur in crushed
zones, forming ore breccia with gold ore fragments cemented by
milky quartz veins containing variable quantities of ore minerals.
These processesmay lead to the formation of the complex gold–antimony
ore at the Hat Han deposit.

Formation of ore minerals may begin with tetrahedrite, zincite,
sphalerite, and rare chalcopyrite, followed by stibnite. At the end of
this mineralisation stage massive antimony ores were formed.

5.2. Possible sources of ore elements

The majority of the gold deposits in the Song Hien depression are
terrigenous (black shale) sediment-hosted deposits. A series of world-
class gold deposits, termed the “golden triangle”, have long been
known in the Triassic Nanpanjang rift basin (China), north of the Song
Hien depression, and have been studied and described in detail (Chen
et al., 2011, 2015a,b; Peters, 2002; Peters et al., 1998, 2007; Zhou
et al., 2002; Zhong et al., 2002). These deposits are embedded predom-
inantly in Triassic, and some in Devonian, sediments. However, there
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are examples showing that some mafic magmatic rock-hosted deposits
have similar mineralogical and geochemical characteristics to the
sediment-hosted. In Nevada, mafic rocks are known to contain Carlin-
type sediment-hosted Au deposits at the Twin Creeks deposit
(Bloomstein et al., 1991; Thoreson et al., 2000) where basalt is the
host rock, and at the Betze deposit where lamprophyre and diorite are
the ore host rocks (Leonardson and Rahn, 1996; Peters et al., 1998). In
the “golden triangle”, the Jimba, Badu, and Anna deposits are hosted
by gabbro and diabase rocks (Dong et al., 2014; Li et al., 2014; Peters,
2002; Peters et al., 2007). Studies by Chen et al. (2011, 2015a,b),
Peters et al. (2007), Zhou et al. (2002), and Zhong et al. (2002) provide
details of the ore geochemical characteristics, which show that
the source rocks supplying the sulphur and ore elements in the
mineralisation process to form these deposits are terrigenous
sediments.

Sb–Au mineralisation at the Hat Han deposit is hosted in altered
mafic rocks. It is unlikely that these host rocks supplied the sulphur
and ore elements required for arsenic-type gold mineralisation. The
trace element compositions shown above may explain the behaviour
of some characteristic elements during the ore deposit formation. An
indication of the mass transfer associated with gold mineralization can
be obtained by dividing the average trace element concentrations in
the ores by the average trace element concentrations in the crust
(Clark values) to obtain the enrichment factors. In Fig. 10, the trace
elements are arranged from the Carlin suite (Tl, Hg, Sb, As and Au) on
the left, through Ag and base metals (Pb, Zn, and Cu) to Mo and W on
the right.

Three elemental groups may be categorised as follows: (i) those
introduced during the ore formation process; (ii) elements removed
during ore formation; and (iii) elements whose concentrations are un-
changed or vary insignificantly. The first group includes Au, As, Sb, and
S, as well as Ag and Hg although their concentrations did not increase
noticeably. The formation of the gold-bearing altered mafic rock envi-
ronment occurred following the input of Au, As, Sb, and S. Compared
to the unaltered gabbro, the concentrations of the above elements in
metasomatite increase three fold.

During the ore formation process, Ca, Mg, Mn, and Na are removed
from the metasomatised zone, possibly due to the replacement of
plagioclase and melanocratic minerals in gabbro. Inert behaviour may
include Pb, Zn, and Cd, although their low and high presence in ore
minerals compared to unaltered rocks may simply be explained by
their redistribution in various ore types. Concentrations of Cu, Ni, and
Co in gabbro decrease during the ore formation process, whereas K
and Fe remain mostly unchanged.

The unchanged concentration of Fe during the formation of gold ore
suggests that ore mineralisation occurs as the result of sulphidation of
the host gabbro, where sulphide minerals are formed by taking
(borrowing) iron from the gabbro. This process may explain the forma-
tion of sediment-hosted gold deposit, including Carlin-type deposits
(Large et al., 2011; Peters et al., 2007; Su et al., 2009).
Fig. 12. Plot of δ34S of sulphides
Isocon diagrams additionally provide a graphical expression of com-
ponent loss and gain. Grant (1986) demonstrated that isocon diagrams
can be used to calculate gain or loss of major, minor, and trace elements
due to alteration. This graphical method is based on the equations of
Gresens (1967). Logarithmic isocon diagrams have previously proven
useful in studies of mass transfer in Carlin-type systems (Hofstra and
Cline, 2000) and are subsequently used here.

ICP analytical results show three isocon diagrams for different groups
with vastly different gold concentrations. Thefirst isocon diagram is con-
structed for ore-bearing gold with concentration of ≤4 ppm (Fig. 11A),
the second diagram shows the ore group with concentrations from 4 tо
10 ppm(Fig. 11B), and the third diagram shows the ore group containing
≥10 ppm (Fig. 11C).

Analysis of the isocon diagrams for the ores with various gold con-
centrations shows that As content typically increases with increasing
Au content. This behaviour of arsenic is due to the fact that arsenopyrite
becomes a major concentration of gold in the ores. Increasing concen-
tration of As together with Au may explain the deposit formation
(structure). As depicted in the schematic cross-section across the ore
body (Fig. 3), the most enriched gold-containing ore is concentrated
close to the central part of the ore body. Arsenic-bearing ore is similarly
concentrated close to the axial part, forming zones of crushed and
quartz veins. In the central part of the ore body, ore breccia is frequently
observed, with cement consisting of quartz-antimony matrixes, and
fragments composed of altered gabbro with abundant gold-bearing
arsenopyrite impregnations.

Mercury, like antimony and arsenic increases with increasing gold
concentration. Zinc and cadmium are ore elements whose concentra-
tions vary with increasing gold content in the ore. For ore containing
≤4 ppm gold (Fig. 11A), concentrations of the above elements are
lower than those in the host rocks. This behaviour may be explained
Diagenetic pyrite

from the Hat Han deposit.
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by the spatial redistribution of these elements between zones with dif-
ferent degrees of alteration. For ore containingAu concentrations from4
to 10 ppm, these element concentrations are rarely increased and
higher than their contents in the most enriched ores. This regulation is
related to the uneven redistribution of sphalerite in ores. Silver content
is increased in ore; however, its concentration is not directly related to
gold content. As a consequence, this suggests that partial concentration
of silver in ore is related to the concentrations of galena and
tetrahedrite.

Indeed, concentrations of major rock-forming components are un-
changed in ores with different gold content. Elements removed from
A

C

Fig. 15.As vs. Au (a), S vs. Au (b) for arsenopyrite and As vs. Au (c), S vs. Au (d) in pyrite diagram
in arsenopyrite of the Hat Han deposit. Whereas in pyrite such correlation is absent. The plot s
rocks by ore fluids includeMg, Ca,Na, andMn (Fig. 11A-C). This elemen-
tal behaviour is explained by the decomposition of plagioclase and
coloured minerals. Generally, Al and Fe are viewed as immobile
elements. The immobility of Fe and the introduction of S, Au, As, Sb,
and Hg, evident on the isocon diagrams, require that Au- and trace
element-rich sulphides in the ore precipitated where H2S in ore fluids
reacted with Fe-bearing minerals in the host rocks (Hofstra et al.,
1991; Saunders et al., 2014). Concentrations of Ti to a lesser extent,
are increased in the sericitic altered orebodies. An increase in potassium
is due to sericitisation occurring as a direct result of weak to moderate
potassic metasomatism. The distributions of major elements Ti and S
in orebodies reflect alteration, particularly sericitisation, sulphidation
and formation of Ti oxides (mainly rutile).

5.3. Possible sources of sulphur

The sulphur isotopic compositions vary within a narrow range, with
an average δ34S of 7‰, although light isotopes show accumulation ten-
dency in later sulphidation periods (Fig. 12). Recent studies (e.g. Chang
et al., 2008; Chen et al., 2015a; Large et al., 2007, 2011; Peng et al., 2014;
Peters et al., 2007; Zhang et al., 2005) have shown that the source of sul-
phur supply to sediment-hosted gold deposits, including Carlin-type
deposits, is the host sedimentary formation. In many cases, the sulphur
isotopic compositions are dependent on the ages of the host rocks
(Chang et al., 2008); however, this dependence is not commonly ob-
served in magmatic hosted deposits. According to the above-compiled
data, sulphur may be introduced by hydrothermal fluids rather than
taken (borrowed) from gabbro.

Fig. 12 shows that the δ34S value of arsenopyrite is identical to that of
diagenetic pyrite in the sedimentary rocks. This similarity in the δ34S
values of arsenopyrite and diagenetic pyrite requires a sedimentary
source (diagenetic pyrite and/or sulphur in organic matter within the
sedimentary host rocks) as the major component contributing to the
hydrothermal sulphide.
B

D

s. Plots indicate weak positive correlation As vs. Au andweak negative correlation S vs. Au
hows only data above the limit of detection EPMA.
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The geology of the Song Hien rift basin comprises a Devonian–
Triassic lithological sequence, where δ34S in sulphide in equilibrium
with sea water during these periods is estimated to vary between
+30‰ and+12‰ (e.g. Holse et al., 1996). Initially, hydrothermal fluids
rich in heavy sulphur isotopes circulating through low-pressure crushed
zones are enriched by ore elements extracted from sediments by fluid-
rock interaction. Subsequent interaction with sedimentary rocks causes
the reduction of sulphate to H2S by sulphate reduction with organic
substances. The formation of H2S results in enrichment of light 32S. As
hydrothermal fluid moves through crushed zones to enter the gabbro,
under the effect of physic-chemical change, gold-sulphide ore begins
to form. This instant sulphide is characterised by slightly positive δ34S
value. A similar model of isotopic variation in hydrothermal fluids
Table 1
Electron probe microanalysis results (Au — ppm, other element— wt.%) for arsenopyrite from

Samp. no Fe Co Ni As Au

Detection limit 0.025 0.030 0.036 0.050 400

KC14-481 34.26 – – 44.08 130
KC14-481 34.72 – – 43.28 1030
KC14-481 34.77 – – 44.18 220
KC14-481 34.21 – – 44.31 310
KC14-484 34.83 – – 42.56 280
KC14-484 34.66 – – 43.41 –
KC14-496 34.16 – – 45.27 850
KC14-496 33.61 – – 45.30 710
KC14-496 33.71 – – 45.88 1090
KC14-496 34.31 – – 45.47 760
KC14-478/2 33.62 – – 46.07 1000
KC14-478/2 33.86 – – 44.91 1070
KC14-478/2 34.29 0.11 – 43.75 930
KC14-478/2 34.31 – – 45.41 1130
KC14-478/3 33.98 – – 44.77 1150
KC14-478/3 33.90 – – 45.81 1010
KC14-478/3 34.14 0.11 – 45.57 1040
KC14-478/3 34.20 – – 45.38 860
KC14-479/4 34.56 – – 43.97 –
KC14-479/4 34.17 – – 44.53 –
KC14-479/4 34.37 – – 44.76 –
KC14-479/4 34.31 – – 44.81 –
KC14-480/2 34.67 – – 44.26 590
KC14-480/3 34.75 – – 44.15 670
KC14-480/3 34.31 – – 43.30 790
KC14-480/3 34.73 – – 42.19 210
KC14-480/3 34.40 – – 44.05 590
KC14-480/4 34.63 – – 43.14 1110
KC14-480/6 34.19 0.16 – 45.13 1370
KC14-483/2 34.60 – – 44.14 190
KC14-483/2 34.05 0.87 0.10 44.37 910
KC14-483/2 34.10 – – 44.55 140
KC14-483/2 33.96 – – 44.80 270
KC14-483/3 34.22 – – 44.09 –
KC14-483/3 34.18 – – 44.63 –
KC14-483/3 34.47 – – 44.88 190
KC14-44-483/3 34.63 – – 44.28 –
KC14-483/5 34.08 – – 45.74 3100
KC14-483/5 34.10 0.04 – 45.49 1690
KC14-483/5 34.41 – – 44.37 2310
KC14-483/5 33.75 – – 45.86 2190
KC14-483/5 34.12 – – 45.70 2090
KC14-483/5 34.01 – – 45.82 1980
KC14-489/2 33.78 – – 44.62 –
KC14-489/2 33.91 – – 44.57 –
KC14-489/2 33.66 – – 44.78 –
KC14-489/5 34.27 – – 44.46 580
KC14-489/5 34.34 – – 45.09 360
KC14-489/5 34.54 – – 44.75 380
KC14-489/5 34.79 – – 44.19 230
KC14-497/1 34.56 – – 44.43 400
KC14-497/1 34.04 – – 45.17 1140
KC14-497/1 34.33 – – 44.98 260
KC14-497/2 34.69 – – 44.12 –
KC14-497/2 34.10 – – 43.38 –
KC14-497/2 33.91 – – 44.81 –
KC14-497/2 33.89 – – 43.20 –
relative to host rocks has been applied to explain some Carlin-like
deposits in China (Chen et al., 2015a).

5.4. Gold-bearing sulphides

One of the distinct features of orogenetic sediment-hosted gold
deposits is the high concentration of gold in arsenic pyrite and arsenopy-
rite (widespread gold-bearing iron sulphides) (Peters et al., 2007; Reich
et al., 2005; Simon et al., 1999; Yang et al., 1998). In many gold
deposits, while lacking in native gold, this is the major form of gold
existence (Ashley et al., 2000; Genkin et al., 1998). The appearance
of ‘visible’ native gold was explained as a result of overlapping thermo-
tectonic events andoremetamorphism(Large et al., 2007; Su et al., 2008).
the Hat Han deposit.

S Ag Sb Zn Cu
Total

0.012 0.045 0.037 0.047 0.040

21.14 – 0.28 – – 99.78
21.82 – 0.22 – – 100.14
21.36 – 0.06 – – 100.41
21.05 – 0.04 – – 99.65
21.92 – – – – 99.39
21.38 – 0.49 – – 99.94
20.64 – – – – 100.19
20.33 – 0.09 – – 99.40
20.16 – – – – 99.89
20.58 – – – – 100.45
19.97 – 0.06 – – 99.83
20.47 – 0.14 – – 99.50
21.38 – 0.40 – – 100.03
20.60 – 0.04 – – 100.47
20.53 – 0.06 – – 99.45
20.28 – – – – 100.13
20.50 – 0.05 – – 100.47
20.26 – – – – 99.94
21.06 – – – – 99.62
20.83 – 0.04 – – 99.58
20.59 – – – – 99.74
20.35 – – – – 99.48
21.49 – 0.38 – – 100.90
21.50 – 0.34 – – 100.83
21.26 – 0.05 – – 99.00
22.33 – 0.50 – – 99.81
21.13 – – – – 99.69
22.01 – 0.07 – – 99.98
20.85 – 0.07 – – 100.55
21.52 – – – – 100.30
21.13 – 0.12 – – 100.74
20.78 – – – – 99.47
20.53 – – – – 99.41
20.85 – 0.05 – – 99.23
20.81 – 0.04 – – 99.69
20.49 – – – – 99.91
20.53 – 0.06 – – 99.55
19.77 – – – – 99.96
20.39 – 0.41 – – 100.59
20.95 – 0.12 – – 100.11
20.13 – – – – 99.98
20.41 – – – – 100.51
20.15 – 0.04 – – 100.23
20.82 – – – – 99.24
20.99 – – – – 99.55
20.78 – – – – 99.26
21.18 – 0.04 – – 100.01
20.98 – – – – 100.46
21.36 – – – – 100.72
21.20 – – – – 100.27
21.22 – 0.28 – – 100.55
20.70 – 0.09 – – 100.15
20.82 – 0.08 – – 100.28
21.14 – 0.04 – – 100.02
21.65 – 0.32 – – 99.52
20.97 – – 0.11 – 99.82
21.67 – 0.45 – – 99.26



Table 2
Electron probe microanalysis results (Au — ppm; other element — wt.%) for pyrite from the Hat Han deposit.

Samp. no Fe Co Ni As Au S Ag Sb Zn Cu
Total

Detection limit 0.025 0.030 0.036 0.050 400 0.012 0.045 0.037 0.047 0.040

KC14-481 46.27 – – – – 52.94 – – – – 99.22
KC14-481 46.16 0.09 – 0.44 – 52.55 – – – – 99.26
KC14-484 46.73 – – – – 53.82 – 0.05 – – 100.61
KC14-484 46.58 – – – – 53.20 – – – – 99.80
KC14-484 46.01 – – – – 53.58 – – – – 99.66
KC14-484 46.26 – – – – 53.06 – – – – 99.35
KC14-484 46.24 – – – – 53.10 – 0.12 – – 99.53
KC14-496 45.94 – – 0.65 – 51.97 – – – – 98.60
KC14-496 45.94 – – 0.71 – 52.21 – – – – 98.87
KC14-496 45.53 – – 1.15 – 51.90 – – – – 98.59
KC14-496 46.07 – – 0.27 – 52.65 – – – – 99.01
KC14-478/2 46.05 – – – – 53.11 – – – – 99.19
KC14-478/2 45.51 – – 1.35 – 52.09 – 0.06 – – 99.05
KC14-478/2 46.32 – – – – 53.56 – – – – 99.90
KC14-478/3 46.50 – – – – 53.22 – – – – 99.73
KC14-478/3 46.21 – – – – 53.55 – 0.07 – – 99.84
KC14-478/3 46.31 – – – – 53.67 – – – – 99.99
KC14-480/2 46.77 – – – – 53.25 – 0.06 – – 100.09
KC14-480/2 46.59 – – – – 53.40 – – – – 100.05
KC14-480/2 46.71 – – – – 53.35 – 0.04 – – 100.11
KC14-480/3 46.06 – – 0.55 350 51.49 – – – – 98.14
KC14-480/3 46.18 – – 1.12 120 51.21 – – – – 98.57
KC14-480/3 46.00 0.11 – 1.15 140 51.31 – – – – 98.63
KC14-480/3 46.09 – – 1.26 – 51.46 – – – – 98.85
KC14-480/3 46.06 – – 1.35 490 51.25 – – – – 98.75
KC14-483/3 46.32 – – – 320 53.08 – – – – 99.46
KC14-483/3 46.40 – – 1.14 – 51.77 – – – – 99.33
KC14-483/3 46.83 – – – 120 52.27 – – – – 99.11
KC14-483/3 46.05 – – 1.41 – 52.37 – – – – 99.86
KC14-483/5 46.46 – – – 1360 52.36 – – – – 99.00
KC14-483/5 46.55 – – 0.82 1640 51.69 – – – – 99.27
KC14-483/5 46.36 – – 0.78 1690 51.80 – – – – 99.13
KC14-483/5 46.38 – – 0.84 1680 51.88 – – – – 99.30
KC14-483/5 46.58 – – 0.56 1440 52.00 – – – – 99.33
KC14-489/2 46.34 – – 0.33 – 52.49 – – – – 99.19
KC14-489/2 46.64 – – 0.46 – 52.02 – – – – 99.15
KC14-489/2 46.34 – – – – 53.18 – 0.10 – – 99.67
KC14-489/4 45.99 – – 0.97 – 51.88 – 0.01 0.32 – 99.17
KC14-489/4 46.38 – – 1.19 – 51.74 – – 0.14 – 99.49
KC14-489/4 46.45 – – 0.87 – 51.83 – – – – 99.17
KC14-489/4 46.42 – – 0.91 – 51.94 – – – – 99.35
KC14-489/5 46.46 – – 0.90 – 51.78 – – – – 99.19
KC14-489/5 46.18 – – 1.02 140 52.67 – – 0.05 – 99.96
KC14-489/5 46.64 – – – – 53.34 – – – – 100.04
KC14-497/1 46.58 – – – – 53.54 – – – – 100.15
KC14-497/1 46.21 – – – – 53.54 – 0.09 – – 99.85
KC14-497/1 46.46 – – – – 53.23 – 0.05 – – 99.77
KC14-497/2 45.86 – – 0.72 – 52.87 – – – – 99.49
KC14-497/2 46.37 – – 0.77 – 52.17 – – – – 99.38
KC14-497/2 46.57 – – 0.50 – 52.48 – – – – 99.57
KC14-497/2 46.75 – – – – 53.11 – – – – 99.90
KC14-497/3 46.51 – – – – 53.06 – – – – 99.58
KC14-497/3 46.82 – – – – 53.27 – – – – 100.15
KC14-497/3 46.29 – – – – 53.14 – – – – 99.48
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Themain gold-bearing iron sulphide in Carlin-like deposits in south-
ern China is arsenic pyrite, followed by arsenopyrite (Peters et al., 2007).
Throughout studies of the Hat Han gold deposit, regardless of using
highly sensitive instruments such as optical and SEM, native gold had
never been found. However, EPMA analysis conducted on arsenopyrite
and pyrite revealed Au concentrations at 3100 and 1700 ppm,
respectively.

Arsenopyrite bearing high concentration of gold was reported for
large-scale gold deposits localised in strongly deformed black shale for-
mations with various ages (Ashley et al., 2000; Genkin et al., 1998;
Volkov et al., 2006). In some deposits, the position of gold in the arseno-
pyrite structural network was identified; in others, not only the struc-
tural position but also the position of gold metal particles in the
arsenopyrite structural network was also defined (Boiron et al., 1989;
Cabri et al., 1989; Genkin et al., 1998; Maddox et al., 1998; Murzin
et al., 2003; Reich et al., 2005; Volkov et al., 2006; Yang et al., 1998). In-
direct proof of the chemical binding of gold is its connection with the
major components of arsenopyrite. At somedeposits the Au–As connec-
tion is well-established (Cabri et al., 1989; Fleet and Mumin, 1997;
Maddox et al., 1998), but at others the relationship is unidentified
(Ashley et al., 2000). Some authors report that gold-bearing arsenopy-
rite is typically poor in iron (Fleet and Mumin, 1997).

At the Hat Han deposit arsenopyrite contains less As than it theoret-
ically should. However, this feature of gold-bearing arsenopyrite is
widely observed at many orogenic gold deposits (Genkin et al., 1998;
Tyukova and Voroshin, 2007). Fe concentrations may vary slightly, but
generally correspond to theoretical compositions.

Analysis of the relationship of gold content in arsenopyrite to the
concentration of themain components (F, As, S) shows a positive corre-
lation between Au and As (and negative correlation between Au and



Table 3
Major-element and trace-element data from the analysed host unaltered gabbro and different types of ore.

Analyte symbol Unit symbol Detection limit

Host gabbro Gold ore Complex ore Antimony ore

KC14-479/1 KC14-478/3 KC14-479/4 KC14-483/3 KC14-496 KC14-480/2 KC14-481 KC14-480/3 KC14-483/5 KC14-479/2 KC14-478/2 KC14-483/4 KC14-488

Au ppb 1 1 8190 2870 3920 6040 9720 8140 6760 12100 1460 19800 26 124
Ag ppm 0.05 0.39 0.71 0.83 0.44 2.99 0.54 0.51 0.65 0.67 1.07 0.95 0.27 18.4
Cu ppm 0.2 24.8 12.6 14.9 8 18.9 15.4 11.2 9.8 12.6 8.4 48.5 12.6 152
Cd ppm 0.1 0.2 0.1 0.1 0.2 2.9 0.1 0.1 0.2 4.8 0.2 0.5 0.8 16.9
Pb ppm 0.5 16 14.2 11.4 3.5 114 6.7 18.6 7.4 28.8 0.5 45.4 42.7 1410
Ni ppm 0.5 14.7 6.2 9.8 13.8 13.9 8.2 3.8 6.3 5.8 1.3 6.5 15.2 3.8
Zn ppm 0.5 112 58.7 43.7 33.8 340 34.4 30.8 71.4 1520 9.1 168 405 3340
S % 0.01 0.16 5.45 3.26 3.55 5.27 6.03 1.54 2.65 5.25 6.06 7.39 0.87 2.26
Al % 0.01 7.34 3.14 4.52 7.9 6.61 4.97 3.72 6.73 4.68 0.64 4.08 6.89 0.37
As ppm 0.5 49.4 23900 10100 12700 25000 27400 24900 11600 18300 5050 46300 162 1030
Sb ppm 0.1 26 732 776 77.7 223 366 158 2240 4960 N10000 N10000 N10000 N10000
Ba ppm 1 305 94 137 142 98 103 130 175 100 1 90 185 7
Be ppm 0.1 1.6 2.3 2.5 3 3.1 2.7 1.7 3.6 1.8 0.7 2.1 2.6 0.4
Br ppm 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Ca % 0.01 4.94 1.18 3.32 0.98 1.01 2.03 0.13 5.93 0.02 0.2 1.35 1.73 0.01
Co ppm 0.1 42.7 21.8 24.2 18.3 17.4 42.4 9.9 35.9 3.8 0.3 41.5 11.8 0.2
Cr ppm 1 1 8 1 1 1 8 1 10 1 1 4 1 6
Cs ppm 0.05 3.44 2.42 4.32 2.78 2.77 2.64 1.46 3.04 0.92 0.6 2.2 2.81 0.08
Fe % 0.01 9.04 8.01 6.85 5.02 7.58 9.74 6.64 8.93 6.16 0.01 10 2.3 0.01
Hf ppm 0.1 1 0.7 1.4 4.5 1.7 1 0.4 3.1 2 0.1 0.6 2.6 0.1
K % 0.01 1.33 1.57 1.94 4 3.31 2.36 1.71 3.38 2.1 0.12 1.84 3.16 0.03
Mg % 0.01 2.38 0.33 1.06 0.48 0.42 0.6 0.14 1.57 0.12 0.05 0.4 0.57 0.01
Mn ppm 1 1270 259 670 249 224 415 279 1170 66 51 246 570 75
Na % 0.01 1.41 0.04 0.07 0.04 0.03 0.02 0.01 0.02 0.05 0.51 0.13 0.04 0.52
P % 0.001 0.072 0.032 0.034 0.044 0.07 0.038 0.034 0.066 0.011 0.001 0.018 0.054 0.001
Rb ppm 0.2 87.9 96.8 118 192 144 111 95.5 118 104 8.2 98.3 137 2.5
Sc ppm 0.1 38.1 17.4 20.7 16.1 14.6 25.7 15.5 36.2 7.7 0.1 18 19.1 0.1
Se ppm 0.1 0.7 1.3 1.3 1.3 1.7 1.2 0.3 0.7 0.9 1.3 1.5 0.4 1.3
Ta ppm 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.3 0.1 0.1 0.1 0.1 0.1
Ti % 0.01 0.18 0.98 0.66 0.66 0.43 0.62 0.48 0.74 0.13 0.01 0.39 0.25 0.01
Th ppm 0.1 9.6 5.3 0.1 15.6 14.1 6.6 2.8 13.5 21.3 0.2 5.4 27.5 0.5
V ppm 2 116 311 205 150 112 383 196 184 34 2 273 39 2
U ppm 0.1 1.4 0.8 0.9 3.8 3.8 1 0.6 1.4 3 0.1 0.9 3.1 0.1
W ppm 1 1 147 50 1 1 143 1 221 1 1 1 1 1
Ga ppm 0.1 17.5 10.4 11.5 20.7 18.5 13.7 9.3 20.6 11.3 0.9 11.2 16.6 0.4
Ge ppm 0.1 0.2 0.3 0.6 0.3 0.3 0.2 0.2 0.9 0.4 0.4 0.3 0.4 0.8
Hg ppb 10 1290 4070 1770 3420 3400 2590 2450 3120 4290 2340 3390 1060 4630
Li ppm 0.5 24 9.5 8.5 3.5 4.8 6.3 3.9 3.2 1.4 0.5 4.9 2.8 0.5
Sr ppm 0.2 126 51.5 133 43.7 48.6 72.8 19.2 233 12 7 53 98 2.8
Tl ppm 0.05 0.41 1.48 1.53 1.28 1.57 1.74 0.48 0.89 0.7 0.75 1.34 0.85 0.2
Y ppm 0.1 34.5 19 15.7 33.1 36 21.2 8.9 16.2 28.7 2.8 19.6 34.5 1
Zr ppm 1 38 71 78 225 160 85 72 146 127 1 74 104 2
La ppm 0.1 16 9.2 11.2 29 26.2 10.6 6.5 10.8 16.2 0.1 10 25 0.1
Ce ppm 0.1 33.3 19.2 23 59.3 52.9 22.3 12.8 25.3 34 1.2 22.1 52.1 1.1
Pr ppm 0.1 4.2 2.4 2.9 7.3 6.4 2.8 1.5 3.4 4.1 0.2 2.8 6.5 0.2
Nd ppm 0.1 16.9 9.5 11.3 27 23.9 11.2 5.7 13.7 14.6 0.6 11 24.9 0.6
Sm ppm 0.1 4.2 2.2 2.4 5.7 5.2 2.7 1.3 3.3 3.2 0.1 2.4 5.6 0.2
Eu ppm 0.05 1.3 0.71 0.67 1 1.11 0.81 0.32 0.9 0.57 0.06 0.76 1.07 0.05
Gd ppm 0.1 5.7 2.7 2.6 5.5 5.8 3.4 1.4 3.5 4 0.2 3.1 5.9 0.1
Dy ppm 0.1 6.5 3.4 2.8 5.7 6.5 3.9 1.7 3.2 4.8 0.4 3.6 6 0.2
Tb ppm 0.1 1 0.5 0.4 0.9 0.9 0.6 0.2 0.5 0.7 0.1 0.5 0.9 0.1
Ho ppm 0.1 1.4 0.8 0.6 1.2 1.4 0.9 0.4 0.7 1 0.1 0.8 1.3 0.1
Er ppm 0.1 4.2 2.3 1.9 3.7 4.2 2.6 1.1 2 2.8 0.3 2.4 3.7 0.1
Tm ppm 0.1 0.6 0.3 0.3 0.6 0.6 0.4 0.2 0.3 0.4 0.1 0.4 0.6 0.1
Yb ppm 0.1 3.4 1.8 1.6 3.3 3.5 2.2 1 1.8 2.2 0.3 1.9 3 0.1
Lu ppm 0.1 0.6 0.3 0.3 0.5 0.6 0.4 0.2 0.3 0.3 0.1 0.3 0.5 0.1
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Table 4
Sulphur isotope compositions of arsenopyrites, pyrites and stibnite from the Hat Han
deposit.

Samp. no Mineral d34SV-CDT‰

KC14-483/3 Arsenopyrite 7.3
KC14-478/3 Arsenopyrite 9.2
KC14-480/2 Arsenopyrite 6.4
KC14-489/7 Arsenopyrite 6.1
KC14-478/2 Arsenopyrite 6.5
KC14-483/2 Pyrite 6.8
KC14-489/5 Pyrite 7.9
KC14-483/3 Pyrite 7.0
KC14-478/2 Pyrite 5.5
KC14-768 Diagenetic pyrite 7.3
KC14-489/4 Stibnite 5.1
KC14-497/2 Stibnite 3.3
KC14-478/1 Stibnite 6.6
KC14-488 Stibnite 3.3
KC14-479/2 Stibnite 0.3

Note: (1) All values are reported as standard d34S notation relative to Canyon Diablo Troi-
lite (V-CDT); and (2) analytical uncertainty is within ±0.2‰.
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S) (Fig. 6). The Au concentration in arsenopyrite does not depend on Fe
content. This relationship suggests that Au is present in arsenopyrite in
the chemically bound form. Yang et al. (1998) postulate that chemically
bound gold occurs as octahedra, most likely of AuAs2, likely of AuAsS,
and less likely of AuS2 in arsenopyrite or in pyrite.

In general, the gold concentration in arsenopyrite at the Hat Han
deposit was determined according to the following factors: (i) the
shortage of As in the observed chemical composition of arsenopyrite
compared to the theoretical composition leads to defects in the crystal
structure of arsenopyrite (Tyukova and Voroshin, 2007); and (ii) the
participation of Au in the form of AuAs2 in arsenopyrite (Yang et al.,
1998) establishes the positive correlation between Au and As.

The average concentration of gold in arsenopyrite is closely related to
gold concentration in the ore (Fig. 13). This suggests that gold-bearing
sulphides have a major role in gold concentration at the Hat Han deposit.

Compared with arsenopyrite, pyrite at the Hat Han deposit contains
slightly less gold. The maximum Au concentration in pyrite is
~1700 ppm. Using data from Reich et al. (2005) it may be assumed
that much of the gold in pyrite is chemically bound while a minor por-
tion occurs as nanoparticles of nativeAu (Au0) (Fig. 14). This is indicated
by the fact that high gold concentration in pyrite does not dependon the
concentrations ofmajor elements (Fe, S), and Sb andAs (Fig. 7). However,
as mentioned above, there may be a positive correlation between Au and
As in pyrite observed for low-concentration data (near or under the
detection limit for Au).

As shown in Figs. 6 and 7 shows the data, including below the detec-
tion limit of EPMA, as an alternative illustration, additional logarithmic
graphs show the dependence between Au vs. As, and Au vs. S for pyrite
and arsenopyrite. To construct these graphs, only reliable data acquired
above the EPMA detection limit are used. Fig. 15 shows the discrete be-
tween Au vs. S and Au vs. As in pyrite.Whereas, for arsenopyrite there is
a weak positive correlation between gold and arsenic and a negative
correlation between Au and S.

In summary, although lacking in visible native gold, gold-bearing
sulphide (arsenopyrite and pyrite) have a major role in gold concentra-
tion at theHat Han deposit. Gold in arsenopyritemay exist as chemically
bound forms, such as octahedral AuAs2; whereas in pyrite, aside
from being chemically bound, gold may occasionally be present as
nanoparticles of native Au (Au0). The genetic relation between gold
and arsenopyrite and arsenic pyrite was clearly confirmed by correla-
tion of Au and As in the ore.

5.5. Genetic model

Our research shows that the Hat Han deposit is an archetypal
sediment-hosted gold deposit. Its characteristic features include: (i) the
main minerals are arsenopyrite and pyrite; (ii) major gold-bearing
sulphides are the sole gold-bearing components; (iii) antimony
mineralisation overlapped early gold ore mineralisation; (iv) ore
formation processes were related to metasomatic activities; and
(v) sulphidation of Fe-bearing minerals in the host rocks was the
major sulphide formation mechanism.

On the other hand, the deposit is hosted in a mafic magmatic rock,
which suggests that the deposit may have a genetic relation to the igne-
ous rock and therefore may have a different genesis to other deposits in
the Song Hien sedimentary basin as well as the Nanpanjang basin in
China. There are a number of examples of deposits associatedwith igne-
ous rocks such as, the Twin Creek (Bloomstein et al., 1991; Thoreson
et al., 2000), Betze (Leonardson and Rahn, 1996; Peters et al., 1998),
and the Jimba, Badu and Anna deposits in the “golden triangle”, south-
western China (Dong et al., 2014; Li et al., 2014; Peters, 2002; Peters
et al., 2007). To date, many of the explanations proposed for this forma-
tion model are ambiguous. This study shows that the possible source of
sulphur and ore components is sedimentary, not igneous. This explana-
tionmay imply that the Hat Han deposit in the SongHien rift basin may
have a structural relationship to the Nanpanjang basin in southwestern
China. The analogy of mineralogical and geochemical characteristics in
the Hat Han deposit to those in the Nanpanjang deposits suggests that
the genesis of the Hat Han gold deposit is not related to the Cao Bang
mafic magmatism; instead, the latter serves only as the ore host rock.
The geochemical results presented above indicate that only the gabbro
host rock supplies the iron required for sulphide formation.With regard
to ore genesis, the Hat Han gold deposit in the Song Hien rift basin was
generated in a similar way to Carlin-style sediment-hosted gold
deposits. However, there are many similar typomorphic features be-
tween the Hat Han deposit and Carlin-like deposits in the Nanpanjang
sedimentary basin in China.

6. Conclusions

The Hat Han ore deposits were formed following the introduction of
gold, arsenic, and sulphur by hydrothermal fluids;whereas the sulphide
was formed by iron taken from the gabbro host rock.

Sulphur isotopic compositions in sulphide are similar to those in
carbonaceous shale, suggesting that the sulphur was ‘borrowed’ from
sedimentary rocks in filling the rift basin.

Gold-bearing sulphides (pyrite and arsenopyrite) are themain form
of Au presence in the ore.

Gold in pyrite is present as Au+1, and a minor amount as nanoparti-
cles of native Au (Au0); whereas in arsenopyrite, gold is chemically
bound as the octahedral complex AuAs2.

The Hat Han deposit can be categorised as an orogenic gold deposit
that might be produced by Carlin-style gold mineralisation, analogous
to those in southern China (e.g. Chen et al., 2015b; Dong et al., 2014;
Gu et al., 2012; Li et al., 2014; Su et al., 2009); therefore, its formation
may be related to the Indosinian Orogeny.
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