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The Kyaukse Sabe Taung copper deposit is located in the western margin of the Shan Plateau, central Myanmar. It has esti-
mated reserves of 1.6 Mt of ore grading 3.15% Cu, with additional Ag and Au enrichment. This deposit is typically hosted by
Middle Ordovician limestone of the Wunbye Formation and the mineralization is controlled by the regional structures. The
ore-mineral assemblage consists of pyrite, chalcopyrite, tetrahedrite, chalcocite, covellite, bornite, native copper, malachite,
azurite, cuprite, tenorite, silver amalgams and Bi-sulphosalts, members of hammarite-aikinite series. Gangue minerals are
quartz, dolomite, ankerite and calcite. Silver mineralization is represented by acanthite and by silver amalgams with a high
content of Hg, ranging from 2.15 to 26.68 wt.%. Silver minerals are a result of supergene alteration of Ag- and Hg-bearing
tetrahedrite and could increase economic value of the deposit. Silver association is located within the lowermost part of the
supergene zone in the deposit, and tracking the redox barrier position can help to identify parts of the orebody with silver en-
richment. The 8%S values of chalcopyrite are +5.7 to +10.7%o and those of tetrahedrite are +1.6 to +1.7%.
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INTRODUCTION

Myanmar has more than 70 copper occurrences, including
world-class high-sulphidation Cu + Au deposits at Monywa
(Khin Zaw et al., 2017). The Kyaukse Sabe Taung copper de-
posit (not to be confused with the more famous Sabe Taung Cu
deposit near Monywa) is located at the western margin of the
Shan Plateau, east of the Central Lowland of Myanmar (Fig. 1).
Mining was initiated in this area by the Myanmar kings prior to
1900 and produced 150 kg of silver (Khin Zaw et al., 2017;
Mitchell, 2018). During World War 1, adits were made and un-
successful attempts to develop the deposit were undertaken in
the late 1930s (Mitchell, 2018). Currently (2018) in this area,
one Chinese company operates small-scale underground min-
ing focused solely on extracting copper ores. The Kyaukse
Sabe Taung deposit has estimated reserves of 1.6 Mt of ore
grading 3.15% Cu, and trench sampling results showed up to
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72.86 g/t Ag and 1.6 g/t Au (DGSE, 2013). The deposit is
hosted in Upper Ordovician limestone of the Wunbye Formation
and its genetic classification is still debated with proposals rang-
ing from a deformed MVT/Irish-type deposit to a structurally
controlled orogenic base metal-gold deposit (Khin Zaw et al.,
2017). In this study, authors are focusing on polymetallic, eco-
nomically important mineralization in order to identify carriers of
precious metals and provide the first description of mineralogy
and chemical composition of copper, silver and bismuth miner-
als from the Kyaukse Sabe Taung copper deposit.

GEOLOGICAL SETTING

Tectonic position and location of the study area on a re-
gional geological map are shown in Figures 1 and 2. Myanmar
can be subdivided into three provinces: namely, the Western
Fold Belt (WFB) in the west, the Central Lowland (CL) in the
middle, and the Eastern Highland (EH) or Shan Plateau in the
east (Maung Thein, 1973). The Kyaukse Sabe Taung deposit is
located in the western margin of the Shan Plateau (Fig. 1A),
which includes the eastern Kachin-Shan-Tanintharyi region. It
is also known as the Sino-Burma Ranges and represents the
largest tectonic unit in Myanmar (Bender, 1983). This deposit
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Fig. 1. Location maps of the study area

A — position of the Slate Belt and Shan Plateau in Southeast Asia; WFB — Western Fold Belt, CL — Central Lowland
(modified from Mitchell, 2018); B — simplified geological map of the area south of Mandalay with location of the Kyaukse
Sabe Taung deposit (modified from Mitchell, 2018)

occupies a small segment in the western fringe of the Shan Pla-
teau. To the east, the Shan Plateau, with an average elevation
of ~1000 m above sea level, is composed mainly of a thick suc-
cession of Upper Precambrian, Paleozoic and Mesozoic sedi-
mentary rocks. It is separated from the Central Lowland by the
Shan Scarps area (Fig. 1B) developed over the Pan Laung
Fault, which is interpreted as a fold-and-thrust belt (Barley et al.,
2003, Bertrand and Rangin, 2003). To the west, they are
flanked by the Mergui Group or Slate Belt, composed mainly of

terrigenous clastic rocks, which in turn are flanked by a belt of
metamorphic and foliated intrusive rocks, known as the Mogok
Metamorphic Belt (MMB) (Fig. 1B). This belt is ~50 km wide and
composed mostly of mica schists, gneisses, marbles, granulite
and quartzite with a metamorphic record ranging from
greenschist to granulite facies (Bender, 1983; Mitchell et al.,
2007). The MMB is parallel to the Shan Scarp on its entire
length, but it bends north-eastwards near Mogok (latitude
~23°N) on its northern termination. The MMB resulted from



18 Aung Myo Thu, Adam Piestrzynski and Krzysztof Foltyn

96115’ 96120’ 96125’ 96" 30'

. g T - 1
21- > . JERs.-<c 21‘
35 SN 35

p 604
/7 )
A
R
! Kyaukse
(\ Sabe Taung
217 11
130" — o-
96°]15" 96720 96725' 96" 30
Alluvium (Holocene-Pleistocene) - diorite (unknown age)
NN
~w_~" fault (inferred)
Plateau Limestone Group (Permian-Triassic)
SAAAAS x Kyaukse Sabe Taung Cu deposit
Wunbye Formation (Middle Ordovician) . stratigraphic boundary
- Lokepyin Formation (Lower Ordovician) r\' rver
AN == stream
- Chaung Magyi Group (Upper Neoproterozoic) B village

Fig. 2. Simplified geological map of the Kyaukse Sabe Taung copper deposit area (modified after Khin Zaw et al., 2017)

metamorphism caused by emplacement of syn- to late-tectonic
intrusive rocks in the Eastern Highland and Central Lowland
(Maung Thein, 1973). The Sagaing Fault, a major strike-slip
right-lateral continental fault and one of the major tectonic
boundaries in Myanmar (Fig. 1), is located further west of the
deposit. North-east and south of this deposit, the Paleozoic
rocks are underlain by low-grade metasedimentary rocks (Up-
per Neoproterozoic in age) exposed east of the Kyaukse Sabe
Taung area.

GEOLOGY OF THE DEPOSIT AREA

Detailed field mapping shows that the investigated area
comprises Upper Neoproterozoic metasedimentary rocks
(Chaung Magyi Group) intruded by diorite, Lower Ordovician
limestones (Lokepyin Formation), Middle Ordovician lime-
stones (Wunbye Formation) and Permian-Triassic limestones
(Plateau Limestone Group) (Fig. 2; Tin Aung Myint et al., 2014;
Khin Zaw et al., 2017).

The unfossiliferous low-grade metasedimentary rocks of
the Chaung Magyi Group are considered to be more likely of
Upper Neoproterozoic or Cambrian age, based on detrital zir-

con ages (Dew et al., 2019). They are composed mainly of
slates and phyllites, with minor occurrences of metagreywackes
and schists. Diorite (of unknown age) intruded into the phyllite
unit located southeast from the study area (Fig. 2). Aung Myo
Thu (2014) described the metamorphism of the Chaung Magyi
Group in the southern part of this deposit as regional of
greenschist facies conditions. These rocks are overlain uncom-
fortably by a succession of medium- to thick-bedded micaceous
siltstones of the Lokepyin Formation, designated by Myint Lwin
Thein (1973) as Lower Ordovician based on lithology, strati-
graphic correlation and fauna content. The Middle Ordovician
Wunbye Formation comprises mainly medium- to thick-bedded
limestones, siltstones and dolomites. The limestones are finely
crystalline, grey to bluish grey, sometimes oolitic, and with pink-
ish or yellow silty materials in the forms of burrows, specks, pel-
lets or irregular and regular laminae (Myint Lwin Thein, 1973).
The thick sequence of limestones and dolomites covering the
lower Paleozoic rocks of the Shan Plateau was first named the
Plateau Limestone by La Touche (1913) and this unit is com-
posed mostly of dolomitic limestone (Fig. 2).

Mineralization occurs in a linear north-northeast trending
fracture or a vein traceable from gossan outcrops (Mitchell,
2018) and hosted by the Middle Ordovician metamorphosed
limestone of the Wunbye Formation. Within this unit, bulk of the
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sulphide minerals is found as disseminations in quartz veins,
quartz-calcite veins and in fractures. The main mineralized
quartz veins are sub-horizontal and 1-2 m wide. However,
some minor vertical and younger veins occasionally cross-cut
the horizontal veins. The major quartz vein is generally trending
NE—-SW and gently dipping to the east. It is characterized by the
presence of polymetallic mineralization composed of chalcopy-
rite, tetrahedrite, minor amount of pyrite, chalcocite, covellite,
bornite and oxide minerals, such as tenorite, cuprite, azurite
and malachite. Host rocks show subhorizontal to nearly vertical
bedding. Fractures and foliation planes in the Kyaukse Sabe
Taung area developed due to tectonic activity (Kyu Kyu Maw,
2014). Tin Aung Myint et al. (2014) proposed that the mineral-
ization of the Kyaukse Sabe Taung copper deposit was con-
trolled by regional tectonic structures.

ANALYTICAL TECHNIQUES

This study is based on several samples collected in the un-
derground mine — adit No. 27 of the Kyaukse Sabe Taung cop-
per deposit, Kyaukse District, Mandalay region, Myanmar. Pol-
ished thin-sections were investigated in both reflected and
transmitted light microscopes. Silver minerals, tetrahedrite and
Bi-sulphosalt, minerals important from the economic point of
view as a potential by-product, were analysed using both
SEM-EDS and EPMA-WDS systems.

SEM-EDS AND EPMA

A FEI QUANTA 200 Field Emission Gun scanning electron
microscope (SEM) equipped with the energy dispersive spec-
trometer (EDS) was used to document textures and to carry out
semi-quantitative analyses in order to identify selected miner-
als, while the microprobe chemical composition of minerals was
performed using a JEOL Super Probe JXA-8230 electron
microprobe (EPMA) at the Laboratory of Critical Elements
AGH-KGHM, AGH University of Science and Technology, Kra-
kow, Poland. The electron microprobe was operated in the
wavelength-dispersion mode at an accelerating voltage of
20 kV, a probe current of 20 nA, and a focused beam with a di-
ameter of 1 um. Counting times of 20 s on peak and 10 s on
both (+) and (-) backgrounds were used. For acanthite, the an-
alytical conditions were 20 kV accelerating voltage, 10 nA
probe current and 5 Fm beam size. Counting times for
Ag-amalgams, tetrahedrite and Bi-sulphosalts were 10 s on
peak and 5 s on both (+) and (—) backgrounds. The following
standards and spectral lines were used: GaAs (As La), Se (Se
La), ZnS (S Ka), Ag (Ag La), HgS (Hg Ma), Bi metallic (Bi Ma.),
Fe or FeS,, (Fe Ka) PbS (Pb Ma), Au (100%) (Au La), CuS;
(Cu Ka) and ZnS (Zn Ka). Data were corrected to the ZAF pro-
cedure using JEOL software for electron microprobe. The de-
tection limits for analysed elements were as follows: in silver
minerals Sb —0.09%, Hg —0.20%, Pb —0.16%, Ag — 0.37%, Cu
—0.05%, Fe —0.03%, Au —0.08%, Bi—0.06% and As — 0.14%,
for tetrahedrite S — 0.02%, Sb — 0.07%, Pb — 0.11%, Hg —
0.06%, Ag —0.02%, Bi — 0.05%, Te —0.04%, Cu — 0.04%, Zn —
0.04%, Fe — 0.03%, As — 0.01%, Co — 0.04%, Ni - 0.03% and
Se — 0.10%, for Bi-sulphosalts Sb — 0.09%, S — 0.02%, Bi —
0.16%, Ag —0.05%, Cu—0.05%, Pb — 0.08%, Fe —0.03%, Te —
0.03%, Au — 0.08% and Se — 0.15%, respectively. Acanthite
stars were identified during routine semi-quantitative analyses
using the energy dispersive spectrometer (EDS) system related
to the FEI electron microscope.

STABLE ISOTOPES OF SULPHUR

A sulphide-bearing vein, containing chalcopyrite and
tetrahedrite, was separated from crushed fresh rock vein sam-
ples and examined using a binocular microscope. Then, segre-
gated mineral concentrates were pulverized in an agate mortar.
Sulphur isotope analyses were undertaken at the Laboratory of
Petroleum Geochemistry, Faculty of Geology, Geophysics and
Environmental Protection, AGH-UST, Krakow. The §**S values
were calculated using calibration curves obtained using Interna-
tional Atomic Energy Agency’s (IAEA) reference materials
(IAEA-S-1 and -S-3). The data precision is +0.2%o.

HYDROTHERMAL ALTERATION

At the Kyaukse Sabe Taung copper deposit, well-devel-
oped wall-rock alterations are a result of silicification, kaolini-
zation, chloritization, carbonatization, dolomitization and hema-
titization processes (Kyu Kyu Maw, 2014; Tin Aung Myint et al.,
2014; Khin Zaw et al., 2017). Majority of the copper and silver
are found in partly altered and silicified limestones; therefore,
the type of alteration was identified by petrographic observation
of hand specimens and thin-sections. Silicification, kaolinization
and chloritization were observed in limestones of the Wunbye
Formation and are closely associated with the ore-bearing
quartz-calcite veins (Fig. 3A-C). Ore minerals are sometimes
cut by later quartz veins (Fig. 3D-E), but oxidation processes
are most pronounced, resulting in supergene mineralization
(Fig. 3E) often accompanied by hematitization (Fig. 3F).

ORE MINERALOGY AND PARAGENETIC
SEQUENCES

The following ore minerals have been identified in the sam-
ples: pyrite (FeS,), chalcopyrite (CuFeS,), bornite (CusFeS,),
chalcocite (Cu,S), tetrahedrite (Cug[Cus(Fe,Zn,Hg,Ag)21SbsS13),
covellite (CuS), tenorite (CuO), Bi-sulphosalts of the hammarite-
-aikinite series, silver amalgams, native copper, cuprite (Cu,O),
malachite [Cux(COs3)(OH),], azurite Cus(COs3),(OH),, hematite
and goethite. Gangue minerals are quartz, dolomite and calcite.
Hypogene ores are composed mainly of chalcopyrite, tetra-
hedrite and bornite, while chalcocite and covellite are likely
supergene in origin, as they occur in association with azurite and
malachite.

The earliest sulphide, pyrite, is abundant and occurs as
idiomorphic and allotriomorphic crystals, 100-500 um in size
and enclosed in chalcopyrite and quartz (Fig. 4A). Tetrahedrite
shows euhedral to subhedral grains, often intergrown with chal-
copyrite, and usually fills free spaces and fissures in the host
rocks (Fig. 4B). Chalcopyrite is the most abundant mineral of
hypogene stage, sometimes with a minor amount of bornite and
tetrahedrite (Fig. 4C). It usually forms at the rims of quartz—car-
bonate veins and commonly shows massive aggregate forms
(Fig. 4A). Covellite is a common mineral in this deposit; how-
ever, it occurs only as small blades and aggregates replacing
chalcopyrite (Fig. 4D), mainly in the upper zone of a supergene
horizon in association with other copper sulphides, native Cu,
carbonates and oxides. Some optical properties (deep blue col-
our and isotropy in crossed polars) suggested also the pres-
ence of digenite, which usually forms rim textures on aggre-
gates of tetrahedrite, and chalcopyrite (Fig. 4D). Bismuth-
sulphosalt minerals are associated mainly with chalcopyrite, but
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Fig. 3. Photographs showing typical wall-rock alteration and hydrothermal minerals assemblages
in the Kyaukse Sabe Taung copper deposit

A — well-developed silicification and chloritization near the oxidized ore body; B — kaolinization developed along the ore body; C —
mineralized quartz vein injected into the host rock of Middle Ordovician limestone; D — hand specimen of copper mineralization in
a carbonate vein, cross-cut by a late stage quartz vein (coin diameter = 22 mm); E — chalcopyrite disseminated in a tetrahedrite
vein (coin diameter = 20 mm); F — hypogene minerals (chalcopyrite and tetrahedrite) with a supergene assemblage (malachite,

hematite) (coin diameter = 22 mm)

occasionally are observed as inclusions and fracture fillings in
pyrite. Their position suggests a younger stage of mineraliza-
tion (Fig. 4E). Relics of native copper are associated with sec-
ondary copper minerals, such as cuprite, tenorite and malachite
(Fig. 4F).

Chalcocite commonly occurs as fine-grained and xeno-
morphic aggregates, usually in malachite (Fig. 5A). Fe-oxides
and hydroxides (Fig. 5B) are common in the oxidized zones
where azurite, malachite and silver amalgams are found (Fig.

5C—F). Supergene minerals of copper and silver are often asso-
ciated with tetrahedrite crystals. Silver amalgams are intimately
related to altered tetrahedrite aggregates, sometimes forming
ring-type textures (Fig. 5D). They are mostly irregular, more or
less scattered, and individual silver grains are ~100 um in size.
The alteration rims developed on tetrahedrite crystals are
well-visible in BSE images (Fig. 5E, F).

Acanthite (Ag,S) was found on the edge of tetrahedrite
grains, suggesting it is a late phase formed during the young al-
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Fig. 4. Representative photomicrographs of ore samples

A —intergrowth of subhedral pyrite crystals with chalcopyrite; B — intergrowth of tetrahedrite with chalcopyrite along a quartz vein;
C — bornite with chalcopyrite, chalcopyrite partly altered to covellite; D — intergrowth of chalcopyrite with tetrahedrite rimmed with
covellite-digenite; E — intergrowth of bismuth sulphosalt minerals, hammarite-aikinite with chalcopyrite; F — relics of metallic cop-
per in cuprite, tenorite and malachite; Py — pyrite, Ccp — chalcopyrite, Qtz — quartz, Bn — bornite, Cv — covellite, Ttr — tetrahedrite,
Dg - digenite, Ham — hammarite, Aik — aikinite, Cu — native copper, Cpr — cuprite, Tnr — tenorite, Mlc — malachite
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Fig. 5. Representative photomicrographs and BSE images of ore samples

A —intergrowth of chalcocite crystals in malachite; B — box-work texture of Fe-oxides and
Fe-hydroxides, as an effect of oxidation; C — silver overgrowing a quartz grain associated
with tetrahedrite; D — replacement textures of an oxide association composed of mala-
chite and covellite after tetrahedrite rimmed by silver amalgam; E — altered tetrahedrite
with malachite, pale white are Ag-Hg amalgams (BSE image); F — position of the Ag-Hg
amalgams in relation to tetrahedrite and malachite (BSE image); G, H — acanthite star on
the edge of tetrahedrite (BSE image); Cct — chalcocite, Mic — malachite, Ag — native silver,
Qtz — quartz, Ttr — tetrahedrite, Cv — covellite, Ac — acanthite
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teration stage (Fig. 5G, H). The parameters of electron
microprobe beam were too high and it decomposed during
WDS measurements. This mineral was identified based on op-
tical properties in reflected light and was also confirmed by EDS
spectra.

GEOCHEMISTRY OF SELECTED
ORE MINERALS

SILVER MINERALS

Representative microprobe analytical results of silver amal-
gams are given in Appendix 1*. The following elements have
been measured: Ag, Hg, Cu and Fe, additionally Au, Sb, Bi and
As were sought but not detected. The EPMA analytical data of
the silver grains showed that the content of Ag ranges from
73.40 to 98.55 wt.% and Hg ranges from 2.15 to 26.69 wt.%.
Only one measurement point showed chemical composition
very similar to eugenite (AgeHg> — Ag11Hg.) (Kucha, 1986). The
compositional ranges of silver amalgams are illustrated in the
Ag-Hg binary diagram (Fig. 6). Electron microprobe mapping of
trace-element distribution in silver grains showed a zonal tex-
ture, with the central part containing an elevated amount of Hg,
correlating with a slightly lower Ag content (Fig. 7). The
zonation is also visible in the BSE image (Fig. 7A).

TETRAHEDRITE

Representative microprobe analytical results of tetrahedrite
are given in Appendix 2, including the minimum and maximum
contents of major elements, such as S, Sb, Ag, Cu, Fe, Zn, As,
Hg, Bi, Co and Ni. Pb, Te and Se were measured but not de-
tected. Tetrahedrites are rather uniform in composition, are not
zoned (Fig. 5E), and no exsolution or micro-inclusions of other
sulphides have been found within them. The percentage of cop-
per in tetrahedrite ranges from 39.40 to 40.17 wt.% while the Ag

content is up to 0.32 wt.%. The mercury content is not high;
however, it is always above detection limits and at the level of
0.08 to 0.18 wt.%. The zinc content is ranging up to 1.90 wt.%
while the Fe content is always higher, up to 4.53 wt.%, which in-
dicates that the hydrothermal fluid was iron sufficient. The sul-
phur content is between 24.65 and 25.25 wt.%.

Bi-SULPHOSALT MINERALS

The bismuthinite-aikinite isomorphic series comprises a
combination of krupkaite (CuPbBi3Sg) with two end-members of
bismuthinite (BisSg) and aikinite (Cu,Pb,Bi,Ss) (Makovicky and
Makovicky, 1978; Topa et al., 2002; Petricek and Makovicky,
2006). The chemical formula of series members is based on the
substitution Cu+Pb <[]+ Bi (where[Jis a vacant tetrahedral po-
sition), while the empirical formula is Cu,Pb,Big_q 5(x+)S12 based
on (Cu + Pb)/2+ Bi = 8 atoms per formula unit, where x is ap-
proximately equal to y (Makovicky and Maskovicky, 1978;
Pring, 1989; Putz et al., 2003).

Bi-sulphosalt minerals in investigated samples have been
observed mainly within chalcopyrite and sometimes also in py-
rite (Figs. 4E and 8A, B). The microprobe results are shown in
Appendix 3 and are plotted in the Bi-Cu-Pb ternary diagram
(Fig. 9) of bismuthinite derivatives to compare with the Beiya
skarn gold deposit (Zhou et al., 2016) and the Yoan gold de-
posit (Zhou et al., 2018) in Yunnan, China.

Bismuth sulphosalts from the Kyaukse Sabe Taung copper
deposit contain 43.04% Bi, 10.48% Cu and 29.52% Pb with
Naikinite = 87.21 (Friedrichite), 51.92% Bi, 23.47% Pb and 8.15%
Cu with ngiinite = 66.45 (hammarite) and 50.74% Bi, 24.80% Pb
and 8.36% Cu with naiinite = 68.86 (hammarite), which are very
similar to the compositions of Bi-sulphosalt minerals from
Ferbertal, Austria (Topa et al., 2002). The calculated niinite Val-
ues (Appendix 4) range from 66.45 to 88.61 and on the ternary
plot (Fig. 9) show a continuous series between hammarite and
friedrichite with grains of intermediate compositions between
hammarite — friedrichite and fridrichite-aikinite. The Cu:Pb val-
ues are between 1.03 and 1.16.

A This study

[0 Data from webmineral database

Luanheite

i
=
=}
5
g

Eugenite

0 10 20 30 40 50 60

S
D
S =
= 8
o &
L = c
O = <
© g =
'S e g
»n O =
o © b
&G o
o n =

Hg

(100 wt%)
70 80 90 100

Fig. 6. Composition of amalgams in the Ag-Hg binary diagram (based on analytical data — wt.%;
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* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/9q.1514
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Mineralogical and geochemical characteristics of the Cu-Ag mineralization from the Kyaukse Sabe Taung deposit... 25

I:l Yaoan (Zhou et al., 2018)

D Beiya (Zhou et al., 2016) 10

. this study

90
Pekoite

X 80
CuPbBIYS,;
Gladite

30
Paarite

Krupkaite

Lindstromite
Hammarite

Friedrichite

100 ¥ + 3 + + u + + + 3 ¥ 0
Cu 0.0 1000 20.00 3000 40.00 5000 60.00 70.00 8000 90.00 100.00 pp

Fig. 9. Cu—Pb-Bi plot showing the comparison of bismuthinite derivatives
from the Kyaukse Sabe Taung copper deposit, Myanmar, with the Yaoan
and Beiya skarn gold deposit in SW China (Zhou et al., 2016, 2018)

CARBONATES

Carbonates are very common in the deposit and were pres-
ent in almost all investigated samples. In this deposit, two
groups of carbonates can be distinguished: the first consists of
host carbonates (calcite) metamorphosed during regional
metamorphism under the conditions of greenschist facies,
while the second group, represented by ankerite and dolomite,
is hydrothermal in origin and related to mineralization. Anker-
ite-dolomite crystals are characterized by zonation with differ-
ent Fe contents (Fig. 10), as shown by Energy-dispersive X-ray
spectroscopy (EDS) (Table 1). Ankerite has a higher Fe content
(up to 11.19 wt.%) relative to Mg (7.67 wt.%), while opposite is
true for ferroan dolomite (Fe content 5.21 wt.% and Mg content
11.42 wt.%).

SULPHUR ISOTOPES

Among the principal reservoirs of sulphur, 5%S values of v o
magmatic sulphur tend to cluster around 0%. and magmatic sul- WD HV |Det Sig Mag
phur could be precipitated directly from a mantle-derived magma 10.2 mm 20.0 KV|SSD BSE 110x

or could be remobilized from magmatic rocks and precipitated by

a subsequent magmatic event (Ohmoto and Rye, 1979). .SeC- Fig. 10. BSE image of zoned ferroan dolomite (Dol)
ondly, sulphur from seawater sulphate usually shows higher and ankerite (Ank) intergrown with tetrahedrite (Ttr)
Table 1

SEM/EDS chemical analysis of ankerite-dolomite

Analysis C Ko O Ko Mg Ka CaK Mn Ko Fe Ka Co Ka Total
17.48 43.54 7.67 19.1 0.71 11.19 0.31 100

Spot 1 28.05 52.47 6.08 9.19 0.25 3.86 0.10 100
18.68 44.22 11.42 19.79 0.4 5.21 0.28 100

Spot 2 28.87 51.29 8.72 9.16 0.14 1.73 0.09 100

Upper row — wt.%, lower row — atomic proportions
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53, of ~21.0% for dissolved sulphate in modern oceans, and
these heavy 5%S values are considered to represent a major
contribution of seawater-derived sulphate.

Sulphur isotope composition of chalcopyrite and tetra-
hedrite from the Kyaukse Sabe Taung copper deposit was
measured and results are shown in Table 2. The §*'S values
of chalcopyrite range from +5.7 to +10.7%o and those of tetra-
hedrite are significantly lower, ranging from +1.6 to +1.7%o.
Since sulphur isotopic compositions were obtained for only six
samples, it is difficult to draw definitive conclusions regarding
the source of sulphur. However, such differences suggest
variations in the physical-chemical conditions of ore forming
fluids or the source of sulphur may not be a homogeneous res-
ervoir. A deep-seated magmatic igneous source for sulphur
(8%*S = 0 +2%0; Ohmoto and Rye, 1979) can explain the S iso-
tope values of tetrahedrite, and is justified on geological
grounds, taking into account a diorite intrusion outcropping in
this area. Higher values for chalcopyrite could suggest some
contribution of the sulphur derived from modified seawater, or
it could be sourced from reservoirs containing both magmatic
and reduced seawater sulphate, and/or that the mixing oc-
curred between these two end-member reservoirs (Ohmoto
and Rye, 1979).

DISCUSSION

The evidence from the field investigations revealed that
the copper sulphide veins are injected or distributed along the
fissures in the Middle Ordovician limestone of the Wunbye
Formation and clearly later than the host rocks (Fig. 3C). Mi-
croscopic studies confirmed a pervasive alteration of country
rocks, mainly carbonates, and the mineralization seems to be
linked to intense silicification, chloritization, kaolinization,
carbonatization and hematitization. Sulphides represented by
pyrite, tetrahedrite, and chalcopyrite crystallized during the
first stage and are related to quartz veins (Fig. 4B). In this as-
sociation, pyrite is older and followed by tetrahedrite and chal-
copyrite (Fig. 4A—C). Bornite is probably younger and formed
during solid solution segregation within the chalcopyrite (Fig.
4C). Simple copper sulphides, such as covellite, were devel-
oped as a rim surrounding tetrahedrite grains (Fig. 4D). Simul-
taneously, Bi-sulphosalt mineralization was developed (com-
pare Fig. 4E and Table 3). The copper minerals were precipi-
tated probably at a moderate temperature range from hydro-
thermal solutions related either to the nearby diorite intrusion
or to the regional metamorphism stage of greenschist facies
(Aung Myo Thu, 2014).

Silver minerals, represented by acanthite and silver amal-
gams, are observed in close association with tetrahedrite.

Supergene alteration of Ag- and Hg-bearing tetrahedrite (Ap-
pendix 2) released these metals and led to the formation of an
assemblage consisting of acanthite, Ag-Hg amalgams, covel-
lite, chalcocite, malachite, tenorite, native copper and Fe-hy-
droxides (Fig. 5A—H). Precipitation of new mineral phases took
place on the redox barrier (possibly water table level) and the
silver association is located within the lowermost part of the
supergene zone in the deposit. Tracking the redox barrier po-
sition in the deposit can help to identify parts of the orebody
with silver enrichment. Silver amalgams are the major
Ag-bearing phase in the deposit and could be a potential
by-product, increasing deposit’s economic value.

The position of carbonates, especially those showing zoning
(Fig. 10), suggests crystallization in open space. The anker-
ite-dolomite series was probably crystallized at the end of sul-
phide hypogenic stage and at the beginning of tetrahedrite alter-
ation (Fig. 10). However, in the zone of oxidation, which depends
on the water level, Fe-hydroxides were also precipitated.

CONCLUSIONS

Based on the field study, textural investigations, and miner-
alogical and chemical analyses, the following conclusions can
be drawn:

— The copper and silver mineralization at the Kyaukse Sabe
Taung deposit is located within quartz-calcite veins and
veinlets in silicified limestone.

— Chalcopyrite, tetrahedrite and bornite form hypogene ore,
while chalcocite, covellite, malachite and Fe-hydroxides
form the bulk of supergene association.

— We report the presence of several Bi-Pb-Cu phases, which
were not previously described in this area.

— Ag-Hg amalgams have been identified as the main carriers of
silver in the deposit, occurring as free grains and as a coating
of quartz grain, and were formed during the late stage of
supergene alteration of Ag- and Hg-bearing tetrahedrite.

— The study results (Bi-Pb-Cu assemblages, silver amal-
gams, intense alteration, structural control, sulphur iso-
topes) indicate that the classification of the Kyaukse Sabe
Taung Cu deposit as a modified MV T/Irish-type deposit is
doubtful. The model of structurally controlled orogenic base
metal-gold mineralization is more consistent with the pres-
ence of Bi-sulphosalts and ankerite. These features, found
in many hydrothermal and/or orogenic gold deposits, indi-
cate that the study area could be also prospective for gold
mineralization. Detailed studies of fluid inclusions and sta-
ble isotopes (S, C, O, H) are still required to understand the
depositional conditions and origin of this deposit, but it is

Table 2

5%*s values of sulfides from the Kyaukse Sabe Taung copper deposit

Sample Formation Ore Type Mineral 5**S [%o]
Sb - 001 Wunbye Vein type sulphide ore Chalcopyrite 10.7
Sb - 002 Wunbye Vein type sulphide ore Chalcopyrite 6.9
Sb - 004 Wunbye Vein type sulphide ore Tetrahedrite 1.7
Sb - 004.1 Wunbye Vein type sulphide ore Tetrahedrite 1.6
Sb - 009 Wunbye Vein type sulphide ore Chalcopyrite 5.7
Sb - 010 Wunbye Vein type sulphide ore Chalcopyrite 5.7
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Table 3

Sequences of mineral paragenesis at the Kyaukse Sabe Taung copper deposit

ALTERATION / MINERALS

HYPOGENE
MINERALS

SUPERGENE MINERALS

Silicification

Kaolinization
Carbonization

Hematization

Chloritization
Quartz

Pyrite

Chalcopyrite

Tetrahedrite
Bornite
Chalcocite

Covellite-digenite

Hammarite-Aikinite series
Ankerite
Dolomite
Malachite

Azurite

Silver amalgams
Acanthite
Calcite

Cu native

Cuprite
Tenorite
Fe-hydroxides

likely related to supergene alteration of the mineralized vein
formed by fluids related to magmatic intrusion.
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