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Magnetite, pyrite, pyrrhotite, chalcopyrite and sphalerite are the major minerals identified in the deposit, while ilmenite,
marcasite, tennantite, cubanite, arsenopyrite, galena, allanite, chevkinite, apatite, Bi-native, bismuthinite, electrum, native
gold, and tellurides are the minor ones in the Iron Oxide Copper Gold (IOCG) Sin Quyen deposit. The REEs are hosted
mostly by allanite, and the minor minerals by chevkinite, monazite, apatite and uraninite. Based on chemical analyses and
Raman spectroscopy, two varieties of allanite have been documented: (1) with lower total REE contents of 13-19 wt.%, and
(2) with higher contents of 20—23 wt.%. Uraninite from copper-iron massive ores is inhomogeneous in both optical properties
and chemical composition. The concentrations of uranium and total rare earth element oxides (REOs) in the paragenetically
earlier uraninite are 84.55-85.96% and 1.9-8.0% on average, respectively, whereas in paragenetically later uraninite, the U
and ZREE,O; concentrations are 96.2—96.7% and 1.3-2.7% on average respectively. The thorium concentration in both the
early and late uraninites is very low (0.21-0.22% and 0.2 % on average). These are the highest REE concentrations as com-
pared with the known concentrations of these elements in uraninite. Electron microprobe “chemical” dating of the uraninite
yielded an age of 500 +33 Ma (n = 35) for the paragenetically early uraninite, and an age of 73 15 Ma (n = 6) for the
paragenetically later ones. The minerals of the older age, which is interpreted as the primary ore mineralization stage, corre-
spond in age with a range of deposits along the East Gondwana margin. The measured §**S of sulphide minerals from —2.78
to +8.65%0 suggests hydrothermal origin of fluid that was responsible for transportation and crystallization.
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INTRODUCTION is ranging from a few to some tens of percents. The total con-
centrations of rare earth elements range from 12 ppm to more

than 5.400 ppm; however, 0.7% of REE was used for reserve

The Sin Quyen deposit is the largest IOCG deposit in Viet-
nam (Pham et al., 2011; Zhao and Zhou, 2011). The following
reserves were calculated during the exploration stage:
550,000 t of Cu, 334,000 t REE, 843,000 t S, 34.7 t Ag, and
25.3 t Au (ESCAP, 1990). Since 20086, this deposit has been
exploited as an open-pit mine. Each year, six million cubic
metres of host rocks and one million tonnes of ore are exca-
vated, and the annual average production of the metallic cop-
peris 12,000 tonnes (Le et al., 2015). In the deposit, the copper
concentrations range from 0.55 to 1.93%, and the iron content
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calculation (ESCAP, 1990). The REE are not recovered from
the deposit. The maximum concentration of the sum of the REE
measured in the waste sample was 0.54%.

The I0CG deposits are well-known around the world
(Hitzman, 2000; Corriveau et al., 2007), but the studied deposit
is a specific variety in which both copper with gold and magne-
tite rich ore are of economic importance. Due to evidence of for-
mations of both magmatism and metamorphism originating in
the deposit region, the origin of this deposit is still discussed
(Ta, 1975; McLean, 2001; Tran, 2007; Ishihara et al., 2011;
Pham et al., 2011; Pieczonka et al., 2015; Li and Zhou, 2018a,
b; Li et al., 2018).

The paper presents the results of determination of the abso-
lute age of uraninite by the U-Pb method CHIME (The Chemical
Th-U-Pb Isochrone Method) and investigation of Cu, Fe, Ag,
Au, U and REE minerals of some samples collected in site.
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OUTLINE OF REGIONAL
GEOLOGY

Geologically, the territory of North Vietnam is divided by
the Red River (Song Hong, and Song Chay) fault system into
the Indochina Block in the west and the South China Block in
the east (Fig. 1). North-east Vietham is composed mainly of
Devonian terrigenous carbonate suits including shale, black
argillite, clayish limestone and marble (Pham et al., 2011),
which are a part of the South China Block (Fig. 1). North-west
Vietnam is built of Paleoproterozoic to Neoproterozoic
terrigenous sediments interbedded with minor carbonate and
volcanic rocks forming the Indochina Block (Fig. 1; Phan,
2015). In North Vietnam the Phan Si Pan and Day Nui Con Voi
belts constitute parts of the Red River shear zone (Tapponnier
et al., 1990; Leloup et al., 2007). The Pan Si Pan belt is a
high-grade metamorphic complex including the Suoi Chieng,
Sin Quyen and Cam Duong formations. The Suoi Chieng for-
mation is composed of Paleoprotezoic biotite schist, amphibo-
lite and terrigenous sediments. The formation is conformably
covered by the Sin Quyen formation with Paleoproterozoic to
Neoproterozoic terrigenous sediments interbedded with minor
carbonate and volcanic formations. According to the mineral
composition, the Sin Quyen formation is divided into upper
and lower units. In the upper unit (Sq1), quartz (50%), graphite
(15%), muscovite (12%) and biotite (10%) are the major min-
erals, while plagioclase, tourmaline, garnet are sillimanite are
minor ones. The lower unit (Sg2) consists chiefly of
plagioclase (61%), quartz (21%) and biotite (15%) as major
minerals, and apatite, sphene, calcite and garnet as acces-
sory minerals (Ta, 1975; McLean, 2001). The Cam Duong for-

mation is composed of Paleozoic suits containing quartz, seri-
cite, graphite, carbonate and biotite. The formation extends in
the NW-SE direction from 280 to 320° and dips at 20 to 70°
(Ta, 1975). In the north-west, the Pan Si Pan belt complex is
intruded by Neoprotezoic and Upper Permian and Lower Tri-
assic igneous rocks. The Day Nui Con Voi belt is composed of
limestone, mafic olistoliths and mudstone matrix with slumped
beds suggesting gravity-driven chaotic sedimentation (Faure
et al., 2014). The Sin Quyen copper deposit, nearly 2 km? in
area, is located 300 km NW of Hanoi, close to the China bor-
der. This deposit is composed of 17 ore bodies with an aver-
age grade of 0.91 wt.% Cu, 0.7 wt.% LREE (La, Ce, Prand Nd)
and 0.44 ppm Au; the total expected Cu resource is 550,000
tons (Ta, 1975; McLean, 2001). The ore bodies occur as lens,
up to tens of metres thick and a few hundred metres long,
trending NW-SE and dipping nearly vertically (70-80°) (Fig.
2). The Copper Sin Quyen deposit has been exploited since
2006 (Phan, 2015). The main ore minerals are magnetite, py-
rite, pyrrhotite, chalcopyrite, allanite and some minor minerals:
iimenite, marcasite, sphalerite, tennantite, cubanite, arseno-
pyrite, galena, native bismuth, bismuthinite, electrum, native
gold, and tellurobismuthite.

METHODS

Forty-four samples were collected from the deposit, three
from waste and two from copper and iron concentrate; the sam-
pling places are shown in Figure 3. All samples were studied in
detail using an optical microscope both in transmitted and re-
flected light. Based on this investigation, some samples were
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Fig. 1. Geological sketch-map of North Vietnam with the location of the Sin Quyen deposit
(after McLean, 2001, modified)
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Fig. 2. The view of the main magnetite ore body
in the Sin Quyen deposit (phot. 2015, looking NW)

selected for the bulk chemical analyses and EDS and WDS
measurements (Table 1).

The bulk chemical analyses of the waste, concentrates and
solid samples were carried out at ACME Laboratories in Vancou-
ver Canada, using the AQ251 method. The sample of 0.5 g was
digested in aqua regia at 90°C, followed by an ICP-MS proce-
dure. Analytical uncertainties are 5% of the measured value for
most analysed elements. Detection limits for REE vary from 0.02
to 0.5 ppm, and for U and Th are equal to 0.1 ppm, and are stan-
dard for the AQ251-type analyses (ACME, www.acmelab.com).

Electron microprobe measurements were carried out in
the Critical Element Laboratory of the AGH-UST University in
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Krakow. The following standards and measurement lines have
been used: SiKa (albite), AlKa (kyanite), SKa (anhydrite),
UMB (UO3), YLa (YPO,), PKa (YPQOy), ScKoa (100%), TiKo
(rutile), CeLoa (CePOy,), LaLa (LaPO4), ThMa (ThO,), CaKa
(wollastonite), PrLp (PrPO4), TbLa (TbPQO,), DyLo (DyPOQOy),
ErLo (DyPOy), LuLo (LuPQOy), GdLB (GdPO,), PbMa. (croco-
ite), NdLo. (NdPOy), SmLa (SmPO,), EuLp (EuPO,), TmLa
(TmPOy), YbLa (YbPO,), HoLP (HoPO,), AsLa. (InAs). Over-
lap correction of Nd-Ce, Sm-Ce, Lu-Dy, Dy-Eu, U-Th, Tm-Sm
and Gd-Ho were implemented using the method described by
Pyle et al. (2002).

The following conditions were implemented for WDS mea-
surements: accelerating voltage 15 kV, probe current 40 nA, fo-
cused electron beam diameter 3 um; counting times peak/back-
ground (in sec.) were as follows: Si 10/5, Al 10/5, S 20/10, REE
45/15, P 20/10, Ti 20/10, Ca 20/10, V 10/5, Fe 20/10 and As
20/10. For better statistics of measurements and to reduce the
detection limit, the following peak/background conditions (in
sec.) were used: U 120/60, Pb 180/90, Th 120/60. Original Jeol
ZAF procedures were used for the final correction of all mea-
sured elements. Monazite crystal TS-Mnz (894.8 5.3 Ma) was
used as a reference material for microprobe standardization
(Budzyn et al., 2017).

The analyses of 5*S in seven mineral separates of chalco-
pyrite, pyrrhotite and mixed chalcopyrite-pyrrhotite were under-
taken at Maria Curie-Sktodowska University (UMCS) in Lublin,
Poland. Prior to **S analysis, ~0.5 g of separate was separated
from the massive sulphide ore, dried at 90°C, powdered to the
100—200 um and homogenized. A small aliquot of this mineral
separate was analysed using an element analyser attached to
an Isotope Relative Mass Spectrometer (IRMS) (Pearson Jr.
and Rightmire, 1980), with results reported relative to Vienna
Canyon Diablo Troilite (V-CDT). The 15 precision is +0.2%o.
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Fig. 3. Location of collected samples on the Google map
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Table 1

The list of samples used for detailed investigations

Sample Location Type of rocks Remarks
W-3 open pit Fe-Cu ore with allanite mineralogy, WDS, Raman spectroscopy
W-5 open pit magnetite-copper ore mineralogy, WDS, age determination
W-7 open pit massive copper ore chalcopyrite, §%s
W-15 open pit dispersed — laminated Cu ore mineralogy, bulk chem. analysis
W-18 open pit massive Cu ore, chalcopyrite mineralogy, bulk chem. analysis
W-25 open pit epidote- amphibolite rock mineralogy, bulk chem. analysis
W-31 open pit skarn mineralogy, bulk chem. analysis
W-31a open pit garnet skarn mineralogy, bulk chem. analysis
W-33 open pit disseminated/massive ore chalcopyrite, pyrrhotite, §%s
W-36 floatation plant copper concentrate mineralogy, bulk chem. analysis
W-37 local storage iron concentrate mineralogy, bulk chem. analysis
W-39 lower tailing waste | mineralogy, bulk chem. analysis
W-40 lower tailing waste || mineralogy, bulk chem. analysis
W-44 pipe"”?,vgg{gs"”“”g waste outflowing from the pipe mineralogy, bulk chem. analysis

Location of samples is shown in Figure 3

RESULTS AND DISCUSSION

GEOCHEMISTRY OF HOST ROCKS, ORE,
CONCENTRATES AND WASTES

Based on microscopy of ore samples, magnetite, pyrite,
pyrrhotite, chalcopyrite, sphalerite are major minerals and il-
menite, marcasite, tennantite, cubanite, arsenopyrite, galena,
Bi-native, bismuthinite, electrum, native gold, and tellurides are
minor ones. All the above-mentioned minerals are characteris-
tic for ores occurring in the skarn zone. The copper content
ranges from tens of ppm to the level above 1.0 wt.%, with an av-
erage of 0.3 wt.%; the iron content reaches 40 wt.%. The pre-
cious metals are highly variable, the gold concentrations in ore
samples range from 3 to 2.360 ppb with an average of 482 ppb,
and the silver concentrations range from 8 to 1.850 ppb with an
average of 422 ppb (Appendix 1A*). The average values of
these metals are a few hundred times larger than those in the
Earth’s crust. The extra-high concentrations of Au (6.500 ppb),
Ag (31.000 ppb), Zn, Co, Se and Te are observed in the copper
concentrate (Appendix 1A). High Ag and Au contents are com-
monly associated with the high copper content, suggesting an
association with chalcopyrite. In some Au-Ag-rich samples
(e.g., W-36), elevated concentrations of uranium and thorium
are also reported, as also noted by MclLean (2001) and Gaskov
et al. (2012). Sample W-25 shows a relatively high concentra-
tion of niobium (227 ppm), sample W-18 and the Fe-concen-
trate (sample W-37) have enrichments in vanadium (123 and
219 ppm, respectively).

The samples are characterized by low concentrations of Ti
(Appendix 1A), which is typical for the IOCG deposits (Dupuis

and Beaudoin, 2011; Fengli et al., 2014; Chen et al., 2015). The
maximum concentrations of REE, up to 5.470 ppm, were found
in tailing samples (W-39, W-40, and W-44; Appendix 1B). The
REE occur mostly in minerals of the allanite group (Pieczonka
et al., 2017). In some polished sections prepared from the ore,
the concentration of allanite reaches 1 to 5% by volume (e.g.,
sample No. 3). The highest uranium concentrations (56 ppm)
were found in sample W-18 collected at the site displaying the
highest intensity of gamma-ray radiation in the ore bodies,
which is typical of massive Cu-Fe ore (Nguyen et al., 2016). The
elevated amounts of U and Th are noted also in the waste sam-
ples (W-39, W-40 and W-44; Appendix 1A) and are related to
the uraninite and allanite groups.

ORE MINERALS DESCRIPTION

Several types of ore are recognized in the deposit:
— massive copper ore,
— massive iron ore,
— mixed Fe-Cu ore,
— dispersed ores,
— vein-type ore and supergene weathered ore (Fig. 4).

All ore types are characterized by different ore mineral as-
semblages. Based on the space distribution of the major miner-
als within the deposit, Gaskov et al. (2012) divided the deposit
into two zones. In the first zone, located in the central and eastern
part of the deposit, pyrite, pyrrhotite and chalcopyrite are domi-
nant, while in the second, western zone — chalcopyrite and mag-
netite are the prevailing ore minerals. Major ore minerals include
magnetite, pyrite, pyrrhotite, chalcopyrite and allanite; minor and

* Supplementary data associated with this article can be found, in the online version, at doi: 10.7306/gq.1507


https://gq.pgi.gov.pl/rt/suppFiles/26164/
https://gq.pgi.gov.pl/rt/suppFiles/26164/
https://gq.pgi.gov.pl/rt/suppFiles/26164/
https://gq.pgi.gov.pl/rt/suppFiles/26164/
https://gq.pgi.gov.pl/rt/suppFiles/26164/
https://gq.pgi.gov.pl/rt/suppFiles/26164/

Timing of ore mineralization using ore mineralogy and U-Pb dating, Iron Oxide Copper Gold Sin Quyen deposit, North Vietnam 865

massive Cu ore

e,

vein type Cu ore

skarn type Cu ore

oxide Cu ore

Fig. 4. Different ore types

trace minerals include ilmenite, marcasite, sphalerite, tennantite,
cubanite, arsenopyrite, galena, uraninite, native Bi, bismuthinite,
electrum, native gold and tellurobismuthite (Figs. 5 and 6). In
magnetite-dominant ores, chalcopyrite is very common, while in
massive copper ore, magnetite and pyrrhotite are major associ-
ated minerals. Electrum was recognized in massive sulphide
ores as 1-5 um thick veinlets and as 5100 um inclusions and
veinlets randomly distributed in pyrite and chalcopyrite (Figs. 5C
and 7). EDS measurements indicate an average composition of
75.72% Au and 24.28% Ag, which confirmed microscopic obser-
vation and the presence of electrum. Using the same methods, a
Bi-S and Bi-Te mineral association was documented (Fig. 5D).
This association is composed of tellurobismuthite, containing
87.62 wt.% of Bi and 21.38 wt.% of Te (EDS composition), and
bismuthinite (Fig. 5D).

SULPHUR ISOTOPES

Sulphur isotopes of selected sulphides from massive and
disseminated types of ore have been analysed. The value of
3%S varies from —2.78 to +8.65%0 (Table 2). Similar values of

33 are noted in publication by Li and Zhou (2018b) and Li et al.
(2018). Such values might suggest post-magmatic hydrother-
mal origin of sulphur which was transported by fluids responsi-
ble for crystallization of the ore mineral assemblage (Thode,
1991). The massive copper ore is composed of chalcopyrite,
pyrrhotite, cubanite, magnetite, pyrite and allanite (as major
components), arsenopyrite, sphalerite, tennantite and marca-
site (as minor minerals), and traces of galena and a Bi-Te-pre-
cious metal association. The presence of exolutions of sphale-
rite stars in chalcopyrite suggests high temperature of sulphide
crystallization, but not higher than 500°C (Sugaki et al., 1987). It
depends on temperature, pressure and Zn concentration in
chalcopyrite (Sugaki et al., 1987). The massive iron ore is com-
posed of magnetite, allanite, pyrrhotite, minor pyrite, chalcopy-
rite and cubanite, and traces of uraninites. The mixed Fe-Cu
ores are represented by both associations mentioned above.
Other types of mineralization are minor in the deposit. Except
Cu sulphides, more important minerals are represented by
allanites and uraninite, which are important carriers of the REE,
U and Th.
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200 um

Fig. 5. Microphotographs of principal ore minerals

A —intergrowth of allanite (all) with magnetite (mgt), white — sulphides, reflected light; B — intergrowth of allanite
(all) with chalcopyrite (cpy), reflected light; C — position of gold (Au) with pyrite (py), reflected light; D — Bi-Te as-
semblage (Bi-Te — tellurobismuthite, bsm — bismuthinite), pale yellow — chalcopyrite, reflected light

Table 2

434S data of the selected sulphide minerals from the Sin-Quyen deposit (UMCS Lublin Lab.)

Sample Minerals Type of ore 5%4S%o
W-18 chalcopyrite breccia cement +8.65
W-33 chalcopyrite, pyrrhotite disseminated ore +3.06
W-31 chalcopyrite, pyrrhotite disseminated ore +2.57
W-15 pyrrhotite massive ore +8.27
W-7 pyrrhotite massive ore -2.78
W-18 chalcopyrite massive ore +0.93
W-33 chalcopyrite (75%), pyrrhotite massive ore +2.57

URANINITE

Uraninite was described by McLean (2001), but no special
attention was paid to it in that publication. Uraninite was thor-
oughly described in the project grant No. 01/2012/HD-
HTQTSP, because the identification of radioactive materials
was one of its major aims. Uraninite crystals have been found in
the magnetite sulphide massive ores (Fig. 6). The crystals of
uraninites are up to 150 um in size and are mostly intergrown
with magnetite and sulphide minerals. Some euhedral crystals
have been found as inclusions in magnetite and silicate miner-
als matrix, e.g. biotite. These relationships are good indications
that uraninite crystallized simultaneously with magnetite within
the ore. The uraninites are inhomogeneous especially in high
magnification under optical microscope. The inhomogeneity

appears in slight colour tint changes, reflectivity and internal re-
flections. This inhomogeneity was visible in both WDS analysis
(Appendix 2) and BSE image (Fig. 8).

The composition of uraninite is variable, particularly with re-
spect to both rare earth element oxides (REEOs) and PbO. The
high Pb-bearing uraninite (5.0-6.8 wt.% PbO) tends to have
also higher REEOs (1.9-8.0 wt.%), whereas in the low Pb-
uraninite (0.54-1.06 wt.% PbO) there is lower total REEOs
(1.3-2.7 wt.%). The uraninites with a high concentration of
REEOs and high PbO reaching 8 wt.% (Appendix 2) are classi-
fied as older. These uraninites can be related to basement flu-
ids (Alexandre et al., 2015). The concentration of Pb in the host
rocks and ore is very low (4.32 ppm), while in the waste it is only
4.83 ppm; even in the copper sulphide concentrate it is also low
—40.8 ppm (Appendix 1A). Such low Pb in all deposit materials
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Fig. 6. Microphotographs of uraninite aggregates

A — intergrowth of uraninite (U) with magnetite (mgt) and chalcopyrite (cpy), reflected light; B — intergrowth of uraninite (U) with magnetite
(mgt) and chalcopyrite (cpy), reflected light; C — intergrowth of uraninite (U) I and Il with magnetite (mgt) and chalcopyrite (cpy); allanite (all),
reflected light; D — intergrowth of two different uraninites Ul and Ull with magnetite (mgt), reflected light; E —a small uraninite crystal (U) in sil-

ica matrix, po — pyrrhotite, cpy — chalcopyrite, reflected light; F — intergrowth of uraninite (U) with magnetite (mgt) and younger chalcopyrite Il
(cpy), reflected light
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Fig. 7. BSE image showing position of electrum (Au)
in relation to pyrite (py) and chalcopyrite (cpy)
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indicates the lack of Pb leaching. Therefore, the Pb level rela-
tion in the deposit is different from the model described by
Janeczek and Ewing (1995), in which thermal regional activity
can leach Pb from the uraninites. In the paper, uraninite grains
characterized by different contents of REE and textural relation-
ship have been classified into two different stages (Table 3 and
Fig. 8). The argumentation can support that the absolute age
presented in this work seems to be realistic, and the younger
uraninite show only the last hydrothermal event related to tec-
tonic or young volcanism which is documented in the area.
Therefore uncertainty of age determination can be larger (Ap-
pendix 2, Fig. 9). The low-Pb, and low REE contents in uraninite
could be a result of recrystallization of the high-Pb, high-REE
uraninite, as shown in BSE images (Fig. 8).

Such minerals as chevkinite, aeschynite, bastnasite and
fluorapatite are rare in the ores, and their influence on the total
volume of REE in the deposit is low. The rock-forming minerals
contain some REE but below the level of WDS measurements.

Uraninites representing the final alteration stage show vari-
able ages (Appendix 2, Fig. 9). REE concentrations in young
uraninite are relatively high compared to that in other examples
of natural uraninite described by Alexandre et al. (2015). The
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Fig. 8. BSE images showing location of WDS quantitative analyses within the uraninite grains and points of absolute age
determinations (+): A-l separate grains of uraninite, samples Nos. 3 and 5
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Table 3

Timing of ore mineralization in the Sin Quyen deposit (partly after Ta, 1975; McLean, 2001; Li et al., 2018)

Mineral

Na-alteration
stage
841-836 Ma

Skarn-Metasomatic stage

575-430

Ma

Hydrothermal stage
82-42 Ma

Weathering

stage

Albite 7

Zircon”

Monazite"

Biotite

Hedenbergite

Hessonite

Hastingsite

Hematite

Quartz |

Titanite

Epidote

Rutile

limenite

Allanite

Chlorite

Calcite

Basnasite™

2

Apatite

Magnetite

-2

Uraninite

Pyrite

Arsenopyrite

Chalcopyrite

Cubanite

Pyrrhotite

Sphalerite

Tennantite

Molybdenite

Galena

Native gold

Bi-native

Bismuthinite

Tellurobismuthite

Thiosulphate

Malachite

Azurite

Fe-hydroxide

1 — after Gaskov et al. (2012); 2 — after Li et al. (2018); minerals in bold were described by the authors
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level of REE concentration in the Sin Quyen uraninites can be
compared to the intrusion related U-deposit (Cuney and Kyser,
2008). High REE concentration is also reported from uncon-
formity-type mineralization (Alexandre et al., 2015). The yttrium
content in the analysed uraninite varies from 0.79 to 2.37 wt.%
with an average of 1.46 wt.%. The range of Y confirms also an
intrusion relationship (Alexandre et al., 2015). The presence of
REEs in the uraninite suggests that U and REEs were depos-
ited simultaneously during the ore-forming process.

The average chondrite-normalized curve of REE concen-
tration of older uraninite tends to have weak positive Eu and Lu
anomalies (Fig. 10). The REE average spectra of young ura-
ninite show four anomalies including La, Pr, Eu and Lu (Fig. 11).
The variations of REE amounts are typical in U deposits as a re-
sult of temperature differences (Mercadier et al., 2011). In gen-
eral, the shape of the average chondrite-normalized curve of
REE concentration in old uraninite is similar to spectra of

synmetamorphic U deposit (e.g., Kawanga, Botswana; Mista-
misk in Canada; Mercadier et al., 2011). This normalized con-
centration curve is significantly differs in shape from the REE
concentration chondrite-normalized curve for allanite, garnet
and zircon, presented in the publication by Li et al. (2018).
These differences suggested that uraninites were precipitated
during the other stage in comparison with the mentioned miner-
als, which is in good agreement with microscopic observation
(e.g., Fig. 6D). A negative Eu anomaly in the chondrite-normal-
ized curve appears only in vein-type and intrusive U deposits
(Mercadier et al., 2011). The REE chondrite-normalized curve
in uraninite for the IOCG deposit is characterized by a small
variation in REE concentration with a small positive Eu anomaly
(Fig. 12). It can be explained by different ionic REE radii. The
only intermediate REE members have radii of 1.06 A, which is
similar to uranium (1.08 A). The Eu concentration anomalies
can also be explained by the charge compensation, which is
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better for two-valence cations (e.g., Eu+2), and by the construc-
tion of the outer electron band. Based on it, the shape of the av-
erage curve of old uraninite would be very easily explained
(Figs. 10 and 11).

TIMING OF ORE MINERALIZATION

As discussed above, electron microprobe analyses and BSE
images indicate two compositionally different generations of
uraninite at the Sin Quyen deposit. Moreover, the composition of
the two generations is relatively constant (Appendix 2). As virtu-
ally all Pb in uraninite is produced by the radiogenic decay of U
and Th, the consistency in the composition of the two genera-
tions of uraninite offers the opportunity to determine the age of
uraninite deposition and the formation of the Sin Quyen deposit.

Over the last two decades, techniques have been devel-
oped to allow determining an age of U-Th-rich minerals such as
uraninite and monazite, including ion microprobe analysis.
Chemical dating assumes all Pb in the analysed U-Th-rich min-
eral formed by radiogenic decay, with no geogenic Pb (Kempe,
2003). Using the electron microprobe data and the original Jeol
software, absolute age of uraninite was calculated. The Pb-rich
uraninite yields ages of 430 to 575 Ma with a mean weighted
age of 500 +33 Ma (n = 33) (Appendix 2, Figs. 8 and 9A). As
these uraninite grains are intergrown closely with magnetite and
chalcopyrite, it is interpreted as the same stage of IOCG miner-
alization at Sin Quyen (Table 3).

The Pb-poor uraninite yields an age of 42-83 Ma (n = 6)
(Appendix 2, Figs. 8 and 9B), which is interpreted as a
recrystallization time; during the period the young hydrothermal
event was taking place. Uraninite is commonly recrystallized
following initial formation, resulting in a long tail of younger ages
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and waste samples, based on bulk chemical analyses (ACME)

that have uncertain geological meaning (Mercadier et al.,
2011). The age of ~42 Ma, as determined from the low-Pb
uraninite, corresponds to the final changes observed in the ore.
Recently (2018), two publications describing the timing of
mineralization in the Sin Quyen deposit have appeared (Li et
al., 2018; Li and Zhou, 2018b), both using zircon and monazite.
These two publications allow better understanding of the whole
range of development of ore minerals. The oxygen isotopes de-
scribed by Li and Zhou (2018b) show different genetic positions
of both these minerals, which is in good agreement with crystal
parameters of zircon, e.g. elongation I/h close to 1.5. Such zir-
con crystal elongation is rather typical for metamorphic rocks,
which are the host rocks for the Fe-Cu ores. The first stage of
mineralization is related to the sodium alteration dated at
841-836 Ma (Li et al., 2018; Li and Zhou, 2018b; Table 3). The
580 values of zircon are higher than those presented in mag-
netite (Li and Zhou, 2018b), which in our opinion exclude simul-

taneous crystallization of these minerals. Measurement of fluid
inclusions shows high temperature above 500°C (Li and Zhou,
2018b), which may suggest participation of metamorphic or
magmatic fluids (Taylor, 1974). Alteration of uraninite grains
documented by WDS quantitative measurements (Appendix 2,
Fig. 8) and BSE images showing well-visible alteration of
uraninite grains (Fig. 8) suggests the presence of at least two
important stages, which are good documented by the uraninite
age dating and fit well to the geological phenomena (Anczkie-
wicz et al., 2000; Zelazniewicz et al., 2013).

The determination of absolute age (Appendix 2, Fig. 8) pro-
vides new constraints on mineral timing (Table 3), and enables a
better understanding of the mineral paragenesis presented by Ta
(1975) and McLean (2001). Three stages of magnetite+sulphide
formation have been recognized. The first two are the main
stages. According to mineralogical studies, most ores were pre-
cipitated during the skarn-metasomatic stage, which is the first
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stage (Ta, 1975; MclLean, 2001). As the Pb- and REE-rich
uraninite crystallized together with magnetite and allanite fol-
lowed by massive chalcopyrite, pyrrhotite, pyrite and cubanite,
and is characterized by high concentration of REEs, this
uraninite is interpreted to be formed during the early stage of de-
position (Table 3). This is also supported by the positive correla-
tion between U-Th and REE (Fig. 13). The hydrothermal stage,
as described by Ta (1975) and MclLean (2001) as a major sul-
phide crystallization stage, is interpreted here as a continuation
of the first metasomatic stage. Determination of sulphide temper-
ature crystallization is difficult and requires further study. The
presence of sphalerite star exsolution in chalcopyrite suggests
temperature of sulphide crystallization in the range of 300-500°C
(Sugakietal., 1987; Krismer et al., 2011). This temperature is re-
alistic for the mineral assemblage described in this work. These
stages are related to two calk-alkaline granitoids: Po Sen proba-
bly of Precambrian age (Bui et al., 2004) and Muong Hum of
Paleogene age dated with K-Ar at 30-36 Ma (Hayashi et al.,
2009). The Lower Paleozoic age of the Song Chay batholith is
also suggested by Zelazniewicz et al. (2013), which fits very well
to the first stage of ore mineralization. The age of 35 Ma (Appen-
dix 2) for the final cooling is proposed by Viola and Anczkiewicz
(2009). Zelazniewicz et al. (2013) also described two types of
young granite, both of Paleogene age: calk-alkaline I-type and
sub-alkaline A-type. Both types can be responsible for the last
stage of ore transformation. Crystallization of uraninites was
probably shifted in time in relation to allanite. Based on the shape
of an average chondrite-normalized pattern of REE in both alla-
nite and uraninite (Fig. 12), it can be pointed out that uraninite
crystals are generally younger (Table 3).

The younger hydrothermal stage overprinted the older one,
brought recrystallization of uraninite, and may have introduced
elements such as Pb, Au, Ag, Se, Bi and Te. This is confirmed
by structures and textures of this assemblage (e.g., Figs. 5 and
7). The youngest stage (Table 3) was developed during weath-
ering responsible for oxidation of some sulphides in the surface
environment. The zone of oxidation reached probably 100
metres below the surface, because of vertical position of both
rocks and ore.

CONCLUSIONS

Low-grade uranium concentrations have been documented
in the deposit. The study of Pieczonka et al. (2015) shows that

two different mineral groups are responsible for uranium con-
centration: allanites and uraninites. In that work, enrichment in
U was confirmed by using both field and laboratory measure-
ments. The first group includes two minerals from the allanite
group, and probably monazites (Ishihara et al., 2011); however,
because of inadequate relatively higher detection limits of both
EDS and WDS analyses and low concentration of this element,
it is difficult to precisely determine the quantitative content of
uranium in these minerals. The presence of uraninite in the as-
sociation of magnetite-sulphide ores, accompanied by allanite,
was documented in the deposit. The differences in REE and
uranium concentrations are shown by bulk chemical analyses
(Appendix 1) of samples collected from both a waste pond and
the deposit. In the case of the Sin Quyen deposit, the relatively
high concentration of U and REE in the waste suggests coexis-
tence of all these elements in allanites (Appendix 1A, B) and
uraninite (Appendix 2); however, the results from sample W-18
show another possibility. In this sample, the high concentration
of uranium (56.51 ppm; Appendix 1A, B) corresponds with low
concentration of REE (242.33 ppm; Appendix 2). It can be sug-
gested that mostly uranium oxides are responsible for uranium
concentration in the deposit.

In this work, three stages of mineralization have been docu-
mented in the deposit that consists of copper ores containing
some gold-silver enrichment. In the previous works (Li et al,,
2018; Li and Zhou, 2018b), a high-temperature Na-alteration
stage 841-836 Ma was documented.

The major stage is skarn-metasomatic (Table 3), which de-
veloped in the Late Precambrian and Early Cambrian
(575435 Ma). The younger stage (Table 3) is documented by
uraninite Il and occurred during Late Cretaceous-Paleocene
times (83—42 Ma); however, according to the data of fission-track
analyses by Anczkiewicz et al. (2000), the last ductile deforma-
tion within the Red River Fault Zone took place ~25 Ma.

The magnetite ore extracted and the magnetite concentrate
received are strongly contaminated with high concentration of
sulphur, disqualifying it as a market product.
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