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Abstract: The IOCG Sin Quyen deposit is located in the Red River shear zone of North Vietnam. The ore bodies
are known as hydrothermal veins and are hosted in Proterozoic metapelite. A block modelling approach was used
to build a 3D model of the ore bodies. An analysis was carried out on Surfer® 11 computer software using the
archival data recorded from several dozen boreholes distributed within the study area, as well as data obtained
from the mineral and chemical analysis of 50 samples collected recently in the deposit. The ore bodies general-
ly trend in a NW-SE direction with an average azimuth of 107° and dip of around 70°. The Cu content in the ore
bodies is inhomogeneous. In the bed extension direction, the exponential correlation of Cu concentration in
ore bodies is recognized within 2,500 m, while in the direction perpendicular to the bed strike, the exponential
dependence is observed on 500 m of distance. The high-grade mineralisation of copper within the ore bodies is
often at the altitude interval from ~100 m to ~150 m above sea level (asl). These bodies are also rich in uranium
and gold bearing minerals. The total resources of Cu, U and Ag were estimated and amount to 361,000; 12.7 and
11.87 tonnes respectively. The model indicates the downward extension of some ore bodies to below 300 m be-
neath the ground surface.
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INTRODUCTION

The Sin Quyen Cu-Fe deposit is classified as an
IOCG type deposit, which are usually characterised
by a wide spectrum of polymetallic elements such
as: Fe, Cu, Au, Ag, REE and U (Hitzman et al. 1992,
Barton & Johnson 2004, Antonenko et al. 2020).
There are several well-known deposits of this type
in the world, such as the Olympic Dam deposit in

South Australia, the Stora Shavaratora and Han-
nukainen in the Fennoscandian Shield in Swe-
den, the Dongchuan and the Dahongshan deposit
groups or the Qiaoxiahala deposit in China (Hitz-
man et al. 1992, Weihed et al. 2008, Sandrin et al.
2009, Zhao & Zhou 2011, Li et al. 2014). The ore
bodies of IOCG deposits often occur as lenses and
dip down near vertically, their resources are from
10 million to above 100 million tonnes of ore with
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Cu concentrations ranging from several tenths of
a percent to 5%. Most IOCG deposits were formed
from magmatic-hydrothermal activity (Sillitoe
2003, Lietal. 2014). IOCG deposits similar to those
of the Kiruna type are the end members of a con-
tinuum of mineralised systems that typically devel-
oped under igneous activity accompanied with high
temperature mantle fluid (Hitzman 2000).

Currently, computer science is mostly used in
the geosciences for structural models, and 3D ge-
ological models are the most effective means of
viewing the objects of study and their geological
interpretation (Wellmann & Caumon 2018, Gulbin
& Mikhalsky 2020, Behera & Sarkar 2021). 3D ge-
ological models are also widely used in exploration
using various sources of data such as surface geol-
ogy, boreholes and core holes, seismic, and finally
geophysical data including gravimetric and mag-
netic data (Perin et al. 2005, Wu et al. 2012, Du-
ran et al. 2013, Cheng et al. 2016). 3D models are
most effective in the visualisation and correction of
maps and plans of ore bodies, ultimately reducing
the cost of exploration and mine development. The
use of 3D models is not rare in studying the geolo-
gy of ore deposits, for example 3D models are used
to evaluate and enable sometimes to understand
the genesis of gold deposits (Liu et al. 2012, Nielsen
et al. 2015, Vollgger et al. 2015). 3D modelling has
been also carried out to decipher geometrical and
geological relationships between breccias, faults
and uranium mineralisation zones or the relation-
ships between mineralisation deposits and earlier
tectonic processes (Le Carlier de Veslud et al. 2009,
Martin-Izard et al. 2015). In active mines, 3D mod-
elling not only allows one to prove the accuracy of
the ongoing mining process but also to predict
potential mineral targets and to evaluate resourc-
es (Gongwen et al. 2001). The methods used for
3D geological models are under continuous devel-
opment (Sirakov et al. 2001, Lemon & Jones 2003,
Calcagno et al. 2008, Maxelon et al. 2009, Gumiel
etal. 2010, Wang et al. 2015, Jalloh et al. 2016, Well-
mann & Caumon 2018, Kumar 2021).

In the present study, a block model is intro-
duced and defined as an underground cuboid con-
taining the boreholes with known geological and
geophysical parameters of the drilled rock layers.
To build a 3D geometric model of the ore bod-
ies of the Sin Quyen IOCG deposit, the available

previous reported data was analysed together with

50 newly collected samples. The main aims of this

study are to:

- determine the geometry and structure of the
ore bodies,

- present the spatial distribution of the Cu-U-Ag
ore bodies with different grades,

- estimate the ore resource for Cu, Ag, Au, Fe
and U,

- predict the potential to extend the ore bodies
below 300 m depth.

GEOLOGICAL SETTING

The Sin Quyen IOCG deposit is hosted in the
Fanxipan belt in North Vietnam at 22°37'20" lati-
tude and 103°48'00" longitude. It is approximately
2km? in area (Ta 1975). The Fanxipan belt belongs
to the Ailao Shan-Red River shear zone (ASRR)
which is ~1,000 km long, extending from the east-
ern end of the Himalaya to the west of north Viet-
nam and stretches up to 300 km long in a NW-SE
direction in North Vietnam (Tapponnier et al.
1990, Leloup et al. 1995, McLean 2001, Huang
et al. 2013, Pham et al. 2013, Li & Zhou 2018). The
ASRR is composed of four metamorphic belts,
from NW to SE: Xuelongshan (XLS), Diancang-
shan (DCS), Fanxipan (FXP) and Day Nui Con
Voi (DNCV) (Tapponnier et al. 1990, Calgano
et al. 2008, Li & Zhou 2018) (Fig. 1).

The Fanxipan belt is a metamorphic complex
including the Suoi Chieng and Sin Quyen forma-
tions (Fig. 2). The Suoi Chieng formation, which is
nearly 600 m thick, is basically composed of met-
amorphic rocks such as granitic gneiss, biotite-
amphibole gneiss and amphibolite. These rocks
were formed from Paleoproterozoic granitoids,
terrigenous sediments and mafic volcanic rocks as
a consequence of metamorphic processes at 1.97
to 1.83 Ga (Faure et al. 2014, Pham 2015). The Suoi
Chieng formation is covered conformably by the
Sin Quyen formation which is ~1,200 m thick.
From the facies point of view, the Sin Quyen for-
mation is divided into lower and upper units. In
the lower unit the prevalent material is graphitic
schist, a rock composed of quartz, graphite, mus-
covite and biotite, while the upper unit is dom-
inated by gneiss principally composed of pla-
gioclase, quartz and biotite.
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Fig. 1. Simplified tectonic map of the Ailao Shan-Red River belts in South China and North Vietnam (modified from Li

& Zhou 2018)

The Sin Quyen formation is overlain conform-
ably by the Cam Duong formation built principal-
ly from Cambro-Ordovician limestone and mar-
ble (McLean 2001, Ishihara et al. 2011, Gas’kov
etal. 2012).

The Sin Quyen formation has several Protero-
zoic and Upper Permian intrusions to earlier Tri-
assic mafic intrusive dikes or lenses. The origin of
the intrusive suits is linked to mantle activity Pro-
terozoic intrusive suites of near 1,000 Ma in the
Red River zone trending NW-SE were metamor-
phosed into amphibolites and granitic gneisses
(Duong et al. 2021a). These formations occur as
lenses and dykes from several metres to a few hun-
dred metres in extent located very close to miner-
alised zones of the Sin Quyen deposit. Plagioclase
(66%), quartz (26%) and biotite (7%) are major
components, and microcline, muscovite, sphene,
chlorite are minor ones. Ore mineralisation oc-
curred mostly in metamorphic amphibolites,
particularly in those places where it is intensely
altered. These altered amphibolite zones host ap-
proximately 70% of the mineralisation and high-
grade zones (McLean 2001). Permian intrusive

rocks nearly 250 Ma old present as plagio-granite
and occur as small lensoidal bodies of 1 to 20 m
width and 100 to 300 m length. Their components
are plagioclase, quartz, and biotite (McLean 2001).
The mineralising effect of the Permian intrusion
is likely to have produced the sulphide minerali-
sation.

In the Fanxipan belt near the Sin Quyen IOCG
deposit there are also Muong Hum HREE, Nam
Xe LREE and Dong Pao LREE deposits but, apart
from Sin Quyen, none of these are actively mined
(Pham et al. 2013).

The Sin Quyen deposit is situated near the
boundary between Vietnam and China, trend-
ing in a NW-SE direction, near 2,500 m in length
and 150 to 500 m in width, and with a depth from
a few dozen metres to 600 m (Roger et al. 2012).
The deposit area is divided horizontally into two
parts NW and SE by the Ngoi Phat stream (Fig. 3).

The first part (1, see Fig. 3) lies predominantly
in the western section, where the major minerals
in the ore bodies are magnetite, pyrite, chalcopy-
rite and pyrrhotite contribute from a few percent
up to 50% ore composition.
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Fig. 2. The formations occurring in the Fanxipan belt zone on a sketch map of North Vietnam (modified from Duong et al. 2021a)

The second part (2, see Fig. 3) is widely spread
across the central and eastern area, with the main
ore minerals in this part being chalcopyrite, pyr-
rhotite and pyrite, the minerals contributing
nearly 90% of the ore composition (McLean 2001,
Gas’kov et al. 2012). The ore bodies of the IOCG
Sin Quyen deposit are principally hosted in gneiss
mica schist in the upper Sin Quyen formation,
they occur as breccia lenses several tens of metres
thick and up to a few hundred metres long, trend-
ing NW-SE with an average azimuth of 110° and
dipping nearly vertically (70-90°).

The gneiss is composed of biotite, feldspar and
quartz. The mica schist consists of biotite, musco-
vite, and quartz. The deposit is truncated by two

faults. The first is the Sin Quyen reverse fault ly-
ing parallel to the Red River fault and trending in
a NW direction (Tong-Dzuy et al. 1996, Lepvri-
er et al. 2008, Liu et al. 2012). The second trends
in a NE direction and has a principal role in the
forming of the Ngoi Phat stream. The NE fault
system represents elements of the South China
Blocks which were folded before the Upper Trias-
sic and thrust to the N-NE. In the study deposit the
ore occurs as massive, banded, breccia cement and
dispersed types. The Cu grade is heterogeneous
and often increasing toward the centre of the ore
body (Fig. 4). Figure 5 presents a histogram of the
Cu concentration, which was prepared on the ba-
sis of data from about 500 archival ore samples.
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Fig. 3. A simplified geological map of the IOCG Sin Quyen deposit with geological section AB (modified from Ta 1975)
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Fig. 4. An ore body with arrows (—) showing the direction in which the Cu grade increases
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Fig. 5. Histogram showing the contribution of the Cu grade in 548 ore samples

The deposit contains about 53 Mt of ore at
22% Fe, 0.9% Cu, 0.7% REE and 0.44 ppm Au on
average (McLean 2001, Gas’kov et al. 2012). Since
2016 the Sin Quyen deposit has been exploited as
an open pit mine (Fig. 6) with nearly 3,000 Mg
Cu concentrate and 1.5 Mg Au as a by-product.
Unfortunately to date the REE have not been

considered as products, and due to sulphur con-
tamination, the Fe is excluded as uneconomical
for commercial production.

Chalcopyrite, pyrite, magnetite, and sphalerite
are the major minerals in the deposit, and ilmenite,
marcasite, bismuthinite, electrum, native gold, and
tellurides are the minor ones (Pieczonka et al. 2019).
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Fig. 6. Photo view of the Sin Quyen IOCG open pit mine (foto A. Piestrzyriski)

THREE-DIMENSIONAL
MODELLING

The 3D model enables one to illustrate the distri-
bution of the ore bodies below the surface area,
the deposit morphology, and the outcrops of the
ore bodies on the surface (Kaufmann & Martin
2008, Wu et al. 2012), but 3D model quality de-
pends on the reliability of the data. In our case,
the modelling process is composed of four steps
(Fig. 7):
1. input data,
2. computation data,
3. computer modelling,
4. output

In the input we introduced the archival and
new data on the deposit area including geologi-
cal, geophysical and elevation data. The archival
data are composed of coordinates, elevation and

azimuth of the boreholes, an analysis of the Cu
content obtained in the drill cores, gamma inten-
sity and apparent resistivity logging data. The new
data are composed of the content of the principal
chemical elements Cu, Fe, S and REE analysed in
the 50 samples collected from the ore bodies, Cu
and Fe concentrates and the flotation reservoir
sediment.

In the second step, all of the data were pro-
cessed in terms of the determination of the statis-
tical parameters and evaluation of the data.

In the third step, the computer has to establish
alibrary with codes for the data, then to build geo-
logical cross sections of the ore bodies, in other
words to make vertical slide cutting the ore bodies
on a given vertical plane.

In the visualisation step all the vertical slides
including a morphology map were connected to
visualise the 3D model.

Geology, Geophysics and Environment, 2023, 49 (2): 175-195
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Fig. 7. Graphic diagram showing the steps in the modelling process

Input data

A 3D geological model was constructed using ar-

chival data as following:

- geographical and geometrical data from the-
boreholes (coordinate, elevations, depth), azi-
muth and thickness of the ore bodies drilled;

- data on gamma radiation and apparent resis-
tivity logging, all these archival data were ob-
tained from the Archive Department of the
Vietnam General Department of Geology and
Mineral Resources;

- concentrations of Cu, Fe, REE and other ele-
ments: Si, Al, Ca, Mg, Na, K obtained from the
analysis of 50 rock ore samples collected from
the study deposit in November 2014.

Processing data

First of all, a block model was constructed incor-
porating all of the boreholes and ground profiles
where geology and geophysics surveys had been
performed (Fig. 8).

The block model was divided into nearly 2.4 mIn
cubes with dimensions of 5 m X 5 m x 5 m, but
only the cubes, which are within ore bodies and
at their boundaries were considered. As a result of
the action, over 200,000 hexahedrons were anal-
ysed. The description of every cube in the data file
is composed of its geometrical parameters: coordi-
nates, elevation, depth level, azimuth, and angles of
dip with trends based on the borehole cores from
which the ore body was built up (Fig. 9).

https://journals.agh.edu.pl/geol


https://journals.agh.edu.pl/geol

3D block modelling of the Sin Quyen IOCG deposit, North Vietnam

183

Scale 1: 6500 .
]

Fig. 8. The block model

| . Cross-section

|
|
X | | E
I I 7| < Azimuth
| I 7" 300°
I ///51/*< NW-SE
| A7 /200
Copper ore bod SN
PP J | 3 /!/ Dip angle
// //l
S ' | e
|,/ V o
| / e
| 8 Ore cross-section
| P
| o~
______ TR et i Dl B Pl ] i s (it il Sl iy Yl
/’T <
7 S N
N
N
N
7 N
7 N
7 =
Va N
vd N
7 N
Z

Fig. 9. The main geometric parameters of the ore body

Ore body identification
based on borehole loggings

The ore bodies were initially identified from
the borehole cores. In situations where a core is
lacking or the drilled ore bodies identified by
geologists are questionable, gamma radiation

and apparent resistivity logging data were used

(Fig. 10). In Figure 10 the dotted curve pres-

ents measures of natural gamma intensity, and

resistivity.

the solid curve is one presenting apparent re-
sistivity. There are probably ore bodies in plac-
es with high gamma intensity and low apparent
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Fig. 10. Determination of a drilled ore body in the IOCG Sin Quyen deposit using the gamma radiation and apparent resistivity

borehole logging

Space variation of Cu concentration
in the ore bodies

To track the variability of Cu concentration with-
in ore bodies as a function of distance h, a semi-
variograms were used. The semivariogram v, (h)
was calculated as follows:

N

Yeu ()= ﬁ(h)Z[Cu(zi +h) —Cu(zi)JZ

i=1

@

where: N(h) is the number of pairs [Cu(z, + h) —
Cu(z))] for distance h, z is the distance of sampling
in the considered direction.

Based on the archival data of Cu contents from
the 980 core samples collected from the 35 bore-
holes in the deposit area, we chose a depth inter-
val for most of the Cu concentration data which
was 70-90 m under surface area. These Cu data

of the ore core samples in the mentioned interval
were used to create the semivariograms of the Cu
concentration in the ore bodies for two directions.
The first is the extent direction of the ore bodies
(Fig. 11), and the second is the direction perpen-
dicular to the ore bodies strike (Fig. 12).

For the strike of ore bodies, the exponen-
tial relation of Cu concentration in the NW-SE
is valid on the interval of 2,500 m, while in the
NE-SW only on the 500 m of interval with the
standard variation of 0.076% and 0.049% respec-
tively. These semivariograms suggest the ore at
the given level were probably formed under sim-
ilar geological conditions. The similar conditions
were prevailing on the significantly longer dis-
tance on the ore body strike than that on the per-
pendicular direction.
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Fig. 11. Semivariogram of Cu concentration in the extension direction of ore bodies (NW-SE)
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Fig. 12. Semivariogram of Cu concentration in the direction perpendicular to the extension of ore bodies (NE-SW)

Determination of
the petrophysical parameters

During geological 3D modelling, the attribute mod-
el mainly relies on the calculation of the interpola-
tion of data gained by well logging. However, there
were some problems observed in the modelling pro-
cess: the first is connected with the uncertainty of
the logging measurement and the second with the
estimation of the elements which were not mea-
sured directly by well borehole logging methods.
Measurements in boreholes are often influenced by
different parameters, such as drilling mud, borehole
diameter, and the speed of movement of the mea-
suring probes, so the quantitative interpretation is
often unsatisfactory. In order to complete the data
thatislacking, especially regarding the grades of the
elements of interest, the study used linear correla-
tions between Cu, Ag, Au, and U obtained from our
previous publication (Duong et al. 2021b). The sta-
tistical equations expressing the relations between
the concentrations of the mentioned elements are
summarized in Table 1.

Table 1

Statistical equations expressing the relation between the
grades of the elements Cu, Ag, Au and U in the Sin Quyen ore
deposit (Duong et al. 2021b)

. Correlation

Relation coeflicient R
U(ppm) = 0.0231 Au(ppb) + 46.931 0.78
U(ppm) = 0.086 Ag(ppb) — 13.000 0.81
U(ppm) = 35.457 Cu(%) - 6.025 0.78
Cu(%) = 0.0022 Ag(ppm) + 0.0532 0.94

Interpolation

To show illustrative spatial imaging model for the
IOCG Sin Quyen deposit, one needs both geological
data, such as azimuth trends and angles of dip of the
ore bodies, and the concentrations of the elements
concerned (U, Cu, Au, and Ag). In practice, the
above-mentioned parameters which describe most
of the cubes belonging to the ore body have been in-
terpolated. Interpolation usually relies on geostatis-
tical methods such as kriging, Delaunay triangula-
tion, and discrete smooth interpolation. The kriging
algorithm is often used to estimate element concen-
trations in the spatial elements considered and is
primarily based on models presenting the changes
ofthe given parameters as a function of geometrical
parameters (angles of azimuth, depth, or distance
of ore occurrence). Delaunay triangulation is often
used to determine geometrical parameters such as
elevation, angle of dip, or the trend of the azimuth.
Discrete smooth interpolation (DSI) relies on the es-
timation of an unknown value of a given parameter
for a cube being considered and suppressing uncer-
tainty on the basis of known analytical or statistical
functions and the least square method (Stein 1999,
Wackernagel 2003, Pham 2015, Liangming et al.
2016). Apart from the mentioned methods, to in-
terpolate data there are also other methods such as
minimum curvature and inverse distance weight-
ing. The latter mentioned method was used, since
semivariograms were only obtained in the IOCG
Sin Quyen deposit at depths of 70-90 m and do not
represent the whole deposit.
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Therefore, we decided to use the inverse dis-
tance weighting method to determine the Cu con-
tents and their distribution in the ore bodies in
the selected vertical sections is shown on the Fig-
ure 13. While the horizontal projections of the ore
bodies with the Cu concentration are presented in
Figure 14, the extension direction of ore bodies on
this figure were made based on the azimuth data
of the drilled ore cores. In profiles 4 and 6 of Fig-
ure 13, we can see that some ore bodies do not end
at a depth of 300 m below the surface, suggesting
that some ore bodies might extend further down.
The observation was confirmed by a document
described by Pham (2015).

THE 3D MODEL

The 3D topography surface model

The 3D topography surface modelling was con-
structed using a 1:10,000 scale archival topogra-
phy map of the study deposit as a basic map and
the coordinates and elevation of the boreholes
within the study area. The digitised elevations at
the cross points of a 50 m x 50 m net (5 mm X
5 mm on the map) are stored in a Geodata base.
All the morphological data were checked and ver-
ified against the elevations of the boreholes within
the area (Fig. 15).
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The 3D model of the ore bodies

Based on the resulting database, 28 vertical
cross-sections were created. In each cross-section
the ore body was redrawn in an adequate polygon,
which was encoded by a given ID and stored in the
system that had been designed (Appendix A). All
the ID codes belonging to the same ore body are
arranged as a given series and noted on the given
row (Appendix A).

The IDs of a given ore body are characterised
by their geochemical and geophysical proper-
ties, the trend of the azimuth, angle of dip and
coordinates of the spatial element belonging to
this ore body. The vertical ore cross-section was
constructed (Fig. 16) on the basis of the IDs in
a given column (profiles 5 and 24). Figure 16
also presents the morphology of the deposit
area constructed using the elevation data of the
boreholes.
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Fig. 16. Vertical cross sections of ore bodies with the morphology of the modelled area
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The model of the ore body was sketched based
on the connections of the IDs belonging to this
ore body (Appendix A). Connecting the verti-
cal ore cross sections obtained, the 3D model of
the ore bodies was also obtained (Fig. 17). The
projections of the ore bodies on the horizontal

Scale 1: 9280 .. |
0 S56m|

surface are shown in Figure 18. Based on the
distribution of Cu content in the borehole cores,
one can calculate ore body models with dif-
ferent grades. For example, Figure 19 presents
the model of ore bodies with a Cu grade higher
than 0.5%.

Fig. 17. 3D view of some selected ore bodies on 28 vertical cross sections
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Fig. 18. Projections of the ore bodies on a horizontal surface
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Resources

Based on the 3D model and correlations between
Cu and the other elements, the resources of Cu,
U, Au and Ag in the study deposit were estimated
using the relations in Table 1. The calculated vol-
ume and Cu resources for each ore body are sum-
marised in Table 2.

Based on the 3D model and reciprocal relations,
the copper, uranium and silver resources were es-
timated as totalling 361,000, 11.9 and 12.7 tonnes
respectively (Table 2). The ore bodies with a grade
ranging from 0.5 to 1% contribute nearly half of the
total resource. The Cu resource, calculated using

Table 2
Calculated Cu, Ag and U resources

the 3D model, is nearly 65% of that (550 Gg) pub-
lished by Ta (1975). The significant difference be-
tween the Cu resources might be the consequence
of the reasons as follow: (i) during the 1970’, the
reserve estimation of the study deposit was based
on the data obtained from the documentation of
the B category, which was done for the mining proj-
ect with a standard error that could be £20% (Nie¢
et al. 2012); (ii) Ta (1975) might have estimated the
Cu resource taking into account ore bodies with
a Cu grade far lower than 0.5%. Table 3 also shows
“no uranium” in ore bodies with a Cu grade lower
than 1.10%, a fact proven by the correlation equa-
tion between copper and uranium (Table 1).

Name of Volume Density Mass of ore | Average Cu Cu mass Agamount U amount
ore body [x 1,000 m?] [kg/m’] [Gg] grade [%] [Gg] [kg] [kg]
Q1 3,610 3,210 1,160 1.16 13.4 580 4,030
Qla 908 3,170 2,880 1.23 35.4 1,540 2,160
Qlb, ¢ 1,340 3,210 4,297 1.11 47.7 2,060 2,480
Q2,2a 1,510 3,300 5,000 1.19 59.4 2,580 2,600
Q3 5,280 3,270 1,730 1.03 17.8 770 -
Q3a 391 3,040 1,190 1.31 15.6 680 1,450
Q4 957 3,200 3,060 0.88 26.9 1,200 -
Q5 899 3,104 2,820 0.68 19.2 80 -
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Table 2 cont.

Q6 497 3,120 1,550 0.62 9.62 40 -

Qo6a, b 1,250 3,000 3,740 0.90 33.6 1,430 -

Q7 1,130 3,000 3,400 0.71 24.1 1,020 -

Q8 670 3,000 2,010 0.90 18.1 770 -

Q9 1,370 3,000 4,120 0.90 37.0 1,580 -

Q10 119 3,150 374 0.76 2.84 120 -

Sum 19,931 - 37,331 - 361 11,870 12,720
DISCUSSION original deposit area, which affects the variability

The paper presents a methodology for using dif-
ferent types of accessible geophysical data and
geological and geographical information (geolog-
ical maps, well borehole data, geochemical data,
cross-sections, morphology) to construct a 3D
geological model with the help of the Surfer® 11
software. The methodology relies on the struc-
turing and storing of geological digital data. The
reliable archival and new data were verified and
validated based on the geological and mining in-
formation obtained, as well as using geostatisti-
cal methods. The main data used were geological,
such as geometrical parameters and concentra-
tions of the analysed elements of the ore body
cores obtained during the drilling of holes. The
well geophysics logging data were used to identify
the geological lithology of the drilled beds and the
ore bodies in the boreholes, as well as in the case
of lack of the cores. The geostatistical methods en-
able us to track the behaviour of the Cu concen-
trations parallel and perpendicular to the bodies’
extension. The Cu concentration values of the ore
samples in the parallel ore bodies are significant-
ly better correlated than that of the samples in the
direction perpendicular to the body extension.
This fact is probably related to (i) the similarity of
the geochemical properties of the whole elements
in the ore body and (ii) the ore body forming pro-
cess could mostly be related to the local condi-
tions. The 3D model of the Sin Quyen IOCG de-
posit was built using the 3D topography surface
model and 3D block. The 3D topography surface
model was constructed based on the coordinates
and elevations of the boreholes and the localiza-
tion of the main natural objects such as the Ngoi
Phap Stream. Due to the net of the geological bore-
holes, the topography surface model presents the

of the Cu, Fe and other elements in the deposit,
especially the zone near the ground surface, since
a tropical climate predominates. The 3D topogra-
phy could help to back up the original topograph-
ic conditions for use in geological studies. In this
application, the bodies of Cu ore were modelled
as volumes composed of special cube elements lo-
cated within the Sin Quyen IOCG deposit. The
geometrical framework can serve to estimate the
volume of the Cu ore bodies, which were used to
calculate the resources of the metals of interest.

The 3D block of the ore bodies was constructed
based on both the geometrical ore bodies (trend of
azimuth, angle of dip, thickness, and length) and
the connecting of all the vertical cross sections
modelled using the ID codes of the ore bodies.
The ID codes contain the data of an ore body el-
evation, trend of azimuth, thickness, and angle as
well as the Cu contents. Thanks to the data of the
ID codes, one could connect the given elements
to the ore body present in the different vertical
cross sections. Both the archival and current an-
alysed Cu concentration data of the ore samples
enabled us to build the 3D model of the ore bod-
ies with different Cu levels and the Cu resources
were also estimated. The new calculated resources
with different Cu concentrations are a clear suc-
cess of the 3D modelling in comparison with the
older geological methods used in the 1970’s. The
difference of the former calculated Cu resource
and current one could be related to the archival
data of the class C1, which could be related devia-
tion up to 30% (Ta 1975, Nie¢ et al. 2012). Due to
the good correlations between Cu concentrations
and the U, Au and Ag ones, the resources of ura-
nium, gold and silver were also appreciated. In the
study deposit, the unclear correlation between Cu
and REE might be a consequence of the different
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periods of the ores bearing the mentioned ele-
ments (Pieczonka et al. 2019).

The combination of data sets and geological in-
formation for reserve assessment can face many
difficulties. Therefore, the modelling employed is
essential, as well as the requisite computer soft-
ware. Assessment in this approach can be better
and cheaper for calculating, evaluating and pre-
dicting the reserves and potential of ore bodies
which will continuously extend downward from
the explored levels. It can be seen that the ore bod-
ies have continuously extended downward to the
northeast and the near surface in the southwest of
study area. The results also show the reserves and
space shape for each of the ore bodies, which will
useful in calculating reserves as well as the further
exploitation of each ore body and the whole mine.

CONCLUSIONS

The IOCG Sing Quyen deposit has been very in-
teresting for geologists from different fields, from
those determining the presence of different use-
ful elements to those focused on its resources
since the 1960’s, when the deposit was discovered
during the geomagnetic and radiometry and geo-
logical cartography prospecting works. Although
the area of this deposit is not large ~2 km?, as well
as the main elements (Cu, Fe) in it, there are also
precious sources of REE, Ag, Au, and radioactive
elements (U). The deposit is also interesting from
the structural and origin point of view. General-
ly, the deposit consists of two parts with different
dominating minerals and their origin is related
to the tectonic processes which formed the Ailao
Shan-Red River shear zone, which happened in
different geological periods from Neoproterozoic
up to Kenozoic.

The authors of this work attempted to present
the space model of the ore bodies based mainly on
both the archival geological and geophysics data
and the current analysed data of the collected sam-
ples. The 3D model could be significantly improved
if the large mass of geological and geophysical data
that was lost during the border war between Chi-
na and Vietnam that took place in 1979 were to
be found again. In places where data is sparse or
not credible, the use of geostatistical algorithms
was necessary to determine the parameters of the

bodies. However, the semivariograms show the
similarity of the geological conditions prevailing
at a 70-90 m depth interval. The 3D model also
allows us to calculate the Cu, Ag and U resourc-
es. The Cu resource calculated using the 3D mod-
el differs significantly from that estimated in the
1970’s. Based on the 3D model, we can state that the
minerals containing Ag and Au (mainly electrum
in the study deposit) can be distributed within the
ore body, on the other hand minerals containing
U (mainly uraninite) can mostly be observed in the
body zone with high grades of Cu.

In our opinion, this methodology can be de-
veloped and applied for the investigation of other
ore deposits in which not only the ore bodies but
also sedimentary and intrusive formations can be
visualised. The 3D deposit model could constitute
a useful role in the study of the origin and histo-
ry of how a deposit developed in the past. In this
case, the geological formations and the relation-
ship between the different geological suits and re-
gional and local geodynamic information should
be defined in detail. This methodology can also be
applied to the modelling of ore bodies lying over
deposits of any metal ores that originate from hy-
drothermal origins or for other deposits where ore
bodies occur in different forms.

The work was financially supported by the AGH
UST Krakow, Grants no 16.16.140.315.
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APPENDIX A

Ore bodies and their ID code in different vertical cross-sections

Ore Profile number
body 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Q1 23 57 64 74 88 100 | 113 | 132 | 142 | 159 | 165 | 178 | 188 | 201
Qla - - - - 93 100 | 112 | 124 | 91 157 | le4 | 179 | 173 | 198
Qlb - - - - 92 103 | 121 73 141 | 156 | 163 | 180 | 186 | 491
Qlc 24 56 75 89 107 | 118 | 116 | 135 | 158 - - - -
Q2 25 58 69 77 87 106 | 117 | 85 143 | 161 | 169 | 110 | 190 | 202
Q2a - 59 - - - - 111 - - - - - - -
Q3 - 55 65 79 72 104 | 122 | 90 140 | 96 168 | 125 | 174 | 128
Q3a 50 47 48 - - - - - - - - - - -
Q4 61 - 71 78 86 102 | 114 | 127 | 94 149 | 170 | 175 | 192 | 203
Q5 - - - - 84 103 | 115 | 126 | 95 150 | 123 - 193 | 130
Q6 - - - - - - - - - - - - 194 | 204
Q6a - - - - - - - - - - - - - -
Q6b - - - - - - - - - - - - - -
Q7 - - 66 80 97 - - - 138 | 153 | 166 - - -
Q8 - - 67 81 98 - - 129 | 139 | 154 | 167 | 184 - 199
Q9 - - - - - - - - - - - - - -
Q10 - - - - - - - - - - - - - -
Ore Profile number
body | 5 16 17 18 19 20 21 22 23 24 25 26 27 28
Q1 213 | 219 | 225 | 282 | 244 | 131 | 271 | 281 | 298 | 303 | 324 | 338 | 356 | 343
Qla - 220 | 264 - - - - 148 - - - - - -
Q1b - - - - - - - 136 - 305 | 263 | 337 | 144 -
Qlc - - - - - - - - - - - - - -
Q2 212 | 218 | 229 | 134 | 245 | 261 - 283 | 297 | 304 | 325 | 340 - -
Q2a - - - - - - - - - - - - - -
Q3 214 | 216 240 | 243 | 265 | 270 - 292 - 318 | 334 | 145 | 342
Q3a - - - - - - - - - - - - - -
Q4 211 | 133 | 230 | 235 | 247 | 260 | 272 - - - - - - -
Q5 210 | 70 | 492 | 207 | 248 | 259 | 273 - - - - - - -
Q6 209 | 215 | 233 | 208 | 249 | 258 | 274 - - - - - - -
Q6a - - - - - 256 | 275 - - - - - - -
Q6b - - - - - 257 - - - - - - - -
Q7 - - 202 | 241 | 242 | 266 | 269 | 285 | 299 | 307 | 316 | 332 | 365 | 146
Q8 - - - - - - - - 291 | 306 | 315 | 330 - 346
Q9 - - 221 - - - 268 | 278 | 290 | 302 | 314 | 329 | 137 | 345
Q10 - - - - - - - 277 - 301 | 312 - - -
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