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Abstract

Sn-W multimetal mineralization in the Dong Van region, North-Eastern Vietnam was studied using statistical
and multivariate approaches based on 890 samples of stream bottom sediments collected for assaying for
27 elements. The findings of frequency analysis demonstrated that Pb, As, Bi, Li, Sn, W, Ta, Ce, Ag, Sb, and
Be have close ties with multimetal ores, implying that these elements can be used as prospecting indicators
for multimetal mineralization. In addition, correlation matrix and dendrogram studies were also applied
to subdivide the elements in the stream bottom sediment samples assays into two groups: associated with
multimetal mineralization (Be-Sn-W-Bi, and, to a lesser extent, Li-Pb sub-groups) and not associated with
the mineralization: (As-Cd-Sc-Cr-Ce-La, Co-Ni-V, and Ga-Ge-Ba sub-groups). Sn and W were found to
be the best indicator elements for the mineralization, according to the findings of geochemical modeling
and location of their anomalies in the region. Furthermore, extensive Sn and W anomalies were identified
in the Dong Van region (using threshold values (mean * 3 STD), providing the most important indications
for multimetal mineralization prospecting in the region. The studies also suggest genetic ties between the
region’s multimetal mineralization and the northwest-southeast fault system and concealed granitoid blocks.
Finally, the performed statistical analyses (with the use of threshold values) of stream bottom sediments
assays allowed revealing indicator elements and their geochemical anomalies and using them as an effective
tool in further prospecting and exploration for multimetal mineralization in the region.
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FEOJ1I0rUa MECTOPOXXAEHWIM NOJIE3HbIX UCKOMAEMbIX
Hay4yHaqa cTaTbA

BbisiBNeHne reoxXuMHUYeCKMX aHoOMasul, CBA3aHHbIX ¢ Sn-W MuHepanusauuen
B npoBuHUMK [loHr BaH, ceBepo-BOCTOUYHbIN BbeTHaMm,
C Ucnonb3oBaHMeM CTaTUCTUYECKUX METOA0B

X.T. XyHr R
Xanotickuii yHugepcumem 20pHozo dena u zeonozull, 2. Xaroti, Bemnam
D khuongthehung@humg.edu.vn

AHHOTauusA

N3yuenue Sn-W KOMIIJIEKCHOJ (MMOJMKOMIIOHEHTHOM) MMUHepaiu3aluu B npoBuHUMUM [oHT BaH, ceBe-
PO-BOCTOUHBIN BbeTHaM, MIpOBOAMIIOCH C UCIIOIBb30BAHMEM CTATUCTUUECKUX U MYJAbTUBAPUAHTHBIX ITOX0-
IoB Ha ocHOBe 890 Mpo6 JOHHBIX OT/IOKEHMIT BOJHBIX ITOTOKOB, OTOOpaHHBIX IS aHaIM3a Ha 27 3JIeMEHTOB.
PesynbTaThl UaCTOTHOTO aHa/M3a Iokasanu, uto Sn, W, Pb, As, Bi, Li, Ta, Ce, Ag, Sb u Be umeror TecHbie
CBSI3Y C KOMIUIEKCHBIMM PYHZAaMM, YTO O3HAUaeT, UTO STU JIEMEHTBI MOTYT ObITh MCIIOb30BaHbl B Kaue-
CTBE ITOMCKOBBIX MHIMKATOPOB KOMILJIEKCHOI (TIOJMKOMITIOHEHTHO) MuHepanusauuu. Kpome Toro, 6buin
[IPOBeeHbl UCCAeLOBaHMSI C UCIIOAb30BaHMEM KOPPEISILMOHHBIX MaTpUL, U LeHAPOrpaMM IJis pa3geneHnst
9JIEMEHTOB B aHa/IM3aX P06 MOHHBIX OTIOKEHMIT Ha ABe TPYIIIIbI: CBSI3aHHbIE C KOMILJIEKCHOI MMUHEepain-
3auueit (mogrpymnmsl Be-Sn-W-Bi 1, B MeHbI1eii cTenedu, Li-Pb) 1 He cBsI3aHHbIe ¢ MUHepaM3anyeii (of-
rpymrbl As-Cd-Sc-Cr-Ce-La, Co-Ni-V 1 Ga-Ge-Ba). Sn u W 6bLIM NIpU3HAHBI TYUIIMMHU SI€MeHTaMU-UHIN-
KaTopaMmu MUHepaIn3alyum, COrJIaCHO pe3ybTaTaM re0XMMMUUECKOTO MO ETMPOBAHMS U PACIIONIOKEHUIO UX
aHOMaJINit B IpOBMHLIM. Bojiee TOTO, B IpOBUHIMY [IOHT BaH ObIIM BhISBIEHBI OOLIMPHBIE T€OXUMUYECKIIE
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aHomanuu Sn u W (C ucrosb30BaHMeM MOPOTOBbIX 3HAUEHMI copepkaHuit (cpeguee * 3 STD)), uto maet
Haubosiee BasKHbIe YKA3aHUS IS TIOMCKOB KOMIUIEKCHOW MMHepanu3auuu B NMPOBUHIMK. MccieoBaHUS
TaKe YKa3bIBalOT Ha TeHeTu4ecKye CBSI3M MeXAy KOMIUIEKCHOJM MMHepanu3alyeil IpOBUHLIUM U CUCTe-
MOIJi Pa3JIOMOB HaIpaBIeHUsI CeBePO-3ara/ — I0T0-BOCTOK U CKPbITBIMM TPAHUTOUAHBIMYU G10KaMu. B uTore
MIPOBEIEHHBIN CTATUCTUUECKNI aHAIN3 COOep KaHmii (C MCIOIb30BaHeM ITOPOTOBbIX 3HAUEHMIT) B ITpo6ax
JIOHHBIX OTJIOKeHUIi TT03BOJINII BBISIBUTh MHAVKATOPHbIE 3JIEMEHTBI U UX TeOXMMUYeCKre aHOMaJIMK U UC-
TI0JIb30BaTh X B KauecTBe 3 (PeKTUBHBIX MHCTPYMEHTOB IIPY JATbHENIINX TTOVCKAX U Pa3BeiKe KOMILIeKC-
HOM MMHepaM3al U B IPOBUHIUN.

KnioueBble cnoBa
reoxuMmueckme aHomanuu, Sn-W MuHepanmusauys, CTaTUCTUUeCKMe MeTozbl, Geostatistic, MpoBUHIMS
IloHr BaH, ceBepo-BOCTOUHbIN BbeTHaAM
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Introduction

Mineral resource research relies heavily on stream
sediment surveys. In fact numerous types of depos-
its have been identified by this way in North-Eastern
Vietnam [1, 2]. However, the processing of such data
to find multivariate geochemical patterns and sig-
nals linked to mineralization is a complicated prob-
lem [3]. Principal component analysis is a useful data
analysis technique for reducing the number of varia-
bles in a dataset or identifying components to reveal
hidden patterns in multivariate data [4, 5]. In addi-
tion to basic principal component analysis, there are
several other types of principal component analy-
sis [6, 7]. These methods may be used with raw data,
log-transformed data, selected data, and other types
of data [8].

Traditional statistical analysis tools such as proba-
bility graphs, univariate and multivariate analysis
methods [8-10], and fractal and multifractal models
have all been proposed to differentiate geochemical
anomalies from background [11-14]. Reimann et al.
[15] compared various statistical methods for deter-
mining element concentration threshold values. They
found that the box plots, median * 2 median abso-
lute deviations, and empirical cumulative distribution
functions work better than mean * 2 standard devia-
tions for estimating anomaly threshold values. Fractal
and multifractal algorithms have frequently been used
to identify geochemical anomalies due to spatial auto-
correlation nature of data [16—-18].

The Dong Van region in northeastern Vietnam
is regarded as a significant prospective area for mul-
timetal ores (i.e., Fe, Mn, Sn, W, and Au) [1]. Further-
more, since tin, tungsten, and gold commonly occur
in association with arsenic mineralization, such as
As-Sn-W-Au Nam Khi, Lang Xum, Lang Me, and Lang
Lup deposits, mineralization plays an important role
as a source of precious metals for industry! [19]. From

! USGS. Minerals Yearbook. United States Geological
Survey: Reston, VA, USA; 2014. https://doi.org/10.3133/mybvI
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1965 until the present, this region was surveyed at
a scale of 1:500,000-1:50,000 for geological mapping
and mineral exploration [20-23]. However, geological
sample collecting and geochemical data processing
are insufficient to identify prospective Sn-W mineral-
ization areas. As a result, more research needs to be
undertaken in the Dong Van region of northeastern Vi-
etnam, in order to identify new multimetal ore areas.

Statistic and multivariate analysis were used to
process 890 geochemical samples, in order to identi-
fy multimetal mineralization/ore occurrences in the
Dong Van region.

1. Geological setting

The Song Hien zone is located within the
northeast block of the Vietnam’s segment. It is
a 200 kilometer-long NW-SE trending tectonic zone,
which hosts the Song Hien Permian-Triassic and
Triassic volcanic-sedimentary strata with subordi-
nate middle-late Paleozoic terrigenous-carbonate
rocks (Fig. 1). The Song Hien zone is thought to be
a pre-late Paleozoic-early Mesozoic intracontinen-
tal rift basin related to the Emeishan plume [24-27],
or a pre-late Paleozoic-early Mesozoic back-arc ba-
sin formed by rifting within the merged Indochi-
na-South China plate [28].

The study area belongs to the Song Hien zone of
Northeast Vietnam (Fig. 1, A). The lithology of the
Dong Van region comprises mostly Triassic sedimen-
tary rocks (marlaceous shale, oolithic limestone, silt-
stone, tuffaceous sandstone, shale, sandstone), Devo-
nian, Carboniferous, and Permian sedimentary rocks
(i.e., conglomerate, clay shale, carbonate rocks, and
marly sandstone). Cambrian, and Ordovician sedi-
mentary rocks are also present in the Song Hien mar-
gin. Triassic gabbro and unknown age granitoid rocks
occur in the central and western part of the zone
[21-23, Fig. 1, B]. Quaternary sediments are mostly
found along valleys (i.e., sandstone and gravelstone).
The Dong Van region is located in the northern part
of the Song Hien zone extending from northwest to
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southeast (Fig. 1, B). The Cao Bang-Lang Son-Tien
Yen strike-slip fault zone in the northern part and
the Duong Thuong-Du Gia reverse fault in the south-
ern part play an important role in controlling the
Song Hien structural zone [20]. The intrusive mag-
matic rocks in this area were considerably controlled
by these faults and other minor fault systems, con-
tributing to the area's more intricate structure [22].

There is a primary multimetal mineralization zone
in the studied area, namely Dong Van, extending from
northwest to southeast and covers 1,190 square kilom-
eters. The zone I mainly encompassed by Triassic sed-
imentary rocks [21-23, Fig. 1, B]. According to Truyen
et al. [22], uneven concentrations of Sn, W, and As were
found in this mineralized zone, as illustrated by Thang
et al. [29].

elSSN 2500-0632

https://mst.misis.ru/

Hung K. T. Identification of geochemical anomalies associated with Sn-W mineralization...

2. Materials and methodologies
2.1. Collection and preparation
of bottom sediment samples
Geochemical exploration techniques for exploring
mineral deposits usually use bottom sediment sam-
ples. For this study, eight hundred ninety geochemi-
cal samples of recent bottom sediments were collected
along river and streams at 25-50 m intervals. Surface
sediments (0-3 ¢cm deep) were collected by means of
hand shovel from all points (on both river sides) with
low current velocities, in order to take fine and recent
material. Each sample contained around 25-130 g of
recent bottom sediment, depending on a sediment
sample particle size (Fig. 2).
The sample sets were processed based on distinct
characterizations of the zone’s bottom sediments.
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Fig. 1. Tectonic sketch map of northeastern Vietnam, showing the study area (A) [20];
Simplified geological map of the Dong Van region (B) (modified from [22])
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In addition, the contents of 27 chemical components
(elements) were measured using Inductively Coupled
Plasma Mass Spectrometry (ICP-MS) (i.e., Ag, As, Be,
Ba, Bi, Cd, Ce, Co, Cr, Cu, Ga, Ge, La, Li, Mo, Nb, Ni, Pb,
Sb, Sc, Sn, Sr, Ta, V, W, Y, and Zn).

2.2. Data transformation

In this study, a total of 27 elements (variables)
(i.e., Ag, As, Be, Ba, Bi, Cd, Ce, Co, Cr, Cu, Ga, Ge, La,
Li, Mo, Nb, Ni, Pb, Sb, Sc, Sn, Sr, Ta, V, W, Y, and Zn)
in the bottom sediment samples were processed. If
the variables did not demonstrate asymmetric dis-
tribution, skewness (statistical distribution test) and
transformed variables were used to assess the normal
distribution of each variable [30]. Furthermore, ten
distribution models (geometric, special discrete, uni-
form, triangular, Pareto, binomial, exponential, log-
normal, normal, and transformed gamma) were deve-
loped to achieve normality and transition for skewed
variables [8, 31-33].
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2.3. Multivariate analysis

Multivariate analysis methods are used to clari-
fy and explain correlations between multiple factors
linked with statistical data throughout the assessment
and collecting of this data.

Geostatistic 9.0 is used to examine the findings of
correlation coefficients and cluster studies, which as-
sist in analyzing links between elements and element
grouping.

The purpose of cluster analysis is to reduce the
number of significant subgroups of people or things in
an extensive data collection. Data subdivision (group-
ing) is performed on the basis of the items' similarity,
based on predetermined characteristics.

Ward (1963) describes Ward's mathematical tech-
nique as a criterion for studying hierarchical clusters.
Ward [34] introduced a universal agglomerative hier-
archical clustering technique, in which the criteria for
picking the pair of clusters to be joined at each level are
based on the optimal value of an objective function.
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Fig. 2. General map of the Dong Van region, northeastern Vietnam showing bottom sediment sample points
(shown as black dots)
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Eigenvalues and eigenvectors are used to generally
express covariance and correlation coefficient matrices.

In the meanwhile Varimax rotation was performed
to enhance the factor loads. Ward's approach was used
to carry out Pearson's correlation coefficients cluster
analysis (or hierarchical cluster analysis), and the re-
sults were shown in a dendrogram.

3. Results and discussion
3.1. The characteristics
of statistical element distribution
Statistical distribution models for elements of mul-
timetal ores and associated elements can be used to
identify the laws of their statistical distribution. Results
of geochemical data statistical analysis for the whole re-
gion were displayed separately. The resulting element
contents hierarchy in the whole region was as follows:
Pb > As >Bi>Li>Sn >W >Ta > Ce > Ag > Sb > Be > Mo
>La>Nb>Cr>Ni>Cd>Y >Cu>Ba>Co >Sc>Zn >
Sr >V (Table 1). Moreover, Pb, As, Bi, Li, Sn, W, Ta, Ce,
Ag, Sb, and Be constituted more than 90 % of the to-
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tal, indicating obvious association with multimetal ores.
Finally, these elements can be used as indicators when
prospecting for multimetal mineralization.

Using the three-sigma limit method, the geochem-
ical samples were statistically processed in this study
(Table 2). We used mean value, variance, and coef-
ficient of variation as the basic statistical metrics. In
addition, skewness and kurtosis techniques were used
to test the element distribution models and the major-
ity of the element contents on the basis of geometric
distribution criteria (Table 3). Geostatistic 9.0 software
program evaluated the distribution models and statis-
tical analysis [35].

The distribution rules of the indicator elements
did not adhere to the normal standard distribution
and were modified to geometric distribution, pursu-
ant to the characterization of the statistical distribu-
tion of Sn and W in secondary geochemical disper-
sion haloes (Table 3). The overall contents of Sn and
W are higher than crustal abundance (Sn* = 2.5 ppm,
W* = 1.3 ppm [36]), while the distributions of the Sn

Table 1
Frequency analysis of the elements contents [ppm] in the sediment samples
Element Amount Inf(.)rme-ltion Probability Element Amount Infgrm:iltion Probability
of Information (AI)  Combination (IC) (%) of Information (AI) | Combination (IC) (%)
Pb 0.573 0.573 30.02 Nb 0.337 1.842 96.49
As 0.572 0.810 42.41 Cr 0.313 1.868 97.87
Bi 0.564 0.987 51.69 Ni 0.235 1.883 98.64
Li 0.561 1.135 59.46 Cd 0.197 1.893 99.18
Sn 0.546 1.260 65.98 Y 0.190 1.903 99.68
W 0.527 1.365 71.52 Cu 0.095 1.905 99.80
Ta 0.512 1.458 76.39 Ba 0.082 1.907 99.89
Ce 0.492 1.539 80.62 Co 0.069 1.908 99.96
Ag 0.471 1.609 84.31 Sc 0.046 1.909 99.99
Sb 0.439 1.668 87.39 Zn 0.029 1.909 100
Be 0.435 1.724 90.31 Sr 0.000 1.909 100
Mo 0.413 1.773 92.87 \Y 0.000 1.909 100
La 0.369 1.811 94.86
Note: Al and IC are described by Hung et al. (2020) [2].
Table 2
Statistical characteristics of the indicator elements (ppm) in the Dong Van region
Parameters Ag As Be Pb Bi Sb Ce Sn Ta W Ge Li
Mean 1.27 | 49.39 5.67 | 27.9858 | 0.98 | 19.2444 | 87.55 | 14.6279 | 23.0603 | 19.7104 5.5618| 46.403
Median 0.33 27.63 1.90 23.31 0.47 3.2 78.15 8.805 5.255 5.87 5 33.715
Mode 18.54 | 49.00 | 31.60 10.77 4.03 37.24 64.05 49.07 20.63 48.02 0 40.19
Standard deviation | 13.10 | 75.83 | 29.49 | 21.7042 | 3.62 | 60.9511 | 40.018 | 45.4845 | 46.9017 | 61.1201 | 1.579 | 47.3386
Variance 171.60 |5750.53| 869.61 |471.0731| 13.09 |3715.039| 1601.45 |2068.8392199.772|3735.672|2.4934 | 2240.944
Sfﬁg?f;ﬁg; () 102903 153.55)520.29 7755 |371.94 31672 | 4571 | 310.94 20339  310.09 2839 102.02
Skewness 25.87 6.32 14.85 2.252 | 18.13 6.19 2.35 14.913 4.109 9.053 | 2.463 7.51
Kurtosis 717.33 | 52.41 | 270.95| 9.444 |384.99 47.879 7.91 273.92 | 22.217 | 106.11 | 4.073 | 83.746
Minimum 0.04 2.00 0.10 0.77 0.03 0.24 16.05 0.07 0.13 0.02 5 5.69
Maximum 370.70 | 945.65 | 636.31 | 209.29 | 85.61 | 743.58 | 337.75 | 986.44 | 415.76 | 967.95 10 703.89
Summary 1132.97 | 43954 |5044.38 |24907.39 |865.90 | 17127.49|77916.67|13018.85| 20523.7 |17542.25| 4950 | 41298.7
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and W contents vary from uneven to extremely une-
ven. On this basis, the different geochemical anom-
alies can be identified at a local scale. This indicates
that Sn and W can form small primary geochemical
anomalies. This data can allow primary geochemical
dispersion haloes to be detected. This in turn can be
used to identify prospective targets for Sn-W miner-
alization in the Dong Van region.
3.2. Correlation and cluster analyses application

The correlation analysis findings allow a pair
correlation matrix of the best indicator elements to
be created for the geochemical landscape (pattern)
of the entire region. Table 4 shows the elements pair
correlation matrix. Among the indicator elements,
Be, Sn, W, and Bi demonstrate obvious correlation.
Sn and W especially establish the element associ-
ation as an indication for multimetal ore prospec-
ting. Li also demonstrated marked correlation with
Be and Bi, indicating Li participation in ore-forming
processes.
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Thus, the calculations showed close correlation
ties between Be, Sn, W, and Bi, thus indicating that
they formed stable association.

A dendrogram was created, in order to determine
the correlation ties between the studied elements in
the secondary geochemical haloes in the Dong Van
region based on the pair-correlation analysis findings
(Fig. 3). Pearson's correlation coefficients were used to
statistically measure the ties.

The dendrogram depicts associations between the
elements studied and allows for their grouping/sub-
grouping. Multimetal mineralization-associated ele-
ments are represented by two sub-groups, Be-Sn-W-Bi,
and, to a lesser extent, Li-Pb. At the same time, three
other sub-groups, i.e., As-Cd-Sc-Cr-Ce-La, Co-Ni-V,
and Ga-Ge-Ba, not associated with the mineralization,
can be distinguished. For instance, the dendrogram
also defines a local Co-Ni-V branch, which indicates
that Co, Ni, and V are not syngenetic components of
the multimetal ores in the region.

Table 3
Testing of Sn, W statistical distribution models
Sn (ppm) W (ppm)
o Con- anform- Con- anform-
Dlig)lftlm- Devia- ACtl'lal oA formin.g Iy Ig)llgn:g- Synthe- | Devia- ACtl.lal L1 formin.g A Ig)llgn:g— Synthe-
model gy | S | CLl (1.358)| gorov- | sizer | tion Aok SRt | (Gl (1.358)| gorov- | sizer
tion ((18.307)| square Smirnov tion |(18.307) square Smirnov
test test test test
Geometric 2.486 1 3.267 1-Yes | 0.160 1-Yes 0.300 | 5.045 1 31.429 | 1-No | 0.345 1-Yes 1.973
Gamma 24.441 2 61.592 | 2-No | 1.562 2-No 4.515 | 22.369 2 51.685 | 2-No | 1.470 2-No 3.906
Lognormal | 61.402 3 164.788 | 3-No | 3.412 3-No 11.514 | 32.496 3 88.052 | 3-No | 1.889 3-No 6.201
ziiileéfe 104.029| 5 |459.352| 4-No | 7.294 | 5-No | 30.463 | 58.635| 4 147230 4-No | 3.282  4-No | 10.459
Pareto 115.827 6 487.814 | 5-No | 7.537 6-No 32.196 | 98.299 5 412.558| 5-No | 6.929 5-No 27.638
Exponential | 94.306 4 606.050 | 6-No | 6.356 4-No 37.7853/111.040| 6 449.417| 6-No | 7.227 6-No 29.871
Binomial 287.065| 10 |926.397| 7-No |20.737| 10-No 65.874 1281.168| 10 [1223.811| 7-No [20.239| 10-No 81.753
Normal 266.722| 9 |2150.286| 8-No |14.912| 7-No 128.4381260.992| 9 |2059.889| 8-No |14.689 7-No 123.336
Triangular |234.503 7 14426.587) 9-No |17.320 8-No 254.552(231.131 7 |4598.079] 9-No |17.081 8-No 263.743
Uniform 251.125| 8 |8564.185| 10-No |18.822| 9-No |481.669|244.535 8120.654| 10-No |18.324| 9-No |457.075
Note: The Kolmogorov-Smirnov test was implemented in Chakravarti et al. [31].
Table 4
The correlation coefficient for indicator elements (ppm) in the sediment samples
Ag As Be Bi Ce Li Pb Sb Sn Ta W
Ag 1
As 0.032 1
Be 0.062 0.445 1
Bi 0.051 0.205 0.711 1
Ce 0.026 0.262 0.082 0.142 1
Li 0.044 0.425 0.569 0.542 0.386 1
Pb -0.009 0.310 0.173 0.057 0.331 0.333 1
Sb 0.071 0.407 0.392 0.499 0.437 0.465 -0.027 1
Sn 0.006 0.623 0.645 0.213 -0.027 0.377 0.325 0.106 1
Ta -0.021 -0.019 -0.045 -0.036 -0.000 -0.078 0.110 -0.073 0.041 1
w 0.018 0.438 0.588 0.412 -0.048 0.400 0.264 0.176 0.666 0.138 1
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Fig. 3. Dendrogram of elements contents in the Dong Van region's geochemical landscape (ppm).
Numbers indicate cluster analysis linkage distances based on Ward’s agglomerative clustering algorithm

A combination of multivariate correlation and den-
drogram analysis was used, in order to determine the
relevance of syngenetic element association for pros-
pecting multimetal ores in the study region. As a re-
sult, Be, Sn, W, and Bi were recognized as a members of
the syngenetic association. Despite the high contents
of some other elements in the samples, they cannot be
considered as indicators of multimetal mineralization
(or some other mineralization) in this region.

3.3. Geochemical anomaly modeling

Secondary geochemical dispersion is the move-
ment of elements at or just below the Earth's surface,
which results from weathering, erosion, and deposi-
tion. External circumstances can damage and modi-
fy ore bodies, mineralization zones, and change geo-
chemical landscape of a region. Some minerals can be
dissolved, washed-out, some elements can migrate,
while others can be accumulated with an increase of
their contents. The material elements of the secondary
geochemical haloes are redistributed in the weather-
ing conditions. The haloes can be considerably larger
than primary ore bodies. The secondary geochemical
haloes and geochemical anomalies are of crucial im-
portance in prospecting concealed mineral deposits in

the region. Geochemical anomaly diagrams were used
to represent the spatial variation of the element con-
tents in the region and predict prospective areas for
multimetal mineralization.

Secondary geochemical anomalies of Sn and W
were constructed, in order to represent the spatial
distribution of these good indicator elements for mul-
timetal ore prospecting in the Dong Van region. Cre-
ating such geochemical anomaly diagrams is aimed at
establishing the distribution and accumulation of in-
dicator elements in certain locations (Figs. 4, 5). This
allows for the interpretation and selection of anom-
alies connected with mineralization, while eliminat-
ing anomalies that provide no information about any
mineralization.

In order to reveal prospective anomalies, isolines
for Sn and W (the indicator elements) contents based
on three preset anomaly thresholds were constructed
and mapped taking into account geochemical back-
ground values. The anomaly thresholds of the first
order (mean * 1 STD), second order (mean *= 2 STD),
and third order (mean * 3 STD) were selected using the
statistical processing findings to estimate geochemical
background values based on the local average values
(Table 5, Figs. 4, 5). For this purpose, mean and STD
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Table 5

Anomaly contents of Sn, W in the Dong Van region based on anomaly thresholds using calculated, theoretical,
and probability standard deviation

Element Method Crustal Back- | First-order | Second-order | Third-order Anomaly
(ppm) abundance | ground | anomaly anomaly anomaly
Calculated standard deviation (CSD) 2.5 19 65 110 156 156
Sn Theoretical standard deviation (TSD) 2.5 19 19 20 20 20
Probability standard deviation (PSD) 2.5 19 38 57 76 76
Probability distribution (PPD) 2.5 19 36 49 868 868
Calculated standard deviation (CSD) 1.3 19 81 142 203 203
W Theoretical standard deviation (TSD) 1.3 19 20 20 20 20
Probability standard deviation (PSD) 1.3 19 38 56 75 75
Probability distribution (PPD) 1.3 19 37 75 856 856

Note: Crustal abundance values for the indicator elements (Sn* = 2.5 ppm, W* = 1.3 ppm) were taken from Fortescue [32].

values were calculated on the basis of geometric dis-
tribution. Geochemical anomalies associated with
multimetal mineralization can be selected, while ge-
ochemical anomalies not connected with the mine-
ralization can be rejected based on the geochemical
anomaly diagrams for the indicator elements, in com-
bination with prospecting data to ascertain the geo-
chemical anomalies.

Tin occurrence locations in the mineralized zone
are expressed in the geochemical anomalies of Sn and
W. The geochemical anomalies of the indicator ele-
ments were identified in three separate areas, as shown
in Fig. 5. The anomalies are often elliptical, extending
northwest-southeast in accordance with the established
mineralization zone orientation. Most of the geochem-
ical anomalies are confined to the Song Hien formation
area. The geochemical anomalies identified, particular-
ly those of tin and tungsten adjacent to the mineralized
zone, are relatively large and have a complex shape. This
indicates the potential presence of concealed ore bo-
dies associated with the granitoid massive. Geochemi-
cal anomalies with no ties to mineralization are often
presented by limited secondary accumulations located
on local slopes and similar land forms.

Conclusions
Multimetal mineralization in the Dong Van region,
northeastern Vietnam was studied using statistical and
multivariate analytic approaches based on 890 geo-
chemical sediment samples. The findings of frequency
analysis demonstrated that Pb, As, Bi, Li, Sn, W, Ta, Ce,
Ag, Sb, and Be have close ties with multimetal ores. This

implies that these elements can be used as prospecting
indicators for multimetal mineralization. Furthermore,
extensive Sn and W anomalies were identified in the
Dong Van region, providing the most important indica-
tions for multimetal mineralization prospecting in the
region. In the region under examination, correlation
matrix and dendrogram studies were also used to sub-
divide elements in the stream sediment samples as-
says into two groups: those associated with multimetal
mineralization (Be-Sn-W-Bi, and, to a lesser extent,
Li-Pb sub-groups); and those not associated with the
mineralization: (As-Cd-Sc-Cr-Ce-La, Co-Ni-V, and Ga-
Ge-Ba sub-groups).

Threshold value (mean * 3 STD) was then applied
to identify the indicator elements anomaly locations
(and background levels) associated with known mul-
timetal mineralization in the region. Thus, such ano-
malies can be a promising tool for further multimetal
mineralization prospecting and exploration.

According to the findings of geochemical mode-
ling and location of the anomalies in the region, Sn
and W are the best indicator elements for the mi-
neralization. The studies also suggest genetic ties
between the region’s multimetal mineralization and
the northwest-southeast fault system and concealed
granitoid blocks.

Finally, the statistical analysis (with the use of
threshold values) of stream bottom sediments assays
enabled indicator elements and their geochemical
anomalies to be established, and for them to be used as
an effective tool in further prospecting and exploration
for multimetal mineralization in the region.

References

1. Tri T.V., Khuc V. (eds.). Geology and Earth Resources of Vietnam. General Department of Geology and
Minerals of Vietnam: Publishing House for Science and Technology. 2011. 645 p.

2.Hung K.T., Sang P.N., Phuong N. et al. Statistical evaluation of the geochemical data for prospecting
complex mineralization in the Suoi Thau-Sang Than region, Northeast Vietnam. Geology, Geophysics and
Environment. 2020;46(4):285-299. https://doi.org/10.7494/geo0l.2020.46.4.285

108



MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(2):100-110 Hung K. T. Identification of geochemical anomalies associated with Sn-W mineralization...

3. Carranza E.]J.M. Usefulness of stream order to detect stream sediment geochemical anomalies.
Geochemistry: Exploration, Environment, Analysis. 2005;4(4):341-352. https://doi.org/10.1144/1467-
7873/03-040

4. Cheng Q., Jing L., Panahi A. Principal component analysis with optimum order sample correlation
coefficient for image enhancement. International Journal of Remote Sensing. 2006;27(16):3387-3401. https://
doi.org/10.1080/01431160600606882

5.Reimann C., Filzmoser P., Garrett R.G., Dutter R. Statistical Data Analysis Explained: Applied Environ-
mental Statistics with R. Wiley, Chichester, UK; 2008. 362 p. https://doi.org/10.1002/9780470987605

6. Cheng Q., Bonham-Carter G., Wang W., Zhang S., Li W., Qinglin X. A spatially weighted principal
component analysis for multi-element geochemical data for mapping locations of felsic intrusions in the Gejiu
mineral district of Yunnan, China. Computers and Geosciences. 2011;37(5):662-669. https://doi.org/10.1016/j.
cageo.2010.11.001

7.Zuo R. Identification of geochemical anomalies associated with mineralization in the Fanshan district,
Fujian, China. Journal of Geochemical Exploration. 214;139:170-176. https://doi.org/10.1016/j.gexplo.2013.08.013

8. Aitchison |J. The Statistical Analysis of Compositional Data. Chapman & Hall, London; 1986. 416 p.
https://doi.org/10.1002/bim;j.4710300705

9. Tukey J.W. Exploratory data analysis. Reading, Massachusetts: Addison-Wesley Publishing Company;
1977. 688 p. https://doi.org/10.1177/014662167800200115

10. Sun X., Deng]J., Gong Q. et al. Kohonen neural network and factor analysis based approach to
geochemical data pattern recognition. Journal of Geochemical Exploration. 2009;103(1):6—16. https://doi.
org/10.1016/j.gexplo.2009.04.002

11. Mandelbrot B.B. The fractal geometry of nature. Freeman, San Francisco; 1983. 468 p.

12. Agterberg F.P. Multifractal modeling of the sizes and grades of giant and supergiant deposits.
International Geology Review. 1995;37(1):1-8. https://doi.org/10.1080/00206819509465388

13. Wang Q.F., Deng J., Zhao J. et al. Tonnage-cutoff model and average grade-cutoff model for a single
ore deposit. Ore Geology Reviews. 2010;38(1-2):113-120. https://doi.org/10.1016/j.oregeorev.2010.07.003

14. Yang L.Q., Wang Q.F., Liu X.F. Correlation between mineralization intensity and fluid-rock
reaction in the Xinli gold deposit, Jiaodong Peninsula, China: constraints from petrographic and statistical
approaches. Ore Geology Reviews. 2015;71:29-39. https://doi.org/10.1016/j.oregeorev.2015.04.005

15. Reimann C., Filzmoser P., Garrett R.G. Background and threshold: critical comparison of me-
thods of determination. Science of the Total Environment. 2005;346(1-3):1-16. https://doi.org/10.1016/j.
scitotenv.2004.11.023

16. Cheng Q. Mapping singularities with stream sediment geochemical data for prediction of undiscovered
mineral deposits in Gejiu, Yunnan Province, China. Ore Geology Reviews. 2007;32(1-2):314-324. https://doi.
org/10.1016/j.oregeorev.2006.10.002

17. Sun X., Gong Q., Wang Q. et al. Application of local singularity model to delineate geochemical
anomalies in Xiong’ershan gold and molybdenum ore district,Western Henan province, China. Journal of
Geochemical Exploration. 2010;107(1):21-29. https://doi.org/10.1016/j.gexplo.2010.06.001

18.Zuo R., Xia Q., Zhang D. A comparison study of the C-A and S-A models with singularity analysis
to identify geochemical anomalies in covered areas. Applied Geochemistry. 2013;33:165-172. https://doi.
org/10.1016/j.apgeochem.2013.02.009

19. Graedel T.E., Harper E.M., Nassar N.T., Reck B.K. On the materials basis of modern society. Procee-
dings of the National Academy of Sciences. 2013;112(20):6295-6300. https://doi.org/10.1073/pnas.1312752110

20. Dovzhikov A.E., My B.P., Vasilevskaya E.D. et al. Geology of North Vietnam. Hanoi: Science and
Technology Publishing House; 1965. 650 p. (In Russ.)

21. Tinh H.X. (ed.). Report on results of geological mapping and mineral investigation of Bao Lac sheet at
1:200.000 scale. Geological Department of Vietnam, Ha Noi; 1976. (In Vietnamese)

22. Truyen M. T. (ed.). Report on results of geological mapping and mineral investigation of Bao Lac sheet at
1:50.000 scale. Geological Department of Vietnam, Ha Noi; 1977. (In Vietnamese)

23. Tri T.V. (ed.). Report on results of geological and mineral potential mapping of Bao Lac-Bac Quang-Ma
Quang at 1:200.000 scale. Geological Department of Vietnam, Ha Noi; 2000 (In Vietnamese)

24.1zokh A.E., Polyakov G.V., Hoa T.T., Balykin P.A., Phuong N.T. Permian-Triassic ultramafic-mafic
magmatism of Northern Vietnam and Southern China as expression of plume magmatism. In: 32" International
Geological Congress. 2005;46:942-951. (In Russ.)

25.Hoa T.T., Anh T.T., Phuong N.T. et al. Permo-Triassic intermediate—felsic magmatism of the Truong
Son belt, eastern margin of Indochina. ComptesRendus Geoscience. 2008;340(1-2):112-126. https://doi.
org/10.1016/j.crte.2007.12.002

26. Polyakov G.V., Shelepaev R.A., Hoa T.T. et al. The Nui Chua layered peridotitegabbro complex
asmanifestation of Permo-Triassic mantle plume in northern Vietnam. Russian Geology and Geophysics.
2009;50(6):501-516. https://doi.org/10.1016/j.rgg.2008.10.002

109



MINING SCIENCE AND TECHNOLOGY (RUSSIA) elSSN 2500-0632
FOPHbIE HAYKU WU TEXHOJ10I'MA https://mst.misis.ru/

2022;7(2):100-110 Hung K. T. Identification of geochemical anomalies associated with Sn-W mineralization...

27.Vladimirov A.G., Balykin P.A., Anh P.L. et al. The Khao Que-Tam Tao gabbro-granite massif, Northern
Vietnam: a petrological indicator of the Emeishan plume. Russian Journal of Pacific Geology. 2012;6:395-411.
https://doi.org/10.1134/S1819714012050065

28.Hai T.T., Thanh N.X., Halpin].A., Zaw K. The occurrence of ophiolite-style assemblages along
Sino-Vietnam border, Northeastern Vietnam and its implication to the tectonic evolution of Northeastern
Indochina. In: Proceedings of the International Conference on Geology. Geotechnology and Mineral Resources of
Indochina (GEOINDO 2011), KhonKaen. 2011. Pp. 479-488.

29. Thang P.V. (ed.). Report on the results of prospecting Sn-W mineralization and accompaning minerals in
the northwestern Ha Giang area. Geological Department of Vietnam, Ha Noi; 1988. (In Vietnamese)

30. Reimann C., Filzmoser P. Normal and lognormal data distribution in geochemistry: death of a myth.
Consequences for the statistical treatment of geochemical and environmental data. Environmental Geology.
2000;39:1001-1014. https://doi.org/10.1007/s002549900081

31. Chakravarti R., Laha G., Roy J. Handbook of Methods of Applied Statistics. Volume I. John Wiley and
Sons; 1967. 160 p.

32.Egozcue J.]., Pawlowsky-Glahn V., Mateu-Figueras G., Barcel6-Vidal C. Isometric logratio trans-
formations for compositional data analysis. Mathematical Geology. 2003;35:279-300. https://doi.
org/10.1023/A:1023818214614

33. Carranza E.].M. Analysis and mapping of geochemical anomalies using logratiotransformed stream
sediment data with censored values. Journal of Geochemical Exploration. 2011;110(2):167-185. https://doi.
org/10.1016/j.gexplo.2011.05.007

34. Ward J.H.]Jr. Hierarchical grouping to optimize an objective function. Journal of the American Statis-
tical Association, 1963;58:236—-244. https://doi.org/10.1080/01621459.1963.10500845

35. Robertson G.P. GS+: Geostatistics for the Environmental Sciences. Gamma Design Software, Plainwell:
Michigan USA; 2008. URL: https://softbooks.pl/gammadesign/files/download/gsplususerguide.pdf

36. Fortescue J.A.C. Landscape geochemistry-retrospect and prospect—1990. Applied Geochemistry.
1992;7(1):1-53. https://doi.org/10.1016/0883-2927(92)90012-R

Information about the author

Khuong The Hung - Dr. Sci. (Earth Sci.), Lecturer, Department of Prospecting and Exploration Geology, Hanoi
University of Mining and Geology, Hanoi, Vietnam; ORCID 0000-0003-1544-6470, Scopus ID 36716173500;
e-mail khuongthehung@humg.edu.vn

Received 21.01.2022
Revised 17.05.2022
Accepted 18.05.2022

110



